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INTRODUCTION

The existence of energy barriers hindering internal roiation in molecules
was proposed by Pirzer,1 who observed that the measured thermcdynamic parameters
of ethane did not agree with those calculated using statistical mechanics unless a
barrier to rotation about the carbon-carbon bond of some 12 kJ/mole was assumed.
Figure 1 is a rebresenquion of the potential energy of an ethane molecule as a
function of the torsional angle and demonstrates the existence of energy minima
and maxima corresponding to "staggered" and "eclipsed" conformations, respectively.

In substituted ethanes, the staggered conformations are not all of the same
energy and they are then referred to as "rotational isomers". Depending on the
magnitude of the energy barriers between rotational isomers, three situations can
arise:

(i) barrier >> .fhermal energy; this allows the isolation of individual,
kinetically stable isomers, e.g., 2,2'~dicarboxy-6,6'~dinitrobiphenyl;

(ii) barrier * thermal energy; there exists a dynamic equilibrium hetween
the isomers; individual isomers cannot be isolated, e.g., é-aryi- and 6-aralkyl-
phenanthridinium 5-viny|oxides;2 and,

(iii) barrier << thermal energy; rotation is restricted only at very low
temperatures: this is a widely-occurring situation for rotation about formal single
bonds, e.g., furan-2-carbaldehyde, and is the basis of this investigation.

There is no simple explanation for the magnitudes of energy barriers since

these depend upon the combination of several variables including repulsions

between non-axial bonds, forces between non-bonded atoms, and changes in
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electron distribution and molecular distortion, during rotation. The theories

which have been proposed to explain, and the methods which are used to measure
. : 3 4 Q.

energy barriers have been reviewed by Dale,~ Lowe, " and Pethrick and Wyn-

Jones.

The existence of rotational isomers (or "rotamers") may have a significant
effect up-on the infra red (i.r.), Raman, microwave, and nuclear magnetic
resonance (n.m.r.) spectra of a molecule. Thus, in molecules which are capable
of existing in two rotameric forms and which contain carbony! groups in close
proximity to other polar atoms or groups (usually oxygen or halogen), the i.r.
carbony! stretching bands often appear as doublets. Arguments based upon intra-
molecular field effects and dipole moments are used to assign a particular doublet
component band to a particular rotamer, the areas of the component bands then
providing information about the relative proportions of the rotameric forms.
Because the rate of isomerisation in a simple rotameric equilibrium is slow
compared with the i.r. time scale, separate parameters (i.e., band areas or
positions) for each rotamer can often be observed. The relative siowness of the
n.m.r. time scale does not usually allow this unless a rotameric equiiibrium i

"frozen" by cooling to very low temperatures (-100°C or lower): =t room

temperature, a single time-averaged parameter "p" given by:
= +

is usually observed, where PA and py are the isomeric parameters (chemical shifts
or coupling constants) and S and cp are concentration fractions. In favourable

cases and Py may be measured from low~temperature specira.

IpA



An early exc:mpleé’7 of the use of the i.r. method is provided by
chloroacetone (1), in carbon tetrachloride solution, in which the two carbonyl

stretching bands may be assigned to rotamers (la) and (lb).

®)
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(la) (Ib)

Table 1 illustrates the widespread occurrence of band-doubling which

has been ascribed to the existence of rotational! isomerism.

Compound type References
a-Haloketones . 8,17,18,19
a-Haloesters 8,13, 14
a~-Alkoxyesters | 15
a~Hydroxyesters 11

Glycidic esters 10
a-Haloamides 8
a-Ketoethers 9
Ketoalcohols 11,16
a-Haloacid chlorides 20

Table 1



There exists, howeveér, a range of molecules, all of which display
carbony!| band multiplicity, in which rotational isomerism either cannot, or can
only in part, be the explanation for the observed multiplicity. Some examples
are given in Table 2 along with possible explanations for the observed carbonyl-

bands.

Compound | Explanation
Acetic acid Dimer Formqfionzl
Acetic anhydride Coupling between carbonyl

| vibrations

Cyclopentanone Fermi resoncmcezs’24
Benzoy! chloride Fermi resonance
p-Benzoquinone Fermi resonance
Furan~2-carbonyl chloride Fermi resonance and

Rotational Isomerism

Table 2

Other, less common, causes of carbonyl band multiplicity include the
fortuitous occurrence of hot bands, combination bands, and overicnes in the
carbonyl region. In a particular case, it is straightforward to distinguish band
multiplicity due to dimer formation, hot bands, and coupling between carbony!
vibrations from that due to Fermi resonance and rotational isomerism, but to
distinguish between the last two phenomena is much more difficult.

Fermi resonance” occurs when two molecular vibrations of the same

symmetry type are of approximately the same energy. A mixing of eigen-functions



then occurs leading to perturbations of the energy levels and of the transition
probabilities. Since the Fermi coupling coefficient depends upon the anharmonicity
of the vibrations involved and upon their energies, profound solvent and temperature
effects are often observed, and these may be used diagnostically. The absence
of dramatic effects does not, however, imply the absence of Fermi resonance.
Furfherm_ore, it has been repor’red27 that Fermi resonance does not occur in the
carbonyl overtone region and that if a doublet in the carbony! region remains a
doublet in the first overtone region, then Fermi resonance must be absent from
the fundamental vibrations. That this is not a reliable criterion is demonstrated
by the work of the present author and co-workers.28 The most relicble methed
for diagnosing Fermi resonance in a particular case involves the synthesis of
functional and isotopic analogues and a comparison of their carbony! absorptions
witn those of the parent compound. Because of the synthetic difficulties inherent
in specific isotopic labelling, this method, though powerful, has not been widely
applied: it provides the theme for much of this Thesis.

Because of the interpretational problems discussed above, widespread
disagreement between different workers can develop in particular cases. This is
exemplified by the 2-oxo derivatives of furan and thiophen which comprise the

subject matter of much of this Thesis.

Twin i.r. bands in the carbonyl region of the furan-2-carbaldehyde
. .29 - -
spectrum were first observed by Mirone™  who noted that the relative intensities
of the two bands were concentration-dependent. Glusker and Thompson
observed that a linear relationship existed between the logarithm of the dielectric

constant of the solvent and the ratio of the optical densities of the bands, and



that with increase in temperature the higher wavenumber component increased

in intensity relative to that at lower wavenumber. The fact that the doublet
collapsed in the vapour phase and that the shift to lower frequencies on passing
from the vapour to the liquid was much greater than that observed for other bands,
led these authors to believe that some form of intermolecular interaction existed
in solution; early cryoscopic work by Ge’rmcnsl was cited in support of this
conclusion. Allen and Bernstein 2 examined the i.r. and Raman spectra ~¢
furan-2-carbaldehyde in the solid, liquid, and solution phases, and noted band
doubling in spectral regions other than the carbony!; thus, they deduced that a

rotameric equilibrium existed [(Ila) & (lib)]. Claverie et a|.33 re-examined

s L+

H @)
Anti (11a) Syn (lib)

the cryoscopic behaviour of furan-2-carbaldehyde, in dilute carbon tetrachloride
solution, and found that Raoult's law was obeyed to within the limits of experi-

mental error; combining this with i.r. evidence based on qualitative temperature

]

and solvent studies, these authors assigned the weaker carbony! band at 1682 cm™

to the syn rotamer (Ilb). Gus-phase, microwave studies support this cussignmeni'3

. . . 35
whereas dipole moment measurements either oppose the assignment™ ™ or are
L] [ d 36
inconclusive.

. . . .37 : .
Chiorboli and Drusiani~~ were the first workers to observe twin carbonyl

bands in the thiophen-2-carbaldehyde Raman spectrum, and explained their



L] . [ ] * L] . 38
observations in terms of intermolecular association. Andrieu et al.” ~ have

prepared thiophen-2-deuteriocarbaldehyde and thiophen-2-carbaldehyde enriched
with ]80 and have observed (in both compounds) alterations (but not simplifications)
in the carbony! band envelopes; although unable o rationalise completely the
complexities of the carbony! absorption in thiophen=-2-carbaldehyde, they are led
to the co'nclusion that Fermi resonance is responsible, at least in part, for the band
multiplicity. Dipole moment measurements suggest that the predominant form is
syn in benzene, dioxan, and carbon tetrachloride solutions, whereas gas-phase,
microwave sfudies34 oppose this assignment.

Both furan- and thiophen-2-carbaldehydes have been studicd intensively
by n.m.r. Below -90°C, the aldehydic proton resonance in furan-2-carbaldehyde
appears as two doublets of intensity ratio é:1 which observation, along with spin-
decoupling studies, indicates that there is stereospecific long-range spin-coupling
between the furan ring proton, 4-H, and the aldehydic hydrogen in one rotamer,
and between the 5-H and the aldehydic hydrégen in the other rotamer. The nwin
point of discord concerns the nature of this coupling. Thus, Dahlgvist and Forsen40
originally considered that the main aldehydic coupling was to the 4-H in the syn
rotamer and to the 5-H in the anti rotamer leading them o the conclusion that

——rpra

the predominant isomer in dimethyl ether solution was the anti form; later work
41 . . . 42

by them ™ was inconclusive and recent observations by others ™™ suggest reversed

assignments. The aldehydic coupling in thiophen-2-carbaldehyde in acetone

solution is virtually invariant between ~80°C and +40°C and it has been proposed

that although an equilibrium between rotameric forms may exist, the molecule

exists almost exclusively in the syn conformation.

The nuclear Overhauser effect (an enhancement of the absorption intensities



of certain protons on irradiation of other protons in close proximity within a
molecule) has recently been used to investigate the conformations of 2-furyl
methy| ketone and the 4, 5-dibromo-, 4~bromo-5-deuterio-, and 4, 5-dideuterio-
derivolﬁves,‘i‘4 4~bromofuran-2-carbaldehyde, 4-bromothiophen-2-carbaldehyde,
and of 2-(4, 5~dibromothieny|) methyl ketone, and apparently unequivocal

conformational assignments have been made; these are summarised in Table 3:

Compound Solvent Conclusion

Br |
BFIJ\COCH Af -1 2OOC, mixture

B 3
) | of syn and anti,
CDSOCD3
D CC‘)CH:3 with former
D
' D\ predominating
D COCH3
Br. |
“ I l At ambient
S CHO CDCI3 and |
Br. temperature, single
T.H.F.-D8
l l (syn) rotamer
Br~ s NcocCHy
Br At -900, mixiure

U T.H.F.«D8 of syn and anti,
. ~CHO

former predominating

Table 3
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Finally, X-ray crystal structure investigations of 4-bromothiophen-2-
carbaldehyde, 2-(5-bromothieny!l)methyl ketone, and 4-bromofuran—2—carbaIdehyde45

suggest that in the solid state these compounds exist in the syn conformation.

The aims of the present work are:

(i) to assign to particular conformations (if possible) the twin carbonyl bands
of furan-2-carbaldehyde;

(ii) to investigate, generdlly, the occurrence of rofational isomerism and
Fermi resonance in 2-oxo-furans and ~thiophens, and thus to reconcile the results
of n.m.r., i.r., and X-ray sf;Jdies;

(iii) to devise synthetic routes to specifically-deuterated furans and thiophens
with a view to aim (ii);

(iv) to investigate, ir"| 2-oxo~-furans known [from (ii)]l to display rotational
isomerism, the steric and electronic effects of substituents on a rotameric equilibrium;

(v) to set up or to modify computer programs for the digital resolution of
overlapping i.r. curves, to set up a digital data-logging facility, and to rompare
the results so-obtained with those from analogue and othzr methods;

(vi) to examine the theoretical basis of the i.r. method for the determination
of the energy and entropy differences between rotamers, and

(vii) to devise computer programs for data processing based upon the results
of investigations into aims (v) and (vi).

The fhéory of i.r. band shapes and curve resoluticn, and of previous workers'
approaches to data processing, is described in the folloviing section. The ways in
which the aims listed above have been achieved are described in the "Experimental”

and "Discussion' sections.
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THEORETICAL CONSIDERATIONS

The Shapes of Infra Red Bands

The principal factors which determine the spectral line width of an
i.r. band are: (i) the "natural" line width; (ii), the Doppler effect;

(ii1) collision broadening, and (iv) instrumental 'effecfs.46

The natural line width arises from the energy spread of the upper and
lower energy states involved in a vibrational transition; it is therefore a
consequence of the Heisenberg uncertainty principle. Broadening by this
| 6

mechanism is extremely small (< 10 cm_]) and can be neglected in the

present work.

Doppler broadening arises from the thermal motion of the melecules
and, because of the Maxwellian velocity distribution, produces a Gaussian

-1) and,

band profile. Broadening by this mechanism is small (< 10—3 cm
although observable in vapour phase spectra, it is relatively unimportant for
condensed state systems.

Collision broadening, the principal factor influencing the shepes of
i.r. bands of liquids, results from the pertfurbation of the energy !evels of the
absorbing molecules caused by the close approach of other molecules. In the
original treatment, Lorenfz47 assumed that a molecule absorbs at a discrete
frequency, that radiation stops abruptly on collision, the energy becoming
wholly kinetic, and that the effect of the collision is to destroy all previous

orientation: the time intervals between collisions were considered to be large

compared with the duration of collision. Lorentz also assumed that after
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collision the molecules were randomly oriented with respect to the radiation
field, but Van Vleck and Weisskopf48 have suggested that the molecules would
tend to retain a low-energy orientation with respect to the field. A detailed

mathematical treatment leads to the equation:

.' Avl
a = k—I 2 =] (i)

—7
v m (v-vo) + (§Av%)

Ny N-

where "k" is a constant for a particular band, ”av is the absorpiion coefficient

at wavenumber "v", "vo" is the natural wavenumber, and "Av;" is the full width

2

at half maximum of the band. This equation is of the Lorentzian (or, more

generally, Cauchy) form:

a
y = 55— (1)
|02 + x2

+ The observed i.r. band shape may be regarded os a convolution of the

"true" shape with an "instrument function", K(v) where
Tv = K) IV. (IV)

Iv and Tv being the true and a.pparenf band intensities when the spectrometer is
set at wavenumber v. The instrument function is a mathematical representation
of the instrumental factors which can distort the true band shapz including

diffraction at the slits, the effect of using finite slit viidths, aberrations in, and
misalignment of, the optical system, and the effects of the finitc time constant

of the amplifier, mechanical distortion, and radiation scattering. 1t is usually

49 [ L3 L L4 Ld
assumed  that the instrument function is Gaussian or triangular, alihough ite
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amplifier time constant component can introduce an asymmetric element. The

contribution of radiation at wavenumber v to the measured intensity at Vs is

related to (v - vi) by the "spectral slit function" and increases as (v - vi) tends

to zero. Writing the instrument function in the more specific form, k(v - vi),

and representing the profile of the true absorption band by g(v), the intensity

contributed from v will be given by:

V= g).klv - v,).Av V)
i

being proportional to the total energy transmitted at v, and to the band width

Av. Account is taken of contributions from all v by constructing o folding

integral known as the Voigt convolution:

40
f(vi) = g glv). k(v - vi)dv (\2))
20

Thus, isolated i.r. absorption bands of condensed phase systems are of
Lorentzian profile upon which physical and instrumental factors impose a Gaussian
perturbation: this is represented mathematically by the Voigt convolution.

Davies and Vaughan, ™ using such a convolution, have constructed tables giving
the ratios of the widths of Voigt profiles at specific height fractions to the widths
at half-height as functions of the magnitudes of the Lorentzian and Gaussian
proportions. For a Voigt profile, analyses at different height fractions should

yield consistent proportions of the two distributions.

Curve Analysis

Because the i.r. bands of rotamers often overlap, it is necessary for
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quantitative studies to decompose observed profiles into constituent bands or
into quantities proportional to the areas of constituent bands. The commonly
employed methods are: (i) graphical separation; (ii) analogue computer
separation (as in the Du Pont 310 Curve Resolver), and (iii) digital computer
separation.

(i) Graphical Methods. Because of their simplicity, these methods have been

widely used.5]. They may be broadly classified under the headings: the wing

method; the methods of the minimum and mid-point, and the method of outer
halves.

The wing method is the least precise and involves a subjective estimate
of the contribution made by a small band to a wing of a large band situated some
distance away. The method becomes highly inaccurate when the band séporaﬁon
is sinall or when the component bands are of comparable intensity.

The methods of the minimum and mid-point involve the dropping of a
perpendicular either from the minimum betweén, or from a point mid-way between,
the maxima of two overlapped curves and integrating the areas so obtained. It is
claimed that the methods are precise, partly as a result of compensating errors,
and can be used to a precision of £ 4%.

The method of outer halves, which involves taking the leading edge of
the higher band and the trailing edge of the lower as being proportional to the
respective band areas, has been shown to produce large errors for overlapping
Lorentzian bands with peak separations less than two to three half band widths:
the errors for Gaussian curves, however, approach zero at a peak separation of
only 1% half band widths. As the peak separation decreases, the errors become

very large in a negative sense and measured enthalpies tend to zero. The use of
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apparent optical densities (peak heights) as quantities proportional to band areas
gives resylts similar to those from the outer halves method.

(i) Analogue Computer Methods. The instrument used by the author, a Du Pont

310 Curve Resolver, is an analogue computer partially programmed for the purpose
of resolving contours consisting of up to ten overlapping bands. Each of these
bands is synthesised in a distinct "function generator channel" and the bands are
then summed on an oscilloscope to provide a theoretical contour. A semi-silvered
mirror system allows superimposition of theoretical and experimental contours.
The shapes, heights, and positions of the bands are individually adjusted until
fhé fit of the synthesised and experimental contours is optimised, the aresas of the
component bands relative to any standard area then being read from an integrator
meter. Facilities are available for skewing curves and for fitting to contours
recorded over non-linear base-lines.

The synthesised bands are composed of 26 straight=line segments, 13 for
each side of a band, the positions and lengths of 24 of which are determined by
6 "breakpoint" controls which are common to all channels; the remaining 2
segments, which provide the wings of the bands, do not require a breakpoint
control. In addition, each channel has 7 "diode matrix conirols" which determine
the slopes of the straight=-line segments. Thus, the breakpoint controls, in
conjunction with the diode matrix controls of the individual channels, determine
the shapes of the individual distribution functions. The setiings for the various
controls are determined by fitting a curve generated, in turn, by each channel
fo a specimen experimental curve known, by measurement of half widths, to be
single and undistorted: thus, it is not necessary o know the mathematical forms

of the component bands. The precision of fit to a band contour and of curve arey
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measurement is judged to be £ 1% in favourable cases (e.g., the carbonyl bands
of t-butyl furan-2-carboxylate; Figure 15); for strongly overlapping bands the
precision is not so good.

(iii) Digital Computer Methods. The basic mathematical problem is the application

of least squares analysis to non-linear functions, using iteration to achieve an
acceptable fit. The Lorentzian and Gaussian shape functions are commonly

expresseds2 in the form:

AB), = a[bL2 ¥ (v-vo>2]‘“‘ Vi)

and

) 2 -2
A(v)G = a.bG .exp[-(v—vo) .|n2.bG ] (Vi)

in which vy is the position of the band centre, 2b is the width of the band at half
maximum, and c/b2 is the peak height. For the least squares analysis, the
variables are generalised os Xps Xop oo X where X, is identified with the peak

height, X0 with the position of the peak centre, and Xo and x  with band widih

4

2. In 2.bG_2, equations (VI1) and (VIi1)

parameters. Putting Xq = bL-] and x

4

transform to:

2 2.-1
A(v)L = x].[l t Xq (v —x2) ] (1X)
and
AW) . = xp.expl-x, (v - x,)°] (X)
G 11 SPEY 2
and the Voigt product convolution becomes:
2 2.-1 2 2
A(v)P = x]“ t xq (v-x2) ] exp[—x4 (v —x2) ] (X1)

A(v)P is usually expressed in absorbance units. Howev;r, because the signal to
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noise ratio is approximately constant throughout the transmitiance scale whereas
on an absorbance scale it increases at high absorbance values, the optimisaiion

program uses the transmittance function:

(T/T) = exp-2.30258 {q; + %X] P)[, +X3'Z(P)(V ) XZ(P))2]—]
ov P: I (
exp ["xf(P)(V - X22(P))]1 | (X11)

”@" is a baseline displacement measured in absorbance units and "M" is the
number of component bands. The values of (x] e X4)P and @ are varied to

minimise "w" where:

2 :
0 = f - (X101

and

o= (T/T) (1/T) (XIV)

i o’v.obs. o’v.calc.

The mathematical approaches to this minimisation have been reviewed by Pitha
52 : - . . :

and Jones™ "~ who conciude that it is pessible fo generate analytical expressions

which will fit the contours of i.r. band envelopes with a precision approaching

that of the statistical uncertainty of the duta measurements.

Thermodynamic Treatment of Results

Part of the present work involves the determination of thermodynamic
parameters for an equiiibrium between two rotational isomers "h" and "I" (the
barrier to rotation being assumed to be small compared with kT). If the proportions
of the isomers are of the sume order of magnitude and if h and | each has a

<

characteristic i.r. absorption band, h giving a band at higher wavenumber than [,
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the following treatment is usually applied.53
Let Ah = band area of rotamer h,
a-h— = integrated absorption coefficient of h,
c-h- = concentration in gl-] of h,
; = cell path length in cm,
K = equilibrium constant for h &2 |,
Aﬂo = enthalpy change for h &2 1,
A§_o = entropy change for h =% |, and
A(_S_o = free energy change forh =2 1.
Then: Ah = oo cp
and: : K = cl/ch = Ala /Ahal

By the van't Hoff isochore, using base 10 logarithms:

A ) —A_l—_io : AS® ozL

L S \
'°91071; 53R T | 2.300k '°9103;‘ (XV)

ond a plot of log]O(Ai/Ah) against 1/T has.a slope —Aﬂ0/2.303R, if the ratio

O(I/ah is independent of temperature. In order to measure entropy and free

energy, the ratio of a's must be known because:

A o
—RTln[(—A-I-”-). (;:I-h-)] (XV1)

,>.
®
I

h

and
o

ASS = (AH

- AG°Y/T (XVH)
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. oy 5
It is often assumed that a = a - However, Hall and Wilson 4 have shown that

this assumption is invalid in a case where a priori it might be expected to apply.

Thus, the integrated absorption coefficient of the equatorial C~Cl stretching
vibration in 4~t-butylcyclohexyl chloride is reported to be 47% greater than
the coefficient of the axial vibration.

An alternative approach is to use the equation:

Ab_ = -(ub-/aL)AL + ah_p_c XV
which follows from:
c = cb + C_I_
and A| A|
OB P

. . .=l
where "c" is the total concentration of compound in gl . If each of the o

values is independent of temperature, < plot of Ah against Al should be linear

21,55, 56

with a slope -ah/al . It has been suggested, however, that the

generally observed ;l-ecrecse in extinction coefficient of bands with increase in
temperature is not entirely balanced by an increase in the band width, neither
can it be explained by thermal dilation of the cell nor by density changes in

the solvent. Thus the indiscriminate application of Equation (XVI1i) may lead

to serious errors in A_C_S_b and Aéo, but as long as the a-ratio is ind.pendent of
temperature, the calculated Atl_o value will be valid. (This problem is consicercd
further in the "Discussion" section of this Thesis.) i follows that the use of

<

extinction coefficients as measures of band areas and hence of ccncentrations
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of species responsible for the bands in a rotameric equilibrium is incorrect
because the former are not necessarily proportional to the latter and because
a is not, in general, equal fo a -

Karabatsos et al.57 have noted that Aﬂo values for rotameric equilibria

are unreliable when obtained from the temperature variation of n.m.r. coupling
constants in a solvent whose dielectric constant (usually high) has a large
temperature coefficient. It is thus desirable to examine the effect of the
variation in dielectric constant of carbon tetrachloride with temperature upon
the measured Atl_o value. To do fhis,2] the ratios of band areas at a constant
temperature are measured using as solvents mixtures of carbon tetrachloride and
aceronitrile for which Kalliorinne58 has determined the dielecfrfc constants.
The assumption is then made that:

A

In(KI:) = me + ¢ + m'(-%.—) + ¢ - (XIX)

where "¢" is the dielectric constant, "m, m are constants.

are slopes and "¢, ¢'’

Using Kalliorinne's results, linear regression analysis (see below) of ¢ against

1/T gives:
e = 175.27(1/T) + 1.64

with a correlation coefficient of 0.996, and thus to a good approxirmation:

A
ln(—A-t-) - mn75.27(-}-) v 1.641 + ¢ + m'(--::—.—) o (XX)

Thus, when In (AI/Ah) is plotted against 1/T, the measured slope is given by



=21~

(175.27m + m'). The value of m is determined by plotting In (AI/Ah) against €,

and hence m', the corrected slope for AI_'I_O calculations, is obtained. Although

there is no reason to expect a linear dependence of the equilibrium constant

between rotamers on the dielectric constant of the solvent, if the fit of the
experimental data is good then it would appear that the assumptions inherent
in Equation (XX) are justified. The conclusion from such studies is that the
dielectric variation effect is negligikle for carbon tetrachloride solutions in

the temperature range used in this work.

Statistical Methoeds and Errors

All linear plots listed in the "Experimental-Spectroscopic" section were
estimated by linear regression”™ " using an 1.C.L. 1906A computer (vide
"Discussion"), the best fit being determined by minimising the sum of the squares
of the deviations of the data points from the lines.

if, for a particular measurement of the independent variable, Xq1 the
corresponding measurement of the dependent variable (or response) is Yyr then

the function fo be minimised is:

i(yi - a - bxi)2
i=1 - -

where "n" is the number of pairs of observations, "b" is a slope and "a" is an

intercept. The values of a and b for minimisation are:
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where:

In order to assess the precision of the esiimates, an Analysis of Variance Table
is constructed; the fotal variation in the response can then be broken down

into two components: (i) the variation in y which is left unexplained when the
best line has been Fiffea, and (ii) the variation in y which can be attributed to

its dependence on x. A measure of the total variation in the response is given

by the Total Sum of Squares:

i=1

The Residual Sum of Squares is obtained by nalculating the vertical deviation
of each point from the best straight line, squaring these deviations, and then
summing the squared deviations:

v; - o - bx)’

The proportion of the Total Sum of Squares of the response which may be attributed

to the effect of the independent variable is given by:
(Total Sum of Squares) - (Residual Sum of Squares)

that is:

Sh -9 - ST -a-b)? = bl -9k -%) = blIxy - (Zx)(%y)

]
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The Analysis of Variance Table is then constructed as shown:

Source of Degrees of Sum of Squares Mean Square
Variation Freedom
n
Due fo. ] A = bZ (yi - y)(xi - X) Mo =A
regression i=1
About n
' 2
regression n-2 B = Z (yi ~a- bxi) M] = n?2
(residual) i=1 -
. 4 n 2

Total n-1 CZZ(Yi"y)

1=1

M] is fh.e best estimate of the residuai variance, and sﬁIM] is called the Residual
Standard Deviation. If x is having no effect upen y, then Mo will alse be an
estimate of the residual variance, but if y really is affected by x, M0 will be much
larger than M] . Thus, if the true slope of the line equals zero, then the ratio

MO/M] will be comparatively small.

For linear plots in which both variables «re subject to similar errors (e-g-,
Ah against AI ), the least squares fit is not always the best. In these cases, the
pl:;fs were re;eqfed using the method of meczns.é] Thus, the n plotted points are
divided into three groups, the equal numbers in the two exireme groups being

chosen to be as near n/3 as possible. The j«in of the mean coordinates >-<], )7] and

523 , ')73 for the extreme groups provides the straight line.
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The errors in each of the thermodynamic quantities were calculated
assuming that the error in K, the equilibrium constant, is random and can be
described by the Gauss error function. If the error in K is £q, it Followséo that
the error in A_Ijo is :tRfc/K the error in A_(:v_o at temperature Ii is '.L-Rliq/_ls,

and that in AS at T is + (1 + ), where:

T
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EXPERIMENTAL - SPECTROSCOPIC

A. Infra Red Investigations

All the infra red spectra, the results of which are presented in this
s‘ecfion, were recorded by the author using o Perkin-Elmer 521 grating spectro-
photometer fitted with a linear absorbance attachment and purged continuously
with dry air. The instrument was operated in the absorbance mode (scale linear
to within 1%) at a spectral slit width of 1.7 cm-] and a scanning rate of
5 cm-]/min. The calibration, which was to 0.5 cm—], and the resolution,
were checked regularly during the course of the investigations against water
vapour bands.

Digitized i.r. spectra were obtained in binary-coded decimal, on eight
track paper tape, with even parity, using a Stogate Data Logger. This provides
a four-digit record, in units of transmitfance X 10,000, at a punch rate of one
record per second or slower. The input d.c. voltage was 2ighty millivolts
maximum, and the linearity was to 0.005%. The input voltage is derived from
a read-out potentiometer which is clamped mechanically on to the tronsmitting
potentiometer of the spectrophotometer: there is thus a mechanical link between
the read-out potentiometer and the optical attenuator. [This mode of operation
is preferred to an alternative approach in which the a.c. signal from the pen
follow-up potentiometer is used since (i) the low impedance of the Data Logger
tends to cause a perturbation of the sigral; (ii) recording is then in the absorbance
mode and the linearity of the sbecfropho’rome’rer absorbance attachment becomes

the limiting error, and (iii) there is no a priori reasen why the signal from the



~26-

potentiometer should be linearly related to the movement of the optical
attenuator.]

Variable temperature spectra were recorded using a Research and Industrial
Instruments Corporation TEM-1 temperature controller with a VLT-2 variable
temperature probe. The latter operates on a Dewar principle in which the i.r.
cell is in direct thermal contact with the base of a steel refrigerant vessel. The
vessel is inserted info an outer jacket provided with heated sodium chloride
windows, and the space between the refrigerant vessel and outer jacket is
evacuated to a pressure of 0.05 mm Hg. The high vacuum prevents condensation
of water on to the cell windows during low temperature operation, and prevents
rapid boiling of the refrigerant. The temperaiure of the i.r. cell is recorded on
the TEM-1 via a chromel-alumel thermocouple. The current supplied to heaters
located on either side of the sample cell, and hence the cell temperature, are
controlled by the TEM-1. For temperatures below ambient, a refrigerant was
used (20° to -70°C: acetone/solid carbon dioxide; below -70°C: liquid nitrogen).
The accuracy of the temperature measurement, in the temperature range used most
frequently (-15° 1o +75°C), was checked by comparing the temperatures recorded
by the TEM-1 with those recorded by a thermometer checked at the National
Physical Laboratory: a calibration curve was thereby obtained, allowing an
accuracy of £0.5°C. Because of its sensitivity to thermal shock, so&ium chloride
was used as a cell window material only for spectra recorded at room temperature.
For variable temperature spectra, a vacuum~tight cell (nominal path iength 1.0 mm)
with silver chloride windows was used, silver chloride having the advantages of

being relatively insensitive to thermal shock and having a low absorbance over

the frequency range employed.
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Carbon tetrachloride (dielectric constant 2.25 at 30°C) was used as the
solvent for variable temperature work in the range -15° to +75°C because of its
low absorbance in the reginon 1800 to 1600 cm-], and the low variation of its
dielectric constant with temperature (cf. theoretical section). For very low
temperature studies, carbon disulphide was used. Gross variations in solvent
dielectric constant were achieved by using chloroform, bromoform, or methyl
cyanide as solvents; the ethanol added as a stabiliser to chloroform and L.umo-
form was removed by passage of the solvents through alumina. The relative
efficiencies of desiccants (phosphorus pentoxide, anhydrous petassium carbonate,
anhydrous magnesium sulphate, anhydrous calcium chloride, and B.D.H.
molecular sieves iypes 3A and 4A) in curbgn tetrachloride were investigated by
monitoring the magnitude of the i.r. water band at 3720 cm—] . The most
efficient desiccant was found to be B.D.H. molecular sieve type 3A (1/16"
pellefs) and all solvents (of analytical purity) were dried in this way for 24 h
before use. The compounds examined in this section were cither distilled in vacuo
(liquids) or sublimed in vacuo (solids) immediately before use; their purity was

checked, where appropriate, Ly t.1.c. and g.l.c.

In the tables below, the same conventions that are described in the
Discussion section are used. Thus, "A" represents the area of an i.r. band, "D"
represents the optical density of a band, "T" represenis the absolute temperature,

and the subscripts "1" and "h" refer to the lower- and higher-frequency bands in

a rotamer carbony! doublet.
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Optimisation of spectrophotometer settings

Experiment 1. The hydroxyl stretching band of t~butanol was examined at 303°K

in carbon tetrachloride solution (0.500 mg/g solvent). The amplifier gain and

attenuator speed settings were varied to find the optimum working conditions

1).

consistent with the production of a symmetrical OH band (VOH 3616.0 cm_
A constant slit program setting of 1000 was used with the slit width set af twice
the progrcmmeci value. The various settings were investigated by measuring the
ratios of the leading fo trailing half-widths at various fractions of the band

height. The settings which gave minimum overall distortion of the band were

chosen as the optimum settings.

Furan-2-carbaldehyde C=0O band cssignme'm‘*

Experiment 2. The carbony! region of furan~2-carbaldehyde in carbon tetra-

[ ] L] [ ] . » o
chloride solutions was examined at various concentrations at 20 C and the areas

of the bands at 1700 and 1681 cm—] were measured (vide Table 4).

Concentration (gl ') Ah% A‘% AI/Ah

8.59 71.5 28.5 0.399

1.72 71.5 28.5 0.399

0.86 71.5 28.5 0.399

0.43 /1.5 29.0 0.409

0.09 72.0 28.0 0.389
Table 4

3 . N .
Tables 4 and 5 involve a re-examination of previous work by the author.
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The aldehyde was then examined as a thin film, the optical density ratio
D]69O.O/D]672.5 being measured as 0.874.

The aldehyde was next examined in carbon tetrachloride solution (3.915 mg
in 7.904955 g solvent) from -20° 1o 70°C, and the bands at 1700 and 1681 cm—]
were recorded. A specimen analogue curve resolution is included as Figure 2, a
digital cyrve resolution (for program details see later) as Figure 3, and a specimen
spectrum as FigL.Jre 4. For complete curve resolution, it was necessary to include

a small contribution from a third band between the major bands: its contribution

has been removed from the areas quoted in Table 5.

T Total Area ’ Ah A|
253 100.0 65.5 34.5
263 . 96.5 64.5 32.0
277 92.5 63.0 29.5
283 91.0 1 63.0 28.0
293 90.0 64.5 25.5
303 89.0 64.5 24.5
313 86.5 63.0 23.5
323 82.5 60.5 22.0
333 81.0 60.0 21.0
343 80.0 60.0 20.0

Table 5

The aldehyde was then examined as solutions in chloroform, bromoform,
and carbon disulphide, and the last solution was examined at temperature below

. 4 O .
ambient down to -110°C. In chloroform, two bands were observed in the carbaiiy!
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region at 1693 (D 0.52) and 1676 cm_] (D 0.73) with a slight shoulder at

1696 cm_]; in bromoform, two bands were again observed at 1692 (D 0.39) and
1674 cm_] (D 0.62) with a slight shoulder at 1698 cm-]; in carbon disulphide
below 0°C, three distinct bands could be observed af 16956.5 (D 0.39), 1692.0
(D 0.63), and 1676.4 cm™! (D 0.53).

The aldehyde was next examined in a 5 cm silica cell, as a carbon fetra-
chloride solution, in the region 3450 o 3300 cm-] (the carbonyl overtone region).
Three bands were obs‘eryed at 3400 (D 0.17), 3371 (D 0.55), and 3355 cm-]

(D 0.32).

The aldehyde was finally examined in the vapour phase using a Research
and Indu;frial Instruments Corporation 9 cm heated gas cell. Spectra in the
carbonyl region were recorded in the temperature range 75° t0 185°C. At all
temperatures, a complex band envelope, which had the appearance of a pair of

heavily overlapped doublets centred at 1719.5 and 1710.0 cm_], was obtained.

Experimen’r 3. The carbonyl region of 4-isopropylfuran-2-carbaldehyde (l11), in
carbon tetrachloride solution, was examined from -20° to +75°C. At all
temperatures, one major band was observed (1688.5 cmu] at 30°C) with a small
shoulder to higher wavenumber {1706 cm—] at 30°C). qull frequency shifts to
higher values and small decreases in optical density for the major band with
increasing temperature were observed.

The carbonyl region of the aldehyde was also examined (at 30°C) using
a chloroform solution. One major band was again observed (at 1677 cm_]) along

with a very minor band at 1705 cm_l .
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Experiment 4. The carbony! region of 3~isopropylfuran~2-carbaldehyde (V1) in

carbon tetrachloride solution was examined at 30°C. A single, major band was
observed at 1686 cm-] with a very slight shoulder at 1698 cm—'i .

The carbony! region of the aldehyde was also examined (at 30°C) using
a chloroform solution. Two major bands were observed at 1678 (D 0.37) and

1667 cm”! (D 0.44).

Experiment 5. The carbonyl regions of 5-isopropy!furan-2-carbaldehyde (XVII)

and of 4,5-diisopropylfuran-2-carbaldehyde (XI) in carbon tetrachlcride soluticis
were examined at 30°C. A single band was observed in each case, centred at
1686 cm_] in the mono-alkylated aldehyde and at 1685 cm—] in the di-alkylaied
aldehyde. Single bunds centred at 1672.5 cm-] (mono-alkylated cldehyde) an!
1672 cm—] (di-alkylated aldehyde) were also observed when chloroform was usz

as solvent.

Experiment 6. The carbenyl regions of 2-furyl methyl ketone (Xlil), ethyl 2-iuiy!

ketone (XIV), and ethyl 2-(3-methyl)furyl ketone (XIX) were exaiminad in carbun

* ! [ ] o * [ )
tetrachloride and chloroform solutions at 30 C. The chservations are summarised

in Table 6.
Compound Band in CCl4 at: Band in CHCL% ot:
em™) fem™)
Methyl ketone 1683.5 and 1674
| 1711 (very minor)
Ethyl kefone 1685 1674
Ethyl 2-(3-methyl) 1678.5 1667.5
ketone

Table 6
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The u.v. maxima of the ketones are compared with the maximum of furan-2-

carbaldehyde in Table 7.

Compound

max.

(hm)
Furan-2-carbaldehyde 268 17,500
Methyl ketone 262 14,000
Ethyl ketone 262 14,000
Ethyl 2-(3-methyl) 263 15,000

ketone

Table 7

Solid State Studies

Experiment 7. The carbonyl regions of 5-chlorofuran-2-carbaldehyde (XV1),

5-bromofuran-2-carbaldehyde (XLIII), 2-(5-chlorofuryl) inethyl ketone (X XX),
2-(5-bromofuryl) (4-methoxyphenyl) ketone (XXXV), and 2-furyl (2,4, 6~trimethyl-
phenyl) ketone (XVII) were examined in carbon tetrachloride solutinns and in the
solid state, using potassium bromide discs. The observations are summarised in
Table 8, where the positions of major bands are underlined and those of minor

bands are bracketted.
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~1 1

Compound CCl4 (cm ) KBr cm )
XV1) 1690.5 1677.5; 1668.5
(1718) (1712.5)
(XL 1689 1674.5; 1663.5
(1713.5) (1707. 5)
(XXX) 1685.5 1656
(XXXV) 1643 1626
(broadened to high v) (1639)
(XV ) 1663 1643
(1659)
Table 8

Experiment 8. The carbonyl regions of 5-phenylfuran-2-carbaldehyde (XXI),

5-(4-chloroph;anyl)furan-'2-corba|dehyde (XXIH), 5-(4~bromopheny|)furan-2-
carbuidehyde (XXV), 5-(1-naphthyl)furan-2-carbaldehyde (XXVII), and 5-(2-
naphthyl)furan-2-carbaldehyde (XXIX) werc;_ examined in carbon tetrachloride
solutions, and (excepting 5-phenylfuran-2-carbaldehyde and 5-(1-ncphthyl)furan-
2-carbaldehyde) in the solid state using potassium bromide discs. The observations

are summarised in Table ? using the convention of Table 8.
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Compound CCI4 (cm—]) K Br (cm_])
(XX1) 1683.5 -
(XXT11) 1685 1681

(1661)
(XXV) 1684 1678.5

(1670); (1657.5)

(XXVHI) 1683 -
(XXI1X) 1681 1667; 1663
Table 9

Fermi Resonance Studies

Experiment 9. The carbonyl region of furan-2-carbonyi chloride (XXX11) was

examined, in carbon fetrachloride, solution, over the temperature range -15°
to 75°. Four bands were observed, cn‘. 1797 (D 0.17), 1780 (D 0.37), 1756
(D 0.25), and 1744 cm—] (D 0.44); the intensity of the band at 1756 cm—]
increased greatly as the temperature was lowered. An analogue curve resolution
is included as Figure 5. No gross alterations in the appearance of the band
envelope were observed over a hundred-fold change in concentration.

In chloroform and bromoform solutions, two major bands were observed in
the carbony! region in both cases [at 1779.5 (D 0.21) and 1745.5 (D 0.69),
chloroform, and 1776 (D 0.20) and 1742.5 (D 0.58)]; slight shoulders could be
discerned on the leading edges of the bands at higher wavenumber and on the

trailing edges of the bands at lower wavenumber.



Figure 5

Fioure 6
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The acid chloride was next examined in a 5 cm silica cell, as a carbon
tetrachloride solution, in the carbonyl overione region. Three distinct maxima

were observed at 3524 (D 0.47), 3501 (D 0.51), and 3476 cm™ "

(D 0.35).

The acid chloride was finally examined in the vapour phase, at ]50°C,
using a 9 cm heated gas cell. A complex band envelope was observed in the
" carbony! region having two distinct maxima, of approximately équcl intensity,

at 1794 and 1767 cm-], and shoulders at 1807, 1775, and 1756 cm—‘.

Experiment 10. The carbony! regions of furan-2~carbony!l bromide (XXXIili) and

furan—2~carbony! fluoride (XXXIV), as carbon tetrachloride solutions, were
examined at 30°C. In the former case, two major bands [at 1780 (D 0.45) and
1769 cm-] (D 0.31)]1 were observed, with a broad, miror band at 1746 cm-]

(D 0.09). In the latter case, two major bands [at 1828.5 (D 0.70) and 1816 cm—]

(D 0.42)] were observed, with a shoulder at 1807‘cm-] (D 0.20).

Experiment 11. The curbonyl regions of thiophen-2-carboayl chloride (XXXVI)

and thiophen-2~carbonyl fluoride (XXXV1I) as carbon tefrachloride solutions were

examined at 30°C. In the former case, a single band was observed at 1751.5 cm“.I
7

with a slight shoulder at 1760 cm '; in the latter case, a single band was observed

at 1807.5 cm—] with a slight shoulder at 1813 cm-] .

Experiment 12. The carbonyl regions of 5-deuteriofuran-2~carbonyl chloride

(XLVH1) and 5-deuteriofuran-2-carbonyl fluoride (LXXXI), as carbon tetrachloride
solutions, were examined at 30°C. The acid chloride showed two bands at
1767 (D 0.82) and 1756 cm_] (D 0.51), and the acid fluoride two bands at

1828.5 (D 0.61) and 1816 cm--1 (D 0.39). For the acid chloride, in chloroform
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solution, a broad band centred at 1751 cm-] with a shoulder at 1760 cm.-‘I was

observed.

The carbonyl region of the acid chloride, as a carbon tetrachloride
. 0 o
solution, was also examined in the temperature range =157 to 75°C. An
intensification of the higher frequency band relative to that at lower frequency

was observed with decrease in temperature.

Experiment 13. The carbonyl region of thiophen-2-carbaldehyde (LI1l), as a

carbon tetrachloride solution, was examined over the temperaiure range -15° to
75°C. Three distinct maxima were observed at 1687.5 (D 0.61), 1677 (D 0.30),
and 1659.5 cmn.‘ (D 0.04) (at 30°C). With increase in temperature, the intensity
of the band at 1677 cm-] decreased relative to that of the 1687.5 cm—] band.
A specimen analogue curve resolution is included as Figure 6; for complete curve
resclution, it was found necessary to include a small contribution from a fourth
band. No gross alterations in the appearance of the band envelope were observed
over a hundred-fold change in concentration.

In chloroform solution, three bands were observed in the carbonyl region
at 1687 (D 0.33), 1675 (D 0.65) and 1663.5 — (D 0.43).

The oldzhyde was finally examined in a 5 cm silica cell, as a carbon

tefrachloride solution, in the carbonyl overtone region. Two distinct maxima, at

3355 (D 0.5%) and 3343 cm_] (D 0.68), were observed.

Experiment 14. The carbonyl region of 5-deuteriothiophen-2-carbaldehyde (XL),

as a carbon fetrachloride solution, was examined over the temperature range -15°

to 75°C. Two distinct maxima were observed at 1688 (D 0.41) and 1672 cm—]

(D 0.07). With increase in 'fempemfure, the intensity of the band at 1672 cm-.I



~41-

decreased relative to that of the 1688 cm_] band.

In chloroform solution, three bands were observed in the carbonyl region

]

at 1709 (D 0.09), 1683 (D 0.53), and 1668 cm (D 0.65).

Experiment 15. The carbonyl regions of 5-deuteriofuran-2-carbaldehyde (XLIX),

3,4, 5-trideuteriofuran-2-carbaldehyde (LXXI), and 3,4-dideuteriofuran-2-
carbaldehyde (LXXV1), as carbon tetrachloride solutions, were examined at 30°C.
The mono- and tri-deuterated aldehydes showed singlets at 1694 cm-], and the
di-deuterated aldehyde a doublet (with the components having approximately
equal intensities) at 1696 and 1690 cm"'l .

In chloroform solution, the mono-deuterated aldehyde showed a singlet
at 1682 cm_]; in acetonitrile solution, the tri-deuterated aldehyde showed a
singlet at 1682 cm-], and the di-deuterated aldehyde a doublet at 1681.5 and
1688 cmn'I .

The aldehydes were then examined in the vapour phase, at 150°C, using
a 9 cm heated gas cell. Complex band envelopes were observed, in the carbonyl
region, in each case. The morio-deuterated aldehyde showed three maxima, of
approximately equal intensities, ot 1718, 1711, and 1705 cm~], the di-deuterated
aldehyde two maxima, of approximately equal intensities, at 1722 and 1707 cm-],
and the tri-deuterated aldehyde three maxima, of approximately equal intensities,
at 1720, 1710, and 1704 —

In the C-H stretching and bending regions, the mono-deuterated aldehyde
showed five maxima between 2700 and 2900 cm—] and three maxima between

1350 and 1400 cm—], the di-deuterated aldehyde three maxima between 2700

and 2900 cm—] and four distinct maxima between 1350°and 1400 cm—], and the
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tri-deuterated aldehyde four distinct maxima between 2700 and 2900 cmu] and

two distinct maxima between 1350 and 1400 cm_] .

Experiment 16. The carbonyl regions of 3~bromofuran-2-carbaldehyde (LVII),

4-bromofuran-2-carbaldehyde (LX), and 4-bromo-5-deuteriofuran-2-carbaldehyde
(LXVID), as carbon tetrachioride and acetoniirile solutions, were examined ai 30°C.
Single, major bands, broadened to high waverismber, were observed for the 3-
bromo-aldehyde at 1691 cm-] (carbon tetrachleride) and 1681 cm_] (acefonitrile).
For the 4-bromo-aldehyde, two bands were observed in each solvent, at 1705.5
(D-0.57) and 1690.5 cm-] (D 0.42) (carbon tefrachloride), and 1701 (D 0.27)

and 1686 cm-] (D 0.43) (acetonitrile): the acetonitrile spectrum showed a disfinct
shoulder at 1708 cm"] . Single bands were observed for the 4-bromo=-5-deuierio-
aldehyde at 1697 cm—] (carbon tetrachloride) and 1689.5 cmm] (acetonitrile).

The carbonyl regions of 4=bromofuran-2-carbaldehyde and 4-bremo-5-
deuteriofurcn-2-carbaldehyde were examined in the solid state, using potassium
broriide discs. For the 4-bromo-aldehyde, a broad band centred at 1675 cm-]
with a distinct shoulder at 1700 cm-.I was observed. For the 4~bromo-5-deuterio-

aldehyde, a broad band centred at 1676 cm-] was observed.

Digital Computer Studies

Experiment 17. A copy of a digital computer program for the decomposiiion into

constituent bands of an i.r. envelope consisting of up to twenty overlapped bands
was acquired. The program so-obtained was written in FORTRAN IV for the IBM
System/360, and all of the input, output, and format statements were therelore
re-wriften in the Egdon system for an English Electric KDF-9 computer. [t was

known that a changeover would eventually have to be made ficm the KDF-9 to
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an International Computers Limited (ICL) 1906A computer, and the seven hundred
program steps were therefore punched on to cards using ICL 1900 code.] The
program as used initially required data points encoded as transmittance x 1000
and wavenumber in cm-] x 10, recorded at constant wavenumber intervals in

~ diminishing sequence, on punched cards. The program was tested using data
points which were derived from a simulated four band spectrum, the run time
(four minutes) being observed to be approximately twice that for an IBM 340 (50)

computer.

Experiment 18. A program was written for a Hewlett-Packard programmable

calculator for the evaluation of the Voigt product convolution, given the output

indices (x] to x,) from the band decomposiiion program, ond for the integraiion

4
of a band using Simpson's 1/3 rule. Using integration steps of 0.1 cm—], integration
of a single band by this method was observed to take approximately ten minutes.
An increase in the width of the integration step to 0.2 cm_] produced no change

in the value of the integral (to four decimal places) and halved the calculation

time.

Experiment 19. Absorbance values, measured by eye at 0.8 cm-] intervals, of

the carbonyl bands of furan-2-carbaldehyde at -20° and 70°C were converted
(manually) to transmittance values and punched on to cards. The bands were

decomposed using the basic curve resolution program and integrated using the
Hewlett-Packard calculator. The resulis are compared with those from the

analogue curve resolver in Table 10.
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Position Absorbance A (%) Al/Ah
Digital 1698.1 0.54 64.2
o 0.56
- =20 1680.4 0.26 35.8
Analogue 1698.4 0.54 65.5 053
-20° 1680.6 0.26 34.5 '
Digital 1700.0 0.50 71.4
ot
+70 1681.2 0.14 28.6
Analogue 1700.2 0.50 75.0 0.33
+70° 1681.2 0.14 25.0 '
Table 10

A computer program was then written using the graphical output subroutines
of the KDF-9 and the computed curves, their sum, and the input data for furan-

2-carbaldehyde were plotted. The plot is shown earlier in this section as Figure 3.

Experiment 20. The program-terminating checks of the iterative loops of the curve-

fitting program, which are based upon the rate of convergence to optimum fit
between synthesised and experimental datu, were removed. No improvement in
curve-fitting was obtained by thus aliowing more iizrations, and the checks were

re-infroduced.

Experiment 21. With the advent of an ICL 1905A cemputer, the KDF-9 control

commands were replaced by their 1906A equivalcnits. Because of the availobility
of disc storage, it then became possible to store the curve-fitting program as card
images and as a binary, compiled program; storage in the latter format allowed

a considerable reduction in computing time for a porticular curve resolution.
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The input statements and control commands of the curve-fitting program
were then aliered to allow the input data to be presented in units of transmittance x
10,000 on punched paper tape. The program was also modified so that the positions

(in cm-]) of each data point were evaluated in the program from a starting position

and a common difference. The program was then run with the same input data but

allowing different common differences: the area ratios so obtained were identical

in all cases.

Experimznt 22. The times (in seconds) for successive 100 cm—] scans (from 1700

“1 ) L d
to 1600 cin ) of the 521 i.r. specirophotometer were measured: the resulis are

summariscd in Table 11.

Run Time (cccs) Comment
1 1207.3 Runs recorded on
2 1206.9 same clay without
3 1205.8 chart drum
4 1207.0 connacted.
5 1204.9
6 1204.0
7 1203.6 With drum cennecied.
8 1206.5 Runs recorded on
% 1205.5 following day with
i0 1202.6 drum connected.
0

11 1202.

Table 11
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Experiment 23. The carbonyl bands of methyl _r_n_-chlorobenzoofe (CIV), methyl

3-methyl-2-fury| ketone (CV), and 5a-androstan-17-one-3B-y| thiophen-2'-
carboxylate (CVI), were recorded, as carbon tetrachloride solutions, in the
temperature range -15° to 75°C, with digital encoding of transmittance x 10, 000
at a rate of one record per two seconds. A computer program was written for the
integration of the band envelopes so obtained (using Simps'on's rule, assuming

tangential base-lines) and is incuded as Appendix A.

W
57 NCO,

(Cvi)

The results are summarised in Tables 12, 13, and 14.

Methyl m-chlorobenzoute (0.835 mg in 1.287980 g carbon tetrachloride),
]

vagoc 1731 em .
Temperature (CC) A A% No. of points

-15 2.45747 100.0 441

0 2.21935 90.3 450

15 2.27960 92.7 441
30 2.27831 92.7 441
45 2.12374 86.4 441
60 2.11055 85.9 441
75 1.98702 80.8 441

Table 12
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Methyl 3-methyl-2-furyl ketone (1.310 mg in 1.223505 g carbon fetrachloride),

-1
V30°c 1676.5cm .

Temperature (°C) A A% No. of points
-15 2.93718 100.0 396
0 2.86635 97.6 396
15 2.99793 102.1 396
30 2.82972 96. 4 423
45 2.90278 98.8 396
60 2.80398 95.5 396
75 2.66825 90.8 396

Table 13

5a-Androstan-17-one-38-y| thiophen-2'-carboxylate (2.730 mg in 1.484980 ¢

carbon fetrachloride), Va0°C 1741.5 and 1710.5 cm-] .

Temperature (OC) A A% No. of points
-15 8.78229  100.0 702
0 8.33938 95.0 702
15 8.13236 92.5 720
30 7.89358 90.0 729
45 7.51294 85.5 693
60 7.25734 82.6 693
75 6.87244 78.2 720
Table 14

The data for the three compounds was then re-analysed using the curve-fitting

program (examples of the fits are shown in Figures 7, 8, and 9 which were obtained
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from a program written for the ICL 1906A plotting subroutines: the program is
included as Appendix B). Integration of the bands was achieved by including

a subroutine in the basic curve-fitting program: originally, a computing laboratory
subroutine was used, which proved fo be unreliable; this was replaced by a sub-
routine based on the program originally written for the integration of band
envelopes (Appendix A). The results are summaric>d in Tables 15, 16, and 17.

Methy! m~chlorobenzoats

| EN
Temperature (OC) A A% Shape <1 f )
i %3] TIx,l
-15 3.28389 100.0 0.743
0 3.15264 96.0 0.753
15 3.07859 "~ 93.7 0.782
30 3.02146 92.0 0.785
45 2.88533 87.9 0.788
60 ' 2.82104 85.9 0.792
75 2.73759 83.4 0.815
Table 15
Methyl 3-methyl=-2-furyl ketone
Temperature FC) A A% Shape
-15 4.0727254 100.0 0.714
0 3.92344 $7.2 0.734
15 3.88689 96.3 0.765
30 3.72664 92.3 0.769
45 3.65534 90.5 0.783
60 3.63522 90.0 0.791
75 3.58295 88.7 0.826




5a-Androstan-17-one-3p-y| thiophen-2'~carboxylate
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Temperature (CC) A]74] 5 A% Shape A]71 0.5 A% Shape
-15 4.47054 100.0 0.700 5.97601 100.0  0.593
0 4.36484 97.6 0.719  5.79868 97.0 0.610
15 4.20310 94.0 0.715 5.68738 95.2  0.630
30 4.19692 93.9  0.743  5.55422 92.9 0.648
45 4.00170 89.5 0.752 5.30376 88.8  0.662
60 3.84182 85.9 0.752 5.17682 86.6 0.696
75 3.73537 83.6 0.768 4.99144 83.5 0.713
Table 17

The band envelopes (recorded as absorbance curves) were finally examined by

curve fitting with the analogue curve resolver, from which the band areas were

read directly. The results are listed in Table 18.

Temperature (°C) (CIV) V) v

~15 100.0 100.0 100.0 100.0

0 96.5 95.0 95.5 95.5
15 91.0 92.0 92.5 92.0
30 89.0 89.0 89.0 89.0
45 85.0 85.0 86.5 85.0
60 81.0 81.5 81.5 82.0
75 78.5 76.5 78.5 79.0

Table 18
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Experiment 24. The carbonyl bands of 5a-androstan~17-one-3p-y! 5'~-bromo~2'-

furoate (CVII1), the 5'-chloro-compound (CVII1), and the 5'-phenyl-compound
(CIX), were recorded, as carbon tetrachloride solutions, in the temperature

range -15° to 750C, with digital encoding of transmittance x 10, 000.

X =Br (CVII)
=Cl (CVIIN

= C6H5 (CIX)

The band envelopes were resolved and the individual bands were integrated by

the digi.fql method. The results are listed in Tables 19, 20, and 21, and computer
plots are inciL;ded as Fiaures 10, 11, and 12.

5a-Androstan-17-cne-3f-yl 5'-bromo-2'-furoate (2.289 mg in 1.000 g carbon

tetrachloride), V_15°C 1739.5, 1727, and 1709.5 cm_].

Temperature ) Aisol. Ai% Ah A|
-15 3.2265 100.0 1.9106 3.0713
0 3.1013 96.1 1.9258 2.8900
15 2.9904 92.7 1.8540 2.7612
30 2.8904 89.6 1.8359 2.6550
45 2.8501 88.3 1.7823 2.5364
60 2.6212 81.2 1.8663 2.4032

75 1 2.4864 77.1 1.8099 2.2272

Table 19
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5a-Androstan-17-one~3p-yl-5'~chloro-2'-furoate (1.863 mg in 1.000 g carbon

1739, 1723, and 1708 cm” .

tetrachloride), v

-15°C

[¢)
Temperature (°C) Aiﬁ’_‘_' A_i_/o Ab. Al_

-15 4.9267 100.0 3.2393 2.9876

0 4.9665 100.8 2.9744 3.1282

15 4.7731 96.9 2.6623 3.1924

30 4.6259 93.9 2.0147 3.6700

45 4.1590 84.4 1.9080 3.8923

60 3.9268 /9.7 1.9278 3.8581

75 3.5%88 73.1 2.1583 3.8208
Table 20

5a-Androstan-17-one~-3B-yl 5'~phenyl-2'~furoate (2.115 mg in 1.000 g carbon

1739, 1717.5, and 1703 cm™ .

tetrachloride),

V_15°C

Temperature (°C) Aisol. Ai% Ah Al

-15 5.2986 100.0 4.0370 3.9012

0 5.1692 97.6 3.9312 3.7244

15 4.9087 92.6 3.7913 3.5957

30 4.8062 90.7 3.8128 3.2820

45 4.7749 90.1 3.7052 3.0035

60 4.5721 86.3 3.4614 2.9213

75 4.5456 85.8 3.3821 2.9193

Table 21
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Conformations of Esters: Analogue and Digital Resolutions

Experiment 25. The carbonyl regions of methyl (CX), ethyl (CXI), and t-butyl

(CX11) furan-2-carboxylates were recorded, as carbon tetrachloride solutions,

in the temperature range -15° to 75°C, with digital encoding of transmittance x
10,000. The band envelopes were resolved and the individual bands were integrated
by both analogue and digital methods. Specimen resolutions are included as

Figures 13, 14,. and 15. The results of the analogue resolutions are listed in

Tables 22, 23, and 24, and of the digital resolutions in Tables 25, 26, and 27.

The contributions made by very minor bands required for complete resolution in

the methyl ester. case have been excluded from the Tables.

Methy! furan-2-carboxylate (2.100 mg in 2.643210 g carbon tetrachlorice),

V0P 1740 and 1725 cm—] .

Temperature (°C) Ah AI

-15 49.0 43.0

0 48.0 43.0
15 46.0 41.5
30 45.5 40.0
45 44.0 38.0
60 43.5 35.5
75 44.0 35.0

Table 22
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Ethyl furan-2-carboxylate (0.725 mg in 0.901475 g carbon tetrachloride),

l734andl718cm-].

v30°C
Temperature (CC) Ah Al

-15 45.0 55.0

0 42.0 54.0
15 40.5 54.5
30 39.0 53.5
45 37.0 53.0
60 35.0 52.5
75 34.0 52.5

Table 23

t=Butyl furan-2-carboxylate, v 1729 and 1711 cm_].

30°C

Temperature (°C) Ah AI

-15 40.0 60.0

0 40.5 57.0

15 4C.5 53.5

30 | 40.5 52.0

45 41.0 - 48.0

60 41.0 47.5

75 41.5 46.5

Table 24



Methyl ester
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Temperature (°C) Ah Shape Al Shape
-15 7.3301 0.652 11.5167 0.972

0 7.3759 0.691 10.8403 0.964

15 7.2687 0.712 10.6563 0.980

30 7.0576 0.733 10.2998 0.995

45 6.6219 0.774 9.8993 0.999

60 6.7218 0.759 9.1286 0.971

75 6.2149 0.725 8.8971 0.984

Table 25
Ethyl ester

Temperature (°C) Ah Shape AI Shape
~15 7.0964 0.824 8.0844 0.995

0 6.8957 0.817 7.5674 0.987

15 6.7227 G.799 7.1600 0.978

30 6.4366 0.781 7.0195 0.996

45 6.2827 0.744 6.8617 0.987

60 6.0713 0.721 6.3842 0.953

75 5.7806 0.698 6.3344 0.989

Table 26



t-Butyl ester
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Temperature (OC) Ah Shape AI Shape
~-15 3.2586 0.559 5.5695 0.819

0 3.1420 0.638 5.0008 0.716

15 3.1247 0.68% 4.8210 0.753

30 - 3.1177 0.6%96 4.5789 0.736

45 3.0679 0.709 4.3764 0.741

60 3.0525 0.728 4.2052 0.740

75 2.9730 0.762 4.3970 0.851

Tabie 27

As chloroform solutions, the three esters gave broad, single carbonyl bands at

1725 (methyl), 1716 (ethyl), and 1708 cm“1 (i-butyl), with shoulders to higher

wavenumber at 1730.5 (methyl), 1725 (ethyl), and 1719 cm-] (t=butyl).

No gross alterations in the appearance of the band envelopes were

observed over hundred-fold changes in concentration.

The esters were finally examined in a 5 cm silica cell, as carbon tetra-

chloride solutions, in the carbonyl overtone region. The positions of bands,

and their relative optical densities (in brackets) are given in Table 28.

Compound

Bands at (cm_])

Methyl ester
Ethyl ester
t-Butyl ester

3469 (1.1), 3437 (1.1), 3424 (1)

3453 (

1),
3440 (1),

3422 (1.2)
3408 (1.2)

T

Table 23
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Experiment 26. The carbonyl regions of methyl (LXXXII), ethyl (LXXXIIl),

and t-butyl (LXXXIV) 5-bromofuran-2~carboxylates were recorded, as carbon
tetrachloride solutions, in the temperature range -15° t0 75°C. For the methyl
ester, a complex band envelope was observed (vide Figure 16), having four
distinct maxima at 1748 (D 0.40), 1738.5 (D 0.62), 1731.5 (D 0.69), and
1720 e (D 0.58) (at 30°C); the intensity of the band at 1720 em™! showed
a marked increase with decrease in temperature. The ethyl and t-butyl esters
shovsed doublets in the carbonyl regions at 1735, 1719 and 1731, 1712.5 cm—]
respectively, and the band envelopes were resolved and the individual bands
in;regrcfed using the digital method. Specimen resolutions are included as
Figures 17 and 18, and the results are listed in Tables 29 and 30.

Ethyl 5-bromofuran~2~-carboxylate

Temperature (°C) Ah Shape AI Shape
-15 3.8931 0.662 5.0759 0.884

0 3.8878 0.675 4.6254 0.816

15 3.8406 0.665 4.3638 0.799

30 3.8823 0.701 4.1182 0.757

45 3.5962 0.670 4.1234 0.785

60 3.5022 0.678 4.0047 0.771

75 3.3331 0.677 3.9389 0.755

Table 29
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t-Butyl 5-bromofuran-2-carboxylate

Temperature (CC) Ah Shape A| Shape
-15 2.1423 0.582 5.0894 0.823
0 2.1756 0.518 4.8505 0.916
15 2.0987 0.515 4.5533 0.860
30 2. 0704 0.523 4.0258 0.888
45 1.9765 0.548 3.7992 0.878
60 . 1.9493 0.555 3.99%0 0.975
75 1.9332 0.515 3.1203 0.880
Table 30

As acetonitrile solutions, the esters each gave doublet carbonyl absorptions.
The positions of bands, and their relaiive optical densities (in brackets) are

given in Taoble 31.

Compound . Bands at (cm-'])
Methy ester 1731.5 (1.5), 1719.5 (1.0)
Ethyl ester 1726.5 (1.2), 1716.0 (1.0)
t-Buty| ester 1721.5 (1.1), 1710.5 (1.0)

Table 31

The esters were finally examined in a 5 cm silica cell, as carbon tetra-
chloride solutions, in the carbonyl overtone region. The positions of bunds,

ond their relative optical densities (in brackets) are given in Table 32.
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Compound Bands at (cm_])
Methyl ester 3466 (1), 3431 (1.4)
Ethyl ester 3455 (1), 3423 (1.6)
t-Butyl ester 3446 (1), 3409 (1.7)

Table 32

Experiment 27. The carbonyl regions of methyl (LXXXVI), ethyl (LXXXVIII),

and t-butyl (LXXXIX) 4-bromofuran=-2-carboxylates, as carbon tetrachloride
solutions, were recorded in the temperature range -15° to 75°C, with digital
encoding of transmitiance x 10,000. The band envelopes were resoived and the
individual bands were integrated by the digital method. Specimen resolutions

are included as Figures 19, 20, and 21. The results of the resolutions are listed

in Tables 33, 34, and 35.

Methyl 4-bromofuran-2-carboxylate, V30°C 1746 and 1728.5 cm-].

Temperature (°C) Ah Shape AI Skape
-15 5.4071 0.752 6.3453 0.698

0 5.6051 0.794 6.0297 0.734

15 5.6178 0.811 5.7318 0.758

30 5.7802 0.868 5.5331 0.784

45 5.6982 0.883 5.3269 0.801

60 6.1235 0.961 5.0278 0.808

75 5.9653 0.961 4.8431 0.815

Table 33
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Ethyl 4-bromofuran-2-carboxylate,

-68-

Y30°¢C

1

1739.5 and 1724 cm .

A

Temperature (°C) h Shape Al Shape
-15 6.7263 0.689 8.2474 0.935
0 6.5788 0.710 8.1109 0.935
15 6.5196 0.771 7.3232 0.879
30 6.3205 0.779 6.6378 0.792
45 6.0215 0.786 7.4817 0.947
60 5.9124 0.793 7.0257 0.937
75 5.7518 0.803 6.7682 0.929
Table 34
t=Butyl 4-bromofuran-2~-carboxylate, Va0°c 1734 and 1718 cm_] .
Temperature (CC) Ah Shape Al Shape
-15 3.8389 0.539 6.4051 0.994
0 3.3281 0.585 5.8092 0.999
15 3.6179 0.620 5.67%94 0.996
30 3.6036 0.653 5.5997 0.997
45 3.5847 0.709 5.3052 0.999
60 3.5595 0.720 5.1147 0.999
75 3.5371 0.739 4.8690 0.993
Table 35

In acetonitrile solutions, the three esters showed doublets at 1738 (D 0. 55)

and 1727.5 cm-] (D 0.65) (methyl e.ter), 1730 (D 0.55) and 1722 cm—‘I (D 0.46)
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(ethyl ester), and 1724 (D 0.756) and 1717 cm_] (D 0.58) (t-butyl ester).

Experiment 28. The carbonyl regions of methyl (XCII), ethyl (XCIII), and t-butyl

(XCIV) 3-bromofuran-2-carboxylates, as carbon tetrachloride solutions, were
recorded af 30°C. The methyl ester showed a single band centred at 1733 cm—]
with a slight shoulder at 1712 cm-], and the ethyl and t-butyl esters single bands
at 1727.5 and 1723.5 cm—] respectively, both of which were broadened to low
frequency.

In acetonitrile solutions, the methyl ester showed a single band centred

at 1727.5 cm_] with a shoulder at 1720 cm—], the ethy!l ester a band at 1721 cm_],

brondened fo low frequency, and the t-butyl ester a single band centred at

1713.5 cm™ .

Experiment 29. The carbonyl regions of methyl (LXXVII), ethyl (LXXVIIl), and

t-butyl {LXXIX) 5-deuteriofuran-2-carboxylates, as carbon tetrachloride solutions,
were recorded at 30°C. Doublets were observed for each of the esters at 1740.5
(D 0.87) and 1725.5 cm_] (D 0.81) (methyl ester), 1734 (D 0.50) and 1718 cm_1

{D 0.54) (ethyl ester), and 1729 (D 0.40) and 1711 cm-] (D 0.41) (t-buty! ester).

Experiment 30. The carbonyl regions of methyl (XCVH), ethyl (LXXIII), and

t-butyl (XCVI1) 5-bromo-3, 4-dideuteriofuran-2-carboxylates, as carbon tetra-
chloride solutions, were recorded at 30°C. Doublets were observed for each of

the esters at 1743 (D 0.30) and 1729.5 cm—] (D 0.38) (methyl ester), 1736

(D 0.54) and 1719 cm-] (D 0.84) (ethy! ester), and 1731 (D 0.44) and 1712.5 cm-]

(D 0.67) (t-butyl ester).

In acetonitrile solutions, the methyl ester showed a single band centred
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at 1731 cm—l, broadened to-low frequency, and the ethyl and t-buty! esters

doublets at 1727 (D 0.30), 1716.5 cm™' (D 0.26) and 1721 (D 0.48), 1711 cm!

(D 0.46), respectively.

Experiment 31. The carbonyl regions of methyl (ClI) and t-butyl (CIII) N-methyl-

pyrrole-2-carboxylates, as carbon tetrachloride and chloroform solutions, were
recorded at 30°C. Single bands were observed in all cases, in cerbon tetrachloride
at 1709 (methyl ester) and 1702 cm—] (t-buty! ester) and in chlorofeim at 1700 and

1693 cm-], respectively.

Experiment 32. The carbonyl regions of 5= (LXXXV), 4- (XC), and 3- (XCV)

bromofuran=-2-carbonyl chlorides, and of 5-bromo=3, 4-dideuteriofuran-2-carbonyl
chloride (XCIX), as carbon tetrachloride and acetonitrile solutions, were recorded
at 30°C. The results are summarised in Table 36, in which the positions of distinct

maxima are followed (in brackets) by relative optical densities.

Compound Solvent Bands at (cm-])

(LXXXV)  Carbon tetrachloride  1761.5 (1.4), 1745 (1)

( " ) Acetonitrile 1756 (shoulder), 1747.5

(XC) Carbon tetrachloride 1795 (1), 1764 (3.9), 1746.5 (2.5)
(") Acetonifrile 1793 (1), 1756 (7), 1748 (shoulder)
(XCV) Carbon tetrachloride 1755.5

(") Acetonitrile 1749.5

(XCIX) Carbon tetrachloride 1774 (shoulder), 1761 (1.4), 1747 (1)

( ") Acetonitrile 1756 (shoulder), 1747.5

Table 36
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The acid chlorides were also examined, as carbon teirachloride solutions, in the
carbony! overtone region. The resulis are summarised in Table 37 using the

conventions of Table 36.

Compound Bands at (cm-1)
(LXXXV) 3555 (1), 3505 (3.9), 3475 (2.2)
(XC) 3516 (1.5), 3478 (1)
(XCV) 3495 (1.4), 3473 (1)
(XCIX) 3530 (1.6), 3509 (1.7), 3475 (1)
Table 37

Approaches to Data Processing: "All-Purpose" Digital Computer Program

Experiment 33. A pregram was written for the ICL 1906A computer which, given

as input data values of Ah and AI at stoted temperatures for a rotameric equilibrium,
carries out all of the mainematical operations required for the evaluation of thermo-

dynamic parcmeters (and of their errors) correcting, where possible, for the

"natural decrease” (vide "Discussion") and for the plotting of the linear graphs

involved.

The program, which is included as Appendix C, has five segments.
Statements 1 to 15 of the main segment (the "Master" segment) are concerned with
data input. Statements 16 to 23 allow the calculation of the least squares straight

line fit for the A A! plot and the graphical presentation of the plot, by invoking

hl

—

two other segments of the program (subroutines "Leastsg" and "Plotifout").

Depending on whether the a-ratio so-obtained is positive or negative, ihe program
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then branches. If the ratio is negative, a message informing the user that the
a-correction cannot be made is printed, and the program then allows the
calculation and printing of the straight line fit for the Ah’ A‘ plot by the "means"
method (vide "Theoretical Considerations") using subrou;i-ne 'TMeons". If the
a-ratio is still negative, the program continues with the calculation and printing
of the least squares fit for the logm(Al/Ah) vs. 1/T plot by once more invoking
the subroutines Leastsq and Plotitout. _The_fhermodynczmic parameters (AH, AG,
and AS) are then calculated by a call of the subroutine "Deltah". If the g-ratio
is originally positive, the program allows the calculation of the least squares fit
for the loQ]O(thl/dl Ah) vs. 1/T plot and the evaluation of the thermodynamic
parameters by ;ll: of_fh; subroutines Leas?‘sq and Deltah. The Ah’ Al plot is
then re-examined by the "means" method (by a call of subrouﬁne_Mec;s), and,
if the a-ratio is still positive, a furthc: set of a-corrected thermodynamic
parameters is evaluated (by a call of subroutine Deltah). It is to this step that
branching occurs, from carlier in the program, if the a-ratio is negative in the

Leastsq plot but positive in the Means plot. The program then continues by testing

if the band areas have been "corrected" for the "natural decrease" (vide

Discussion). If the correction has already been made, the program terminates
with the evaluation of the errors in the thermodynamic parameters. If the
correction has not been made, it is applied after a test has been made to ascertain
whether the band areas are derived from analogue or digital curve resolutions.
Depending on their origin, the areas are corrected to differing extents. The
sequence of calculations described above is then repeated using the corrected
areas, after which, the progrom terminates with the evaluation of errors.

Subroutine Plotitout, which is called from the master segment whenever
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a graph has to be plotted, uses the graphical output subroutines of the ICL 1906A.
The plotting limits are determined in the subroutine by a scan of the arrays
containing x and y values, for the minimum and maximum values. Plotting is
terminated by a variable, the value of which is set in the master segment.

Subroutine Deltah, which is called from the master segment wherever
" thermodynamic parameters are to be calculated, is entirely straightforward and
requires no further comment.

Subroutine Leastsq, which is called from the master segment whenever o
least squares linear plot is to be evaluated, is based upon the theory described
in "Theoretical Considerations". The subroutine is responsible for the printing
not only of slopes and intercepts but alco of Analysis ¢f Variance tables.

Subroutine Means, which is called from the master segment whenever a
linear plot is to be made by the method of means, is straightforward and requires

no further comment.

Experiment 34. A program was written for the ICL 1906A computer which, given

as input data the intensities of iwo single i.r. bands recorded as iransmittance x
10,000 values punched at regular intervals, will overlap the bands to seven
differing extents, starting with an overlap of 400 data points and decreasing by
steps of 25 points: the program is dimensioned for a maximum of 2000 dafa points
for each curve. The program produces two graphs for each overlap, the larger
being suitable for use with an analogue curve resolver: the overlapped picfile,
bui not the individual curves are recorded thus. A paper tape record of ihe
profiles, suitable for subsequent digital curve resclution, is also produced. The

program, which invokes the graphical output subroutines of the ICL 1908A, is
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straightforward, and requires no discussion: it is included as Appendix D.

Using this program, the carbonyl bands of methyl m-chlorobenzoate and
methy| 3-methy!-2-furyl ketone at 30°C were overlapped: the resulting envelopes
are included as Figure 22. The individual band areas were then estimated by five
methods: (1) analogue; (2) digital; (3) outer halves; (4) minimum, and (5) mid-
point. Methods (3) fo (5) are the so-called graphical methods which were

discussed earlier (vide "Theoretical Considerations"): all of the integrations for

all of the methods involved Simpson's rule. The results are summarised in Table 38
where the figures given correspond to the ratio Ah/AI , except in column 6 where

the figures correspond to Dh/DI .

Methods |
Overlap (1) (2) 3) (4) (5) ©)
0.57 0.40 Methods cannot be applied

0.59 0.56 0.72 0.62 0.76 0.75
0.60 0.65 0.64 0.74 0.73 0.74
0.66 0.70 0.65 0.71 0.74 0.74
0.75 0.72 0.77 0.76 0.76 0.74
0.72 0.74 0.66 0.75 0.76 0.74
0.74 0.75 0.76 0.79 0.77 0.75

N O v AW~

Table 38
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B. Nuclear Magnetic Resonance Investigations

Routine n.m.r. spectra were recorded by the author on either a Perkin-
Elmer R10 (60 MHz) or R14 (100 MHz) spectrometer; the results are listed,
compound by compound, in the Experimental-Preparative section. |

Variable temperature proton n.m.r. spectra were recorded on a Perkin-
Elmer R10 spectrometer fitted wifh a variable iemperature probe. The temperature
calibration was accurate to +1°C, and the stability to +1°C. Variable
temperature C-13 n.m.r. spectra were recorded for the author on a Bricker 90 MHz

Fourier-transform spectrometer with wide band decoupling.

Experiment 35. The n.m.r. spectrum of furan-2-carbonyl fluoride was recorded

af 30°C with carbon tetrachloride as solvent and over a range of temperatures
between -70°C and 30°C using 1, 2-dichloroethane as solvent.

At 30°_C, the ring protons appear as three groups of signals, each consisting
of eight lines, at T 2.20 (J 0.8, 1.6, and 2.5 Hz; 5-H), 2.62 (J 3.6, 0.8, and
0.6 Hz; 3-H), and 3.39 (J 0.8, 1.6, and 3.6 Hz; 4-H). The apparent coupling
constants for the signals corresponding to the 4~ and 5-protons are summarised

below:

Temperature (OC) 4-H (Hz) 5-H (Hz)
+10 0.7, 1.9, 3.6 0.7, 1.9, 2.5
-10 0.6, 1.9, 3.6 0.6, 1.9, 2.6
-30 0.7, 1.7, 2.4
-45 0.4, 1.7, 3.7
-50 0.3, 1.7, 3.8 0.8, 1.7, 2.7

(0;]

-70 ©<0.2, 1.6, 3.
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Experiment 36. The carbon=13 n.m.r. spectra of furan-2-carbaldehyde and of

methyl furan-2-carboxylate, as deuteriochloroform solutions, were recorded
at 30°C and -45°C. Photographs of the spectra are included as Figure 37. The
chemica! shifts of major resonances in p.p.m. from the centre resonance of the

deuteriochloroform triplet are summarised below:

Compound i Cc) Shifts (p.p.m.)

-

Furan-2-carbaldehyde 30 0.10x 10
0.71 x 10™ (5-C)
0.44 x 107 (3-C)
0.35x 10” {(4-C)

(C=0)

N NN W

Furan-2-carbaldehyde -45 0.10 x 10° (C=0)
0.71 x 10° (5-C)
0.47 x 10° (3-C)
0.36 x 10% (4-C)

N

Methy! furan-2-carboxylate 30 0.69 x 10 (5-C)
0.41 x 10 (3-C)
0.35 x 10° {4-C)
-0.25 x 10 (CH,)

N NN

N

Methy! furan-2-carboxylate -45 0.82 x 10” (C=0)
0.69 x 10™ (5-C)

0.41 x 10° (3-C)

0.35 x 10° (4-C)

-0.25 x 10° (CH,)

N NN

N

Collapse and broadening of the signals cssigned to the carbony! carbon atom and
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to the carbon atom at the 3-position is observed, with decrease in tempcrature,
for furan-2-carbaldehyde, but a similar phenomenon is not observed for methyl

furan-2-carboxylate.
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EXPERIMENTAL - PREPARATIVE

General Directions

All products were checked for purity by gas-liquid chromatography (Q.I.c.)
or thin-layer chromatography (t.1.c.). G.l.c. was carried out on a Pye Argon
Chromatograph using a 1-metre column of 10% polypropylene adipate on "Embacel"
with a gas pressure of 10p.s.i. Fort.l.c., 20 x 5 cm gloss plates coated with a

0.1 mm layer of unbaked Kieselgel HF were eluted with acetone-petrol

254+ 366
mixtures (unless otherwise stated) and viewed under u.v. light.
Preparative thin-layer chromatography (p.t.1.c.) was carried out on

20 x 20 cm glass 'plafes coated with a 1 mm layer of Kieselgel PF the

254+366
plates were eluted once with methanol before use. The mixture to be separated
(up to 100 mg) was applied, iﬁ chloroform solution, by continuous flow from a
syringe, mounted in a mqving carriage above the plate. The flow rate was
regulated (by varying the air pressure above the solution) so that thz band formzd
by the solution was ca. 5 mm wide. The plch.a was maintained at 50°C during the
application, and the carriage rate so adjusted that the solvent froin one pass of
the syringe was evaporated before more solution was applied. After repeated
development of the plates with standard solvent systems, the bands of separated
materials were located by inspection of the plates under u.v. light. The appropriate
sections were scraped from the plates and extracted with ether o cthyl acetate,
usually using a Soxhlet apparatus.

Column chromatography was carried out using silica (H.B.L. 60 mesh) or
alumina (Laporte "Type H") as adsorbents. "Light peticleum” refers to the fraction
boiling in the range 40-60°C (column chromatography) or in the 1arne 60- dode

(t.1.c. and p.t.l.c.), unless stated otherwise: both i ctions wore distilled prior
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to their use for chromatographic purposes.

Melting points were determined on a Kofler hot stage using polarised
light, and are corrected. Temperatures are expresscd as degrees Celsius.

Microanalyses were performed under the supervision of Dr. Strauss.

Routine infra ved (i.r.) spectra were recorded with a Perkin-Elmer 257
-grating spectrophotfometer using dilute carbon tetrachloride or chléroform solutions
in sodium chloride cells of path lengths 1 mm and 0.1 mm. Ultra violet {ir v.)
spectra were measured on a Cary 14 spectrophctometer using hexane or ethanol
solutions in 1 mm or 1 cm silica cells. Nuclear magnetic resonance (n.m.r.)
spectra were recorded on either a Perkin-Elmer R10 (60 MHz) or a Perkin-Elmer R14
(100 MHz) spectrometer using carbon tetrachloride as solvent, unless otherwise
stated, with tetramethylsilane as internal standard. Mass spectra (m.s.) were
recorded on an A.E.l. MS9 or a Varian CH7 spectrometer, the six most intense

peaks being reported.
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~

4-lsopropy!furan-2-carbaldehyde (HI).62 - A mixture of isopropyl chloride

(78.8 g) and furan-2-carbaldehyde (freshly distilled in vacuo at 72°/50 mm;

96.0 g) was added during 0.5 h at 25° to a stirred slurry of finely-powdered,
anhydrous aluminium chloride (160.2 g) and carbon disulphide (analytical quality,
dried over anhydrous magnesium sulphate; 200 ml). After stirring at 25° for 1 h,
the mixture was poured, with vigorous stirring, on to crushed ice (1 kg) ond the
organic layer was separated and washed with water (200 ml) and saturated, aqueous
sodium acetate solution A(200 m!). The organic solution was mixed with scturated,
aqueous sodium acetate solution (200 ml) and the mixture was distilled in steam

for 6 h. The distillate was extracted with dichloromethane (3 x 25C ml) and the
combined organic extracts were washed with water (250 mi), saturated aquzous
sodium hydrogen carbonate solution (250 ml'), and brine (250 ml), and dried over
anhydrous magnesium sulphate. The residue from the distillation in steam (a black
oil) was also extracted with dichloroinethane (250 ml) and the extract was washed
and dried as above. T.l.c. (20% acetone in light petroleum) on the distillate
extract showed three components RF's 0.30 (major), 0.43, and 0.63 (minor) (cf.
furan-2-carbaldehyde RF 0.30). Removal of solvent gave a red cil which was
distilled in vacuo; the fraction boiling in the range 106-1 100/30 mm was collecied
as crude 4-isopropylfuran-2-aldehyde (16.0 g). A small sample was further
purified by p.t.1.c. (4 x 5% acetone in light petroleum); g.l.c. (column at 100°)
of this maferia! showed two minor impurities (about 5% of fotal peak area), and
the material was examined again by p.t.1.c. (6 x 5% acetone in light petrcleum);
g.l.c. (column at 100°) showed that one of the impurities had been removed. The
material was finally purified again by p.t.l.c. using a different solvent system

(8 x 5% ether in light petroleum); this gave a sample which was pure by g.l.c.
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A 284 nm (e 4774); Vo 1692, 2974, and 1145 cm-]; T 0.34 (singlet;

max

CHO), 2.53 (multiplet; 5-H), 2.86 (quartet, J 0.5and 1.0 Hz; 3-H), 7.13

(septet, J 7.0 Hz; CtI_(CH3)2), and 8.75 (doublet, J 7.0 Hz; CH(CH )2)._

The residue from the distillation in steam (after removal of solvent) was
shown by n.m.r. to consist mainly of 4, 5-diisopropylfuran-2-carbaldehyde;
7 0.52 (singlet; CHO), 3.00 (singlet; 3-H), 7.03 (septet, J 7.0 Hz; C_I'_i_(CHs)z),
and 8.79' (doublet, J 7.0 Hz; CH.(CI_j3)2).
The preparation was repeated using dichloromethane instead of carbon

disulphide as solvent: very little product could be detected.

4-lsopropylfuran-2-carboxylic acid (IV). Attempted prepar_qﬁon.63 -

Copper (1) oxide (1.0 g) was suspended in a 2.5% aqueous sodium hydroxide
solution (25 ml) and a solution of silver nitrate (0.05 g) in water (2 ml) was added
with rapid stirring. The brown slurry was heated to 550, oxyger was passed
through, and 4-isopropylfuran~2-carbaldehyde (13 g) and a solution of sodium
hydroxide (4.0 g) in water (10 ml) were added separately but simultaneously to
the slurry at a rate such that the temperature of the mixtuie was maintained at 55°
without external heating. Vigorous stirring and passage of oxygen were continued
until the temperature of the mixture had dropped to below 40°. The catalyst was
removed by filtration and the aqueous solution extracted with ether (2 x 10 mi).
Removal of ether gave a black oil (9.0 g) which t.1.c. showed to be chiefly
unreacted starting material.

The preparation was repeated using the recovered aldehyde and double
quantities of the catalyst. A considerable amount of starting material was again
recovered. The combined oquéous solutions from the two experiments were

acidified with 30% aqueous sulphurie acid and extracted with ethyl acetate
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continuously for 8 h. Removal of solvent gove a black oil (0.5¢g), t.1.c. and
i.r. of which indicated the presence of an acid. Decarboxylation using quinoline
and copper bronze (for details of the method vide infra) was attempted but failed
to give a recognisable product: the preparation was thus abandoned.

62

4~-lsopropy lfuran-2-carboxylic acid (V) - Solutions of silver nitrate

(12.0 g) in water (30 ml) and sodium hydroxide (12.0 g) in water (30 ml) were
mixed with rapid stirring, and aqueous ammonia solution (density 0.88 g ml—]) was
added until the solution just cleared. 4-Isopropylfuran-2-carbaldehyde (5.0 g)
was added, and the mixture was stirred at 35° for 2 h. Filtration, acidification

of the filtrate with 30% aqueous sulphuric acid, continuous exiraction with ethyl
acetate for 12 h, and removal of solvent gave 4-isopropylfuran-2-carboxylic acid
(3.5 g) as a golden oil which crystallised o’n standing. Recrysioliisation of a
portion from ethanol/water gave white crystals, m.p. 73-75° (lii‘.é'2 76-77°);
>\mcx. 257 nm .(e 8844); Vo 1700, 2970, and 1292 cm—]; T (deuterochloroform)

-2.24 (singlet; OH), 2.54 (multiplet; 5-H), 2.70 (mwltiplet; 3-H), 7.16 (septet,

J7.0Hz; CE(CH3) and 8.77 (doublet, J 7.0 Hz; CH(CH

62

3)2)'

- Quinoline (dried by distillation from anhydrous

),
3-lsopropylfuran (V1).

barium oxide; 20.0 g), 4-isopropylfuran-2-carboxylic acid (10.0 g), and finely-
powdered copper bronze (2.0 g) were mixed in a round-bottomed flask (50 ml)
attached to a 30 cm Vigreux column and distillation apparatus, the receivef flask
being cooled in ice/salt. The mixture was maintained at 250° for 2.5 h, using

a Wood's metal bath, during which time the product distilled. Towards the end
of the reaction, the temperature of the metal bath was increased until the
temperature of the distilling vapour rose rapidly to above 100°%: collection of

product was then discontinued. The crude material was distilled and fractionated,
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the fraction distilling in the.range 110-112° being collected as 3-isopropylfuran

(5.5¢9) (lif.62 b.p. 111-112%), pure by g.l.c. (column at 50°); >\mox 230 nm

(e 1335); Viax. 2975 and 874 cm—]; T 2.73 (muliiplet; 5-H), 2.88 (multiplet;

3-H), 3.78 (octet, J 0.5, 1.0, and 2.0 Hz; 4-H), 7.23 (septet, J 7.0 Hz;

C_H_(CH3) and 8.82 (doublet, J 7.0 Hz; CH(C_I;l3) ).

2)’
3-lsopropylfuran-2-carbaldehyde (v1i). = Dimethylformamide (5.1 g)

was added wifh'sﬁrring fo phosphoryl chloride (10.7 g), cooled in ice/salt, at a
rate such that the temperature of the mixture did not rise above 10°. 3-isopropyl-
furan (5.5 g) was then added, keeping the temperature of the mixiure below 20°.
The mixture was stirred at 0° for 1 h, warmed to 40°, and noured on to ice (60 g).
After neutralisation with sodium carbonate (18 g) and extruction with ethor
(2x100ml), g.l.c. (column at 75°) demo'ns’rrafed the presence of a major and
two minor components. These were separated by p.t.l.c. (15 x 2% acetone in

light petroleum) to give 3-isopropylfuran-2-carbaldehyde {Found: C, 69.8;

H, 7.3. C8H1002 requires C, 69.5; H, 7.3%); Vnax. 1686, 1468, ond

1090 cm—]; T 0.30 (doublet, J 0.5 Hz; CHO), 2.55 (quartat, J 1.8 and 0.5 Hz;
5-H), 3.53 (multiplet; 4-H), 6.42 (septet, J 7.0 Hz; CE(CH3)?), and 8.76

doublet, J 7.0 Hz; CH(CH,),); m.s. peaks at m/e 138 (M, 98), 123 (100),

H3),
41 (43), 43 (35), 67 (34), and 109 (28). The product formed a 2, 4-dinitrophenyl-

hydrazone, m.p. 172-174.5° (after recrystallisation from methanol) (Found:

C, 52.6; H, 4.5; N, 17.4. C. H, N O requires C, 52.8; H, 4.4; N, 17.6%).

1414 475
Attempted mono-isopropylation of mefhy!—Z—Furc»oufe.é2 4,5-Diisopropy!-

methy|-2-furoate (VIIl). - Methyl-2-furoate (freshly distilled in vacuo; 18.9 g)

and isopropy! chloride (11.9 g) were added, with stirring, separately bui

simultaneously, during 0.5 h, to a slurry of finely-powdered, anhydrous cluminiom
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chloride (20.0 g) in dry carbon disulphide (200 ml), cooled to 0° in ice/salt.

The mixture was stirred at 25° for 12 h, warmed to 50° during 10 min, and poured
on to ice (500 g) with vigorous stirring. The organic layer was separated, the
aqueous luyer extracted with ether (2 x 100 mi), and the combined organic layers
were washed (water and saturated aqueous sodium carbonate solution) and dried
(cmhydron_Js sodium sulphate). Removal of solvent gave a red oil (20 ml) which
g.l.c. (column ot 125%) and t.1.c. (20% acetone in light petroleum) showed io

contfain at lcast four components R

F's 0.74 (major), 0.48, 0.43, and C.31 (starting

material). Distiliation in vacuo (20 mm) gave three fractions boiling in the ranges:

78—840, 84~~860, and 118-124° (major). The third fraction was redistilled in vacuo

and o portion purified further by p.t.1.c. (firstly, using 5 x 2% acetone ir light
petroleum; secendly, using 4 x 10% acetene in light petroleum). The product so
obtuined was 4, 5-diisopropy Imethy|-2-furoate; Voo 1731 and 1720 cm“];

7 3.10 (singlet; 3-H), 6.24 (singlet; CH,), 7.09 (septet, J 7.0 Hz; CH(CH.,)

3 o)

and 8.67, 8.78 and 8.89 (overlapped doublets, J 7.0 Hz; CH(C_I‘_E3)2); cf.

r (benzene) 8.82, 8.93, 8.97, and 9.08. N.m.r. analysis of other fractions
demonstrated the presence of only very small amounts of mono~isepropylated
material.

The reaction was repeated using conditions similar to the above with the
alterations that only half of the required amount of isopropyl chlcride was added
and, in the work=-up, the mixture was not heated. G.l.c. analysis of the products
showed that, as before, very little mono-isopropylated material had been formed.

The reaction was therefore abandoned.

4,5-Diisopropylfuran-2-carboxylic acid (IX). - 4,5-Diisopropylmeihyl-

2-furoate (9.5 g) was heated at 80° for 0.5 h with a 20% solution of potassium
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hydroxide (3.2 g) in methanol. After pouring on to ice (300 g), acidifying with
50% aqueous sulphuric acid, continuously extracting for 12 h with ethyl acetate
and drying of the extract over anhydrous sodium sulphate, removal of solvent
gave 4, 5-diiospropylfuran-2-carboxylic acid (6.0 g) as a golden oil which‘ could
not be induced to crystallise; Voo 2972 cm—]; T -2.10 (singlet; OH), 2.91
(singlet; 3-H), 7.10 (septet, J 7.0 Hz; C_ljl_(CH3) ), and 8.64, 8.75, 8.86
(overlapped doublets, J 7.0 Hz; CH(C_I'_13)2).

2,3-Diisopropylfuran (X ). - The method used was similar to that

described for 3-isopropylfuran (vide supra). Quinoline (dried by distillation from
anhydrous barium oxide; 10.0 g), 4, 5-diisopropylfuran-2~carboxylic acid (6.0 g)
and finely-powdered copper bronze (1.5 g) were heated at 250° for 2.5 h, during
which time the product distilled. Redisfilltafion gave a product shown by g.1.c.
(column at 75°) and n.m.r. to be mainly 2,3-diisopropylfuran (2.5 g); v 2.92
(doublef., J 2.5 Hz; 5-H), 3.91 {doublet, J 2.5 Hz; 4-H), 7.14 (septet,

J 7.0 Hz; Cﬂ(CHs) , and 8.73, 8.84, and €.95 (overlapped doublets, J 7.0 Hz;

o)
CH(CH,),)-

4,5-Diisopropylfuran-2-carbaldehyde (X1). - The method used was

similar to that described for 3-isopropy!furan-2-carbaldehyde (vide supia).
Dimethylformamide (1.1 g) and phosphory! chloride (2.2 g) were mixed at 0°,
and 2, 3-diisopropylfuran (1.5 g) was added, keeping the temperature of the
mixture below 20°. After stirring at 0° for 1 h, work-up as before [ice (15 g),
sodium carbonate (5 g), ether (3 x 100 ml), and drying of ithe exfracts over
anhydrous magnesium sulphate] gave, after removal of solvent, a golden oil of
which g.l.c. (column at 100% demonstrated the presence of dimethylformamide,

quinoline, three further minor components, and one major component. 1.l.c.
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(20% acetone in light petroleum) indicated at least five components RF's 0.23

(quinoline), 0.37, 0.40, 0.47, and 0.52. P.t.l.c. (12 x 2% acetone in light

petroleum) gave ihree significant fractions, the major one being 4, 5-diisopropy!-

furan-2-carbaldehyde (Found: C, 73.03; H, 8.95. C”H]éOz/ requires

C, 73.30; H, 8.95%); v 1685 cm_]; T 0.56 (singlet; CHO), 3.01 (singlet;

max

3-H), 7.03 (septet, J 7.0 Hz; C_i_'l_(CHS) and 8.63, 8.74, and 8.86 (overlapped

2)’
doublets, J 7.0 Hz; CH(Ctlg) ). The minor components from the p.t.l.c. were
identified by n.m.r. as 3-isopropylfuran-2-carbaldehyde and 5-isopropy|furan-2-
carbaldehyde (vide infra).

2-lsopropylfuran (X11). Attempied preparation. (a) - Lithium {extruded

intc wire; 1.54 g) was cut into small pieces and stiired, under dry nitrogen, with
ether (dried over sodium; 15 ml). n-Bufyl' bromide (dried over molecular sieve;

40 drops) was added at 20° and, when reaction had commenced, the remaining

" halide (12.0 g) was added in ether (dried over sodium; 20 m!) at a rate such that
the ether boiled gently under reflux. After addition was complete, the mixture
was boiled under reflux for 1 h. The soluﬁqn of n-butyl lithium in ether so
prepared was filtered through a canula plugged with glass wool into furan (purified
by passing through an alumina column; 6.8 g), the mixiure was boiled under reflux
for 3 h and then allowed to stand at 25° for 12 h. To the resulting orange solution
of 2-furyl lithium in ether was added isopropyl chloride (7.9 g) in ether (dried
over sodium; 15 ml) and the mixture was boiled under reflux for 3 h. Pouring on
to ice (50 g), extraction of the dark red aqueous solution with ether (3 x 100 ml),
washing of the organic extracts with water (100 m!), dilute sulphuric acid (100 ml),
and brine (100 ml), and drying of the extracts over anhydrous potassium carbonate

gave, after removal of solvent at 50°, a red liquid (4 g) which did not contain
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any furan material (n.m.r.): the preparation was thus abandoned.

Attempted preparation. (b) ~ n-Butyl bromide (dried over molecular

sieve; 27.4 g) in tetrahydrofuran (purified and dried by passing through an
alumina column and then distilling from lithium aluminium hydride; 90 m!) was
added to a stirred mixture of lithium (treated as above; 3.0 g) and tetrahydrofuran
(purified and dried as above; 90 ml) at a rate such that the solvent boiled gently
under reflux. The solution was then cooled to ~25° and, after 1 h, furan (purified
as above; 13.6 g) was added. Stirring was continued for 4 h at ~15°, isopropyl
chloride (14.8 g) in tetrahydrofuran (purified and dried as above; 15 ml) was then
added, and, after stirring for a further 1 h at —-150, the mixture was left at 25°
for 12 h. Work-up as before [ice, ether extraction (2.x 100 ml), washing, drying,
and removal of solvent at 50°1 gave a yelltow liquid which did not contain any
furan material (n.m.r.).

A solution of n—'bufyl lithium in ether was prepared by Gilman's mefhool65
using conditions similar to those described above except that (i) after the initial
addition of n-butyl bromide (40 drops), the mixiure was cooled to -10° and the
remainder of the bromide in ether was added at -10° during 0.5 h, and (ii) after
addition was complete, the mixture was allowed to warm to 10° during 2 h. From
this, a solution of 2-furyl lithium in ether was then prepared by the method of
Ramanathan and Levine66 using conditions similar to those described above excepi
that the initial addition of furan to the solution of n-butyl lithium in ether was
made at -20°. The resulting solution of 2-fury! lithium in ether was poured on fo
a slurry of solid carbon dioxide and ether and, after 0.5 h, enough water was
added to dissolve the solid material. Acidification of the aqueous layer with

ZQ—hydrochloric acid, continuous extraction with ether for 24 h, drying of the



-971-

extracts over anhydrous magnesium sulphate, and removal of solvent gave a white
solid which, after recrystallisation from ethanol/water, was identified by melting
point and mixed melting point as furan-2-carboxylic acid, obtained in good yield.

Purification of boron trifluoride-etherate.®’ - Peroxide-free diethyl ether

(dried over sodium; 10 ml) was added to boron trifluoride-etherate (500 ml) and
“the mixture was distilled from calcium hydride (2 g) ot 460/10 mm yielding
peroxide-free boron trifluoride-~etherate as a colourless liquid.

2-Furyl methyl ketone (Xlﬂ).68 - Furan (purified by passing through an

alumina column; 17.0 g) was added to a mixture (31.0 g) of 95% acetic anhydride
(freshly distilled) and 5% acetic acid ‘(v/v), and the resulting solution was cooled
to 0° in ice/salt. Pe.roxideff'ree boron trifluoride-ctherate (4.0 g) was quickly
added, with vigorous stirring, whereupon the solution went black. After stirring
for 1 h, water (200 ml) was added, the aqueous layer was extracted with chloroform
(3 x 200 ml) and the combined extraéi's were dried over anhydrous magnesium

sulphate. After removal of solvent, the black residue was distilled in vacuo

s h—— gt e et 1

through a Vigreux column, the fraction boiling at 63.50/20 mm being collected

as 2-furyl methy! ketone (17.5 g) which solidified, on standing, to give colourless

69

crystals, m.p. 30-31° (lit., 33"’, 290), pure by g.l.c. (column at ]OOO);

20 . oy . .
ng 1.5016 (lit., 1.5017); >\max. 269 nm (e 13, 430); Voo 1688, 1470, and

]

1278 cm ; 7 2.46 (quartet, J 0.8and 1.8 Hz; 5-H), 2.88 (quartet, J 0.8 and

3.5 Hz; 3-H), 3.50 (quartet, J 1.8 and 3.5 Hz; 4~H), and 7.57 (singlet,
COC_I_'|3).
2-(2~Furyl)propan-2-ol (XiV).64 - Methyl iodide (27.8 g) was added to

magnesium turnings (4.7 g) in ether (dried over sodium; 200 ml), under dry

nitrogen, at a rate such that the ether boiled gently under reflux. After 0.5 h,
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the mixture was filtered through a canula, plugged with glass wool, into a
dropping funnel, and was added slowly to a solution of 2-furyl methy! ketone

(freshly distilled in vacuo; 20.0 g) in ether (dried over sodium; 50 ml), cooled

in ice/salt. After standing for 12 h at 250, the slurry was poured on to ice

(200 g), potassium carbonaie was added, and the mixiure was distilled in steam
for 3 h. ‘Ex’rracfion of the distillate with ether (3 x 200 m!) and removal of solvent
gave an oil which was treated with an ethanolic solution of semicarbazide hydro-
chloride (5.0 g) and crystalline sodium acetate (7.5 g) for 1 h. Potassium
carbonate and water were added and the mixture was extracted with ether

(3 x 200 ml). Drying of the extracts over anhydrous potassium carbenate and

removal of solvent by distitlation gave a yellow oil. Distillation in vacuo gave

6

2-(2-furyl)propan-2-ol as a colourless liquid, b.p. 65°/15 mm (lit., 4 62°/11 mm);

v 2980, 3480, and 3620 cm'; T 2.80 (quartet, J 1.0 and 2.0 Hz; 5-H),
3.85 (quartet, J 2.0 and 3.5 Hz; 4-H), 3.95 (quartet, J 1.0 and 3.5 Hz; 3-H),
7.04 (singlet; OH), and 8.55 (singlet; C_I-_13).

2-lIsopropy lfuran (X1I). Attempted preparation. = 2-(2-Furyl)prepan-2-ol

(3.0 g) in dichloromethane (50 m!) was mixed with ether which had previously been
shaken with concentrated hydrochloric acid (5 drops) and Adams' catalyst (0.5 g),
and the mixture was hydrogenated at 760 mm until 600 m! of hydrogen had been
absorbed (0.5 h). Drying over anhydrous potassium carbonate and removal of
catalyst and solvent gave material which consisted mainly of non-aromatic materiai:

the preparation was thus abandoned.

2-1sopropylfuran (XH).62 - 2-(2-Furyl)propan-2-ol (5.0 g) was boiled

under reflux with acetic anhydride (freshly distilled; 4.5 g) for 0.5 h. The

mixture was neutralised with saturated aqueous poicssium carbenate solution, and
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distilled until the distiliing liquid ceased to contain oily drops. After extraction
of the distillate with ether (2 x 75 ml) and drying of the extracts over anhydrous
potassium carbonate, the ethereal solution was mixed with Adams' catalyst (0.5 g)
and hydrogenated at 760 mm until about 600 ml of hydrogen had been absorbed.
Removal of catalyst and solvent gave a colourless liquid (2 ml) which was identified
by n.m.r. as crude 2-isopropy!furan; T 2.83 (complex; 5-H), 3.86 (complex;

3-H), 4.16 (complex; 4-H), 6.98 (complex; C_F_i_(CH3) ), and 8.80 (doublet,

2
J 7.0 Hz; CH(Ctis)z). M.s. of the residue indicated the presence of dimers,

trimers, and tetramers of 2-(2-fury!)propene.

5-lsopropy lfuran-2~carbaldehyde (XVI1). Attempted preparation. -

Furan-2-carbaldehyde (freshly distilled in vacuo; 19.2 g), benzene (dried over
sodium; 200 ml), and isopropy! chloride (i5.8 g) were cooled to 0° in ice/salt,
and tin(lV) chloride (78.3 g) was added, with stirring, during 30 min. The mixture
was hea-fed to 60° and then stirred at 25° for 8 h, during which time n¢ evoluiion
of hydrogen cllﬂoride was detected. Benzene was removed, nitrobenzene (150 ml)
and isopropy! chloride (15.8 g) were added and the mixture was heated to 150°.
No evolution of hydrogen chloride occurred, and the mixture polymerised: the
preparation was thus abandoned.

5-lsopropy!furan-2-carbaldehyde (XV1l).~ The method used was similar

to that described for 4, 5-diisopropy|furan-2-carbaldechyde. A mixture of phosphoryl
chloride (3.2 g) and dimethylformamide (1.5 g) was cooled to 0° in ice/salt and
crude 2-isopropylfuran was added during 0.5 h. After stirring ot 0° for 1 h and
warming to 25° during 0.5 h, the mixture was worked up as before. P.t.l.c.

(8 x 5% acefone in light petroleum) gave ten bands, the major being identifi:

by n.m.r. as 5-isopropylfuran-2-carbaldehyde. This was purificd further by
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p.-t.l.c. (10 x 5% acetone in light petroleum) to give the aldehyde as a colourless

oil, pure by g.l.c. (column at 75°C); Voax 1688, 2980, and 1518 cm-]-

’

T 0.47 (singlet; CHO), 2.98 (doublet, J 3.8 Hz; 3-H), 3.85 (doublet, J 3.8 Hz;

4-H), 6.97 (septet, J 7.0 Hz; C_H_(CHB) and 8.68 (doublet, J 7.0 Hz;

)

CH(CH,),).
Ethyl 2-(3-methy|)fury! ketone (XX).”°

- The methed used was similar to

that described for 2-furyl methyl ketone. Boron trifluoride~ectherate (purified as
before; 0.2 ml), propionic anhydride (1.3 g) and 3~methylfuran (0.5 g) gave,
after work-up as before, a black tar (0.8 g) which was adsorbed on to a silica

column (100 ml). Elution with 20% acetone in light petroleum gave a yeilow oil

(250 mg), t.l.c. of which indicated the presence of two components, RF's 0.50

(major) and 0.42. Further purification by p.f.1.c. (4 x 5% acetone in light
petroleum) gave ethyl 2-(3-methy!)furyl ketene as a yellow oil (230 mg), pure by

g.l.c. (column at 75%); A 263 nm (e 15,300); v 1678, 1484, 1410,
max. max.

1

and 880 cm ; T 2.70 (complex doublet, J 1.6 Hz; 5-H), 3.70 (complex deublet,

J 1.6 Hz; 4-H), 7.21 (quartet, J 7.8 Hz; CH3CE'|_ 7.62 (complex; 3—C53),

)
and 8.85 (iriplet, J 7.8 Hz; CE3CH2).

2-Phenylfuran (XX).7] - Sodium nitrite (7.6 g) in water (25 ml) was

added to aniline (freshly distilled in vacuo; 9.3 g) in concentrated hydrochloric
acid (24.5 ml) and water (24.5 ml), cooled to 5% in ice, at a rate such that the
femperaﬁ;re of the mixture did not rise above 10°. The resulting solution was
filtered into furan (purified as before; 150 ml) and 51-aquecus sodium hydroxide
solution (60 ml) was added, with vigorous stirring, at 5-100, during 1 h. Stirring
was continued for 5 h at 5°, and for 43 h at 25°. T.l.c. of the organic layer

[after washing {water) and drying (onhydrous sc-fiuin sulphate)l demonsirated the
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presence of seven components; g.l.c. of the mixture (column at 1250) indicated
that all but one of the components were present in very small amounts. Removal
of excess of furan gave a black liquid (7.5 g), distillation of which (15 mm/]OOO)
gave a golden oil (1.5 g) and an intractable residue.

The preparation was repeated under similar conditions except that
purification was achieved by column chromatography on alumina (250 g). Elution

with 5% acetone in light petroleum gave 2-phenylfuran (3.0 g) as a golden oil;
2
A 280 nm (e 14,325) and 219 nm (e 7539); v 1158, 1478, and 2980 cm ';
max . \ max.
T 2.65 (complex; phenyl-H and 5-H), 3.48 (quartet, J 0.8 and 3.2 Hz; 3-H),
and 3.69 (quartet, J1.9and 3.2 Hz; 4-H).

5-Phenylfuran-2-carbaldehyde (XX1). 72_ The method used was similar

to. that described for 4, 5-diisopropy|Furcn;Z-ccrbaldehyde. A mixture of phosphoryl
chloride (3.7 g) and dimethylformamide (1.8 g) was allowed to stand at 25° for
0.5h, 'cooled to 0° in ice/salt, and 2-phenylfuran (3.0 g) was added. The

mixture was h;afed on u steam bath for 1 h and worked up as before. T.l.c. (10%
acerone in light petroleum) demonstrated the presence of one major component

R_ 0.22. Removal of solvent gave a red oil (3.2 g) which was adsorbed on fo a

F

silica column (250 ml). After 12 h, light petroleum-acefone mixtures failed to

elute any aromatic material.

The preparation was repeated under similar conditions except that
purification of a small sample was achieved by p.t.1.c. (2 x 10% acetone in light
petioleum). This gave 5-phenylfuran-2-carbaldehyde as a golden oil, pure by

g.l.c. (column at 150%); N 310 nm (e 28,667) and 221 nm (e 12, 110);

maxXx

v 1682, 1450, and 1025 cm—1; T 0.43 (singlet; CHO), 2.50 (complex;

max.

phenyl-H), 2.84 (doublet, J 3.8 Hz; 3-H), and 3.27 (doublet, J 3.8 Hz; 4-H).
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73

2-(4-Chlorophenyi)furan (XXII). - 4-Chloroaniline (25.6 g) in

concentrated hydrochloric acid (50 ml) and water (300 ml) was diazotised as
described in the preparation of 2-phenylfuran using sodium nitrite (13.8 g) in
water (20 ml). After 0.5 h, zinc chloride (27.2 g) in water (100 m!) was added,
the solution was cooled to 0° and saturated with salt. The diazonium salt was
filtered at the pump, dried by suction for 2 h, and suspended in furan (300 ml).
Powdered sodium hydroxide (2.0 g) and sodium acetate (freshly roasted; 2.0 g)
were added, with vigorous stirring, and the reaction mixture was maintained ai
250, with stirring, for 24 h. Distillation in steam and extraction of the distillate
with ether (6 x 200 ml) gave, after drying (anhydrous magnesium sulphate) and
removal of solvent, a yellow solid (10.0 g), t.l.c. of which (10% acetone in

light petroleum) demonstrated the presence of two components R_'s 0.49 {major)

F
and 0.09. Recrystallisation of a portion from methanol/water gave 2-(4-chloro-

73

phenyl)furan as white plates, pure by i.l.c., m.p. 66-66.5° (lit.,”~ 66°);

N 284 nm (c 14,538); v__ 1100, 1163, and 1480 e T 2.60 (complex;

ma max

phenyl-H and 5-H), 3.46 (quartet, J 0.8 and 3.2 Hz; 3-H), and 3.63 (quartet,
J 1.8 and 3.2 Hz; 4-H).

5-(4-Chloropheny!)furan-Z-carbaldehyde (XXWfl).- The method used was

similar to that described for 5-phenylfuran-carbaldehyde. 2-(4-Chlorophenyl)-
furan (3.0 g) in dimethyformamide (10 ml) was added to a mixture of phosphory|
chloride (3.6 g) and dimethylformamide (1.8 g). The mixture was heated on a
steam bath for T h and 'worked up as before. Removal of solvent gave a red oil
(2.8 g) which crystallised on standing. A small portion was recrystallised from

acetone and then sublimed in vacuo to give 5-(4-chlorophenyl)furan-2-carbaldehyde

as white needles, m.p. 128.5-129° (Found: C, 63.73; H, 3.73; Cl, 16.9.
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CHH7C|O2 requires: C, 63.9; H, 3.4; Cl, 17.2%); >\max. 315 nm (e 30, 000)
and 223 nm (e 13,300); V. 1686, 1474, and 1096 cm—]; T (acetone) 0.39
(singlet; CHO), 2.40 (complex; phenyl~H), 2 68 {doublet, J 3.8 Hz; 3-H),
3.06 (doublet, J 3.8 Hz; 4-H); m.s. peaks at m/e 206 (M, 100), 149 (40),

58 (21), 151 (14), 114 (13), and 178 (9).

2-(4-Bromopheny!)furan (XXIV)- The method used was similar to that

described for 2-(4-chlorophenyl)furan. 4-Bromoaniline (34.2 g) in conce- trated
hydrochloric acid (50 ml) and water (300 ml) was diazotised using sodium nitrite
(13.8 g) in water (20 ml). The zinc salt [isolated by the addition of zinc chloride
(27.2 g) in water (100 ml), as beforel was suspended in furan (300 ml) with
powdered sodium hydroxide (Z.0 g) and anhydrous sodium acetate (20.0 g). After
stirring the mixture at 25° for 24 h, disi'ill'afion in steam for 7 h and extraction

of the distillate with ether (5 x 200 ml) gave, ofter drying (anhydrous magnesium
sulphate) and removal of solvent, a yellow solid (12.0g), t.l.c. of which (20%
acetome in light petroleum) demonstrated the presence of th-ee components RF's
0.54 (major), 0.24 and 0.12. Sublimation in vacuo of a portion gave 2-(4-

71 .0

bromopheny!)furan as a white solid, pure by t.l.c., m.p. 80-83° (lit.,” " 857);

A 287 nm (e 23,744), 227 nm (e 7196), and 221 nm (e 7972); v 1396,
max. max.
1158, 1075, and 904 cm—]; T 2.53 (complex; phenyl-H and 5-H), 3.41 (quartet,
J 0.8 and 3.3 Hz; 3-H), and 3.57 (quartet, J 1.8 and 3.3 Hz; 4-H).

5-(4-Bromopheny|)furan-2-carbaldehyde (XXV). = The method used was

similai to that described for 5-phenylfuran-2-carbaldehyde. 2-(4-Bromophenyl)-
furan (3.7 g) in dimethylformamide (10 ml) was added to a mixture of phosphoryl
chloride (3.6 g) and dimethylformamide (1.8 g). The mixture was heated on a

steam bath for 1 h and worked up as before. Removal of solvent gave a yellow
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solid (5.0g). A small portion was sublimed in vacuo to give 5-(4-bromopheny!)-

furan-2-carbaldehyde as white needles, m.p. 151-153° (Found: C, 53.01;

H, 3.01; Br, 31.41. C H7BrO requires C, 52.60; H, 2.81; Br, 31.8%);

11 2

)\qu- 242 nm (e 9214); Vo 1684, 1468, and 1023 cm_]; 7 (deuteriochloroform)

0.21 (singlet; CHO), 2.27 (complex; phenyl-H), 2.60 (doublet, J 3.8 Hz; 3-H),
and 3.06 (doublet, J 3.8 Hz; 4-H); m.s. peaks at m/e 250 (M, 100), 252 (98),
193 (30), 195 (28), 249 (25), and 114 (25).

2-(1-Naphthyl)furan (XX\/I).7]- The method used was similar to that

described for 2-(4-chlorophenyl)furan. 1-Naphthylamine (14.3 g) in concentrated
hydrochloric acid (25 ml) and water (150 ml) was diazotised using sodium nitrite
(6.9 g) in water (10 ml). The zinc salt [isolated by the addition of zinc chloride
(13.6 g) in water (50 ml), as beforel was ;uspended in furan (150 ml) with powdered
sodium hydroxide (1.0 g) and anhydrous sodium acetate (10.0 g). After stirring

the mixf.ure at 25° for 24 h, distillation in steam for 10 h and extraction of the

. distillate with ether (6 x 200 ml) gave, after drying (anhydrous magnesium sulphate)
and removal of solvent, a red oil (4.5 g). Distillation in vacuo gave 2-(1-
naphthyl)furan, b.p. 160° (bath)/1T mm (Iif.,ﬂ 90.9]0/0.02 mm), as a yellow
liquid, pure by t.l.c.; >\max. 318 nm (e 8050), 227 nm (e 26,564), and 222 nm

(e 26,564); v__ 904, 1157, 1390, and 3060 em™ ;7 1.68 and 2.53 (complex;
naphthy|-H and 5-H), 3.42 (quartet, J 0.8 and 3.3 Hz; 3-H), and 3.59 (quartet,
J 1.8 and 3.3 Hz; 4-H).

5-(1-Naphthyl)furan-2-carbaldehyde (XXVI). - The method used was

similar to tha' described for 5-phenylfuran-2-carbaldehyde. 2-(1-Naphthyl)furan
(1.6 g) in dimethylformamide (5 ml) was added to a mixture of phosphoryl chloride

(1.8 g) and dimethylformamide (0.9 g). After heating the mixture on a steam bath
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for 1 h, work-up and removal of solvent gave a golden oil (1.5 g), a portion
of which was purified by p.t.1.c. (8 x 5% acetone in light petroleum) o give

5-(1-naphthyl)furan~-2-carbaldehyde as a yellow oil, pure by t.1.c. (Found:

C, 80.95; H, 4.66. C]5H1002 requires: C, 81.06; H, 4.54%); )\qu.

337 nm (e 9903), 277 nm (¢ 4539), and 222 nm (¢ 20,137); v__ 1687, 1386,

and 1020 cm_]; T 0.25 (singlet; CHO), 1.62 and 2.39 (complex; naphthyl-H),
2.70 (doublet, J 3.8 Hz; 3~H), and 3.19 (doublet, J 3.8 Hz; 4-H).

2-(2-Naphthy!)furan (XXVIi).- The method used was similar to that

described for 2-(4-chlorophenyl)furan. 2-Naphthylamine (4.3 g) in concentrated
hydrochloric acid (25 ml) and water (150 ml) was diazotised using sodiur nitrite
(6.9 g) in water (10 ml). The zinc salt [isolated by the addition of zinc chloride
(13.6 g) in water (50 ml), as before] was suspended in furan (150 ml) with
powdered sodium hydroxide (1.0 g) and anhydrous sodium acetate (10.C g). After
stirring the mi?dure at 25° for 24 h, distillation in steam for 2 h and extraction

of the distillate with ether (6 x 200 ml) gave, after drying (anhydrous magnesium
sulphate) and removal of solvent, a red solid (3.5¢). P.i.l.c. 3 x 2% acetone

in light petroleum) and recrystallisation from methanol gave 2-(2-naphthyi)furan

as colourless plates, m.p. 70-72° (Found: C, 86.27; H, 5.36. C O

MHTO
requires: C, 86.57; H, 5.19%); >\mc1x 314 nm (e 19,233), 301 nm (¢ 17, 560),

269 nm (e 29,769), 261 nm (e 27,093), and 212 nm (e 22,912); v 1158,

nax.

1631, and 3060 cm-]; T 2.40 (complex; naphthyl-H and 5-1), 3.43 (quaiiat,
J 0.8 and 3.2 Hz; 3-H), and 3.67 (quartet, J 1.8 and 3.2 Hz; 4-H); .s.

peaks at m/e 194 (M, 85), 165 (100), 166 (35), 1é4 (23), 163 (22), ardl 139 (14).

5-(2-Naphthyl)furan-2-carbaldehyde (04X). Atteri-ted prepc:l‘o'..‘?‘:?ﬂ.74 -

2-Naophthylamine (9.3 g) in concenirated hydiochloric acid {16.5 mi) wnd vater
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(200 ml) was diazotised using sodium nitrite (4.9 g) in water (15 ml). After
addition of furan-2-carbaldehyde (freshly distilled in vacuo; 8.0 g) and water
(50 ml), copper(ll) chlorid2 (3.0 g) in water (15 ml) was added dropwise at 20°.
After stirring at 20° for 12 h, the solution was distilled in steam for 4 h and the
residue exiracted with ether (3 x 150 ml) and chloroform (100 ml). T.l.c. (50%
acetone in light petroleum) of the extracts [after washing (saturated, aqueous
sodium bicarbonate solution, brine) and drying (anhydrous magnesium sulp' rte)l

showed at least three components R_'s 0.68 (major), 0.59, and 0.49 (cf. furan-

F

2-carbaldehyde RF 0.59 and 2-naphthylamine R_ 0.52). The crude material

F
could not be induced to crystallise nor was its colour removed on treatment with
animal charcoal. A portion (1 g) was cdsorbed on to o silica column (250 ml),
elution of which with ether/light petroleum mixtures gave two, major (brilliant
red) components, neither of which was the required product: the preparaiion was

thus abandoned.

* 5=-(2-Naphthy)furan-2-carbaldchyde (XXIX). ~ The method used was

similar to that described for 5-phenylfuran-2-carbaldehyde. 2-{2-Naphthyl)furan
(1.0 g) in dimethylformamide (3.5 ml) was added to a mixture of phosphory!
chloride (1.1 g) and dimethylformamide (0.6 g). After heating the mixture on

a steam bath for 1 h and work-up as before, removal of solvent gave a red,
crystalline solid (1.0 g) which was adsorbed on to a silica column (150 ml). Elution
with 20% acetone in !i.ghf petroleum gave an orange solid (pure by t.1.c.) which

was recrystallised from methanol to give 5-(2-naphthy!)furan-2-carbaldehyde as

pale yellow plates, m.p. 106-107° (Found: C, 81.04; H, 4.48. Cy5M1605
requires: C, 81.06; H, 4.54%); >\mcx 347 nm (e 26!217), 330 nm (e 35,309),

286 nm (e 22,623), 273 nm (¢ 17,929), and 226 nm (e 34,251); Voo 1684,
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1026, and 1496 cm_]; T 0.29 (singlet; CHO), 2.17 (complex; naphthyl-H),
2.76 (doublet, J 3.8 Hz; 3-H), and 3.13 (doublet, J 3.8 Hz; 4-H); m.s. peaks
at m/_e_ 222 (M, 100), 165 (52), 164 (12), 166 (12), 194 (12), and 221 (11).

Furan-2-carboxylic acid (XXXI).75- Potassium permanganate (110 g) in

water (2 |) was added during 1 h to a stirred mixture of calcium hydroxide (150 g),
“water (500 ml) and furan-2-carbaldehyde (freshly distilled in vacuo; 100 g); ice

was added from time to time to keep the temperature of the mixiure below 20°.

After heating on a steam bath for 0.5 h, the hot liquid was filtered at the pump

and the filtrate acidified to pH 1 with 50% aqueous hydrochloric acid. Concentration
of the filtrate, extraction with ether (6 x 100 ml) and drying (anhydrous magnesium
sulphate) gave, after removal of solvent, a yellow solid (50 g), a portion of which
was purified by recrystallisation from wafe’r and sublimation in vacuo fo give

furan-2-carboxylic acid, m.p. 129-130° (lif.,69

129-130°); v 1700, 1476,
: max.

1018, and 3040 cm—]; T (deuteriochloroform) ~1.96 (singlet; OH), 2.30 (quartet,
J 0.8'and 1.8Hz; 5-H), 2.62 (quartet, J 0.8 and 3.2 Hz; 3-H), and 3.40

(quartet, J 1.8 and 3.2 Hz; 4-H).

Furan-2-carbony! chloride (XXX1) (g).76— Furan-2-carboxylic acid (4.4 g)
and oxalyl chloride (10.0 g) were boiled under reflux for 3 h. Removal of excess
of oxalyl chloride by distillation gave a black liquid which was distilled in vacuo

to give furan-2-carbonyl chloride (3.0 g) as a colourless liquid; >\m 273 nm

ax

(e 8110); v 1786, 1760 and 1462 crn_1; T 2.26 (quartet, J 0.9 and 1.7 Hz;

max

5-H), 2.55 (quartet, J 0.9 and 3.6 Hz; 3-H), and 3.38 (quartet, J 1.7 and

3.6 Hz; 4-H).

(b)77 - Furan-2-carboxylic acid (112 g) and thicny! chloride (freshiy distilled;

250 g) were boiled under reflux for 0.5 h. Distiliation and fractionation of the
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residue at 1760/760 mm gave furan-2-carbony! chloride (90 g) (lit. ,78 b.p.
]730/760 mm) identical (i.r., u.v., etc.) with the product obtained previously.

Furan-2-carbony! bromide (XXX). 7. Furan-2-ccrboxylic acid (10.0 g)

and phosphorus tribromide (15.0 g) were boiled under refiux for 1 h. Extraction
of the charred residue with light petroleum, washing (saturated aqueous sodium
bicarbonate solution, water, and brine), and drying (anhydrous magnesium sulphate)

gave, after removal of solvent, a yellow residue which, on distillation in vacuo

(1 000/35 mm), afforded furan-2-carbony! bromide (3.0 g) as a colourless liquid;

v 1770 and 1781 cm—]; T 2.16 (quartet, J 0.8 and 1.8 Hz; 5-H), 2.51

max

(quartet, J 0.8 and 3.1 Hz; 3-H), and 3.39 (quartet, J 1.8 and 3.1 Hz; 4-H).

Furan-2-carbonyl fluoride (XXAW). Attempted oreparation. - Furan=-2~

carbonyl chloride (13.0 g) and anhydrous zinc fluoride (5.0 g) were heated to 90°
whereupon the mixture polymerised. Exiraction of the residue with benzene
(dried over sodium; 50 ml) gave, after removal of solvent, a green semi-solid
mass which i.r. indicated was mainly furan-2-carboxylic wcid.

The preparation was repeated with the alteration that zinc fluoride was
added in small portions at 60°. After half of the fluoride had been added, the
mixture had become semi-solid. An aliquot was removed, the i.r. spectrum of
which indicated the presence of acid, acid chloride and acid fluoride in
approximately equal amounts. After the remainder of the zinc fluoride had been
added, distillation of the residuc was attempted but was unsuccessful owing to
charring.

The preparation was reprated under diy nitrogen using zinc fluoride
which had been roasted at 150° for 0.5 h prior fo use.  After all of the zinc

fluoride had'been wdded, distillation in vecuo of the residue was aftempted:

— e — n . =
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a few drops, only, of colourless liquid were obtained before the mixture carbonised.
The preparation was repeated with the alteration that the acid chloride

was added in light petroleum (b.p. 60-80°, distilled from phosphorus pentoxide

on to anhydrous potassium carbonate; 20 ml) during 1 h to a slurry of anhydrous

zinc fluoride in light petroleum (25 ml), maintained at 80°. Distillation of the

residue and i.r. of the fractions indicated that no appreciable reaction had

occurred. The route was thus abandoned.

Furan-2-carbony! fluoride (XXXM)~ Furan-2-carbony! chloride (10.0 g)

and potassium hydrogen fluoride (6.0 g) were heated, under dry nitrogen, at 90°.
After 2d, an aliquot was removed, i.r. of which indicated that soniz of the
required product had been formed. After 2d at 120°, the mixture was exiracted
with chloroform. I.r. of this solution indicated that the required product was
present along with furan-2-carboxylic acid. The experiment was then repeated
under altered conditions.

Furan-2~-carbonyl chloride (10.0 g) and potassium hydrogen fluoride (12.0 g)
were heated to 1600, under dry nitrogen, whereupon a vigorous reaction occurred.
After 45 min, the apparatus was fitted for distillation and a vacuurn applied
whereupon a colourless liquid (5 ml) distilled. Redistillation in vacuo [70° (bath)/

15 mm] gave furan~-2-carbony! fluoride as a colourless, fuming liquid, pure by

g.l.c. (column at 50°) (Found: C, 52.9; H, 3.0; F, 17.1. C H,FO, requires:
C, 52.6; H, 2.6; F, 16.7%); A__ 253 nm (¢ 10,869); v__ 1816 and
1827 em™';  2.26 (octet, J 0.8, 1.6 and 2.5 Hz; 5-H), 2.62 (octet, J 3.6,
0.8, and 0.6 Hz; 3-H), and 3.39 (octet, J 0.8, 1.6, and 3.6 Hz; 4-H); m.s.
peaks at m/e 114 (M, 100), 86 (47), 58 (37), 57 (24), 95 (16), and 43 (13).

Thiophen-2-carbony! chloride (XXXV!).8Q- Thiophen-2-carboxylic acid
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(13.0 g) and thionyl chioride (freshly distilled; 25.0 g) were boiled under reflux
for 15 min. Distillation and fractionation of the residue at 980/50 mm gave
thiophen-2-carbonyl chloride (8.2 g) as a colourless liquid; V. 1755, 1410,
and 1193 cm—]; T 2.10 (quartet, J1.2and 4.0 Hz; 3-H), 2.23 (quartet, J1.2
and 5.0 Hz; 5-H), and 2.85 (quartet, J 4.0 and 5.0 Hz; 4-H).

Thiophen-2-carbonyl fluoride (XXXVI). - Thiophen-2-carbony! chloride

(5.1 g) and potassium hydrogen fluoride (6.0 g) were heated to 1600, undr - dry
hitrogen, whercupon a vigorous reaction occurred. [.r. examination of the solid
residue indicated that it consisted mainly of thiophen-2-carboxylic acid with
only a little of the expected product.

The reaction Wos repeated with several modifications: (i) the apparatus
was so arranged that volatile products coul’d be removed by distillation during
the course of the reaction; (ii) all apparatus was baked at 250° for 24 h vrior to
use; (iii) after introduction of the reactants, the apparatus was repeatedly swept
with dvy nitrogen and then evacuated, and {iv) a partial vacuum of 30 cm was

maintained ihiroughout the reaction. The distilled product was sublimed in vacuo

on to a finger cooled with aceione/solid carbon dioxide, thiophen-2~carbonyl

fluoride keing collectzd as white needles which melted on warming fo 25°; high

+
resolution m.s. found M+, 129.989273 (C5H3FOS requires M , 129.989863);

Voo 1811 and 1414 cm—]; T 2.10 and 2.23 (complex; 3-H and 5-H), and
1ax.

2.80 (octzt, J 2.2, 4.0, and 5.0 Hz; 4-H); m.s. peaks at T/?_ 130 (M, 58),
117 (100), 102 (72), 59 (40), 45 (30), and 57 (28).

81
5-Chloromercurithiophen-2-carboxylic acid XXXV 5-Deuteriothiophen-

2-carbeseylic acid (XXXIX). - A mixture of thiophen-2-carboxylic acid (1.5 g) in

ethanol (12 m!), saturated aqueous mercury(l1) chloride solution (80 mi), and
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33% aqueous sodium acetate: trihydrate (18.0 g) was left ai 25° for 10d. The
resulting white precipitate (1.8 g) was dissolved in 2N-aqueous ammonia solution;
acidification with 2N-hydrochloric acid gave the required product as a white

solid (Found: C, 16.9; H, 0.5; Cl, 8.5; S, 8.1. Calc. for C H3C|HgO S:

) 2

C, 16.5; H, 0.1; CI, 9.8; S, 8.8%).

5-Chloromercurithiophen-2-carboxylic acid (1.8 g) was boiled with 20%
aqueous hydrocmoric acid for 10 min. Extraction of the residue with ether and
washing of the extract with brine gave, after drying (anhydrous sodium sulphate)
and removal of solvent, a white solid (0.6 g) shown, by melting point and mixed
melting point, to be thiophen-2-carboxylic acid.

The preparation was repeated with the alteration thai the chloromzrecuri-
acid was heated with 20% deuterium chlori'de in deuterium oxide. Work-up as

before gave 5-deuteriothiophen-2-carboxylic acid * (0.6 g) as a white solid,

m.p. 129-130%(Found: C, 46.3; [H,0+D,01, 28.8; S, 24.9. C.H,DO,

37 72

requires: C, 46.5; [H20+ DZOJ, 28.7; S, 24.8%); v 1682, 1421, end

max
1296 cm—]; T (deuteriochloroform) -0.2 (singlet; OH), 2.15 (doublet, J 4.0 Hz;
3-H), and 2.89 (doublet, J 4.0 Hz; 4-H); m.s. pecks at m/e 129 (M, 74),

112 (100), 44 (23), 84 (15), 57 (14), and 45 (13).

Reduction of Thiophen-2-carbonyl! chloride.82 - Thiophen-2~carbony!

chloride (0.6 g) in diglyme (2 ml) was cooled, under dry nitrogen, in acetone/solid
carbon dioxide, to —780, and lithium aluminium tri-t-botoxyhydride (1.1 g) in

diglyme (4 ml) was added with stirring at a rate such that no rise in temperature

* * - *
In this and subsequent mono-deuteriated compounds, the deuterium level,

estimated by n.m.r. and m.s., was greater ihan 95%.
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was observed. After warming to 250, the mixture was poured on to ice. Work-up
(extraction with ether, washing with water and brine, and drying over anhydrous
magnesium sulphate) gave, after removal of solvent, o colourless oil (350 mg),
t.l.c. of which (20% acetone in light petroleum) showed two components RF's

0.33 and 0.23 {cf. thiophen-2-carbaldehyde R 0.33). Purification by p.t.l.c.

F
(3 x 10% acetone in light petroleum) gave thiophen~2-carbaldehyde (60 mg) as

a colourless liquid identical (i.r., u.v., etc.) with authentic material.

S5-Deuteriothiophen-2-carbaldehyde (XL ). - 5-Deuteriothiophen-2-

carboxylic acid (0.6 g) was boiled under reflux with thionyl chloride (freshly
distilled; 1.2 g) for 6 h. After removal of excess of thionyl chloride by
distillation, the residue was dissolved ir diglyme (2 m!) and reduced with lithium
aluminium tri-t-butoxyhydride (1.1 g) in d'iglyme (4 ml) as described for thiophen-
2-carbonyl chlcride. Work-up as before gave a yellow oil (0.3 g) which was
purified by p.t.1.c. (6 x 10% acetone in light petroleum) to give 5-deuterio-

thiophen-2-carbaldehyde (50 mg) as a colourless liquid (Fcund: C, 53.2;

[HzO'l' DQOJ, 32.5; S, 28.6. C5H3I)OS requires: C, 53.1; [H20+ DZO]'

32.7; S, 28.3%); A 259 am (¢ 10,000); v __ 1688, 1412, 1205, and

max

663 cm—]; 7 0.10 (singlet; CHO), 2.30 (doublet, J 4.0 Hz; 3-H), and 2.84
(broad doublet, J 4.0 Hz; 4-H); m.s. peaks at m/e 113 (M, 86), 112 (100),

43 (100), 58 (31), 57 (15), and 46 (14).

/8

Furan fetrakismercutiacetate (XLI).”~ - Furan (2.6 g) was shaken with

mercury(ll) acetate (50.0 g) in water (200 ml) for 6 h and the mixture left standing

at 25° for 12 h. The mercuriacetate derivative was filtered at the pump and dried

by suction.
78

Furan tetrakismercurichloride (XLH).” =~ - The mercuriacetate from above
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was digested for 0.5 h on a steam bath with 4% aqueous sodium chloride solution
(250 ml). The mercurichloride derivative was filtered at the pump and dried in

vacuo over concentrated sulphuric acid (Found: C, 5.3; H, 0.17; Cl, 8.2.

Calc. for C4CI O: C, 4.8; Cl, 14.0%). The compound was heated on ¢

494
steam bath with 20% aqueous hydrochloric acid (20 g) whereupon furan (0.7 g)
distilled.

The experiment was repeated with the alteration that the mercurichloride
derivative was heated with 20% deuterium chloride in deuterium oxide (20.0 g).

N.m.r. and i.r. of the furan so formed indicated a 55% deuteration level, with

more deuterium at the 2- than at the 3-positions.

5-Bromofuran-2-carbaldehyde (XLI). 83 _ Bromine (57.6 g) was added

to a mixture of furan-2-carbaldehyde (freshly distilled in vacuo; 28.8 g),
sulphur (5 mg), hydroquinone (5 mg), und 1, 2-dichloroethane (120 ml), boiling
under reflux, at such a rate that the bromine was immediately consumed. Afier
boiling under reflux for C h, the residue was distilled in steam for 2 h. Extraction
of the residue with ether, drying (anhydrous magnesium sulphate), and removal
of solvent gave a yellow solid (27.0 g). Recrystallisation of a portion from
ethanol/water and sublimation in vacuo gave 5-bromofuran-2-carbaldehyde as

. o p.. 83 540 _
white needles, m.p. 81-82" (lit., = 827); A 283 nm (e 13,750); v

max. max

1719, 1696, and 1455 cm_]; 7 0.38 (doublet, J 0.5Hz; CHO), 2.86 (doublet,
J 4.5 Hz; 3-H), and 3.46 (quartet, J 0.5 and 4.5 Hz; 4-H).

5-Bromofuran-2-carboxylic acid (XLIV).(a). = The method used was

similar to that described for 4-isopropylfuran-2-carboxylic acid. 5-Bromofuran-
2~-carbaldehyde (3.0 g) was stirred with an ammoniacal silver nitrate solution

[from silver nitrate (2.3 g), sodium hydroxide (2.3 g), water (26 ml), and agueous
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ammonia solution] at 350, for 4 h. Work-up [filtration, acidification (30%
aqueous sulphuric acid), extraction with ether (2 x 100 ml), and drying (anhydrous
magnesium sulphate)l gave, after removal of solvent, a yellow solid (2.4 g).
Recrystallisation from water gave 5-bromofuran-2-carboxylic acid as white needles,
m.p. 190-191° (lit.,”® 185°, 190°); » 259 (¢ 11,984); v 1708, 1468,
max. max .

“and 1017 cm—]; T (acetone) 0.21 (singlet; OH), 2.80 (doublet, J 3.8 Hz; 3-H),
and 3.35 (doublet, J 3.8 Hz; 4-H).

(b).84 ~ Finely-powdered potassium permanganate (48.5 g) was added to a mixture
of 5-bromofuran-2-carbaldehyde (27.0 g), dioxan (150 ml), anhydrous sodium
carbonate (19.7 g), and water (230 ml), at such a rate that the temperature of

the mixture did not exceed 60°. After stirring the mixture for 8 h, work-up
Lfiltration, acidification (30% aqueous sullphuric acid), continuous ether extraction
(24 h), and treatment of the extracts with animal charcoall gave, after removal

of solvent, a black residue which could not be induced to crystallise. Unreacted
aldehyde was removed by distillation in steam for 2 h. The crystalline residue

was recrystallised from methanol/water to give 5-bromofuran-2-carboxylic acid
(12.0 g) as a white solid identical (i.r., uv.v., etc.) with previously-synthesised
material.

(c).85 - Furan-2-carboxylic acid (30.0 g), bromine (71.5 g) and chloroform

(150 m!) were boiled under reflux for 3 h. Removal of solvent and recrystallisation
of the solid residue from water (after treatment with animal charcoal) gave the
bromo-acid (11.0 g) as a white solid identical (i.r., u.v., efc.) with previously-
synthesised material.

5-Bromofuran-2-mercurichloride (XL\/)86 and 2-Bromo-5~deuteriofuran (XLV[):-

5-Bromofuran-2-carboxylic acid (6.6 g) and sodium hydroxide (1.3 g) in water



-109-

(20 ml) were mixed with mercury(11) chloride (20.0 g) in water (200 ml). After
1 hat 250, the filtered solution was boiled until evolution of carbon dioxide had

ceased. Cooling and filtration gave 5-bromofuran-2-mercurichloride (17.6g) as

80 175-1760); T (acetone) 3.44

a pale yellow solid, m.p. 174-176° (lit.,
(complex; 3-H and 4-H).

'I:he mercurichloride was boiled with excess of 20% deuterium chloride in
deuterium oxide whereupon 2-bromo-5-deuteriofuran (3 ml) distilled as a colourless

liquid, pure by g.l.c. (column at 50°); Voo 1442, 1130, 1333, and 1047 cm_];

T 3.72 (complex; 3-H and 4-H); m.s. peaks at _rp/f:_ 147 (M, 100), 149 (100),
117 (30), 119 (30), 148 (19), and 146 (12).

S-Deuteriofuran-2-carboxylic acid (XLVI) (o). - To a solution of n-butyl-

lithium in ether [prepared as described For' the attempted synthesis of 2-isopropyl-
furan, using lithium wire (0.45 g) and n-butyl bromide (dried over molecular sieve;
4.5g)] at -30° was added 2-bromo-5-deuteriofuran (2.7 g) in ether (dried over
sodium; 15 ml). The mixture was stirred at =30° for 1.5 h, warmed to 100, and
poured on to a slurry of solid carbon dioxide and ether. After 0.5 h, water was
added and the aqueous layer, after separation, was acidified to «H 1 with 50%
aqueous hydrochloric acid. Ether exiraction, washing (brine), drying (anhydrous
sod'ium sulphate), and removal of solvent gave a pale yellow, crystalline solid

(2.0 g). Sublimation of a portion in vacuo gave 5-deuteriofuran-2-carboxylic

acid as white needles, m.p. 129-130° (Found: C, 53.0; [HZO + DQO], 32.6.

'C5H3D 03

and 1292 cm-]; T (deuteriochloroform) 1.32 (singlet; OH), 2.66 (doublet,

requires: C, 53.1; [H20+DZO], 32.7%); Voox. 170C, 1446, 1019,

J 3.4 Hz; 3-H), and 3.45 (doublet, J 3.4 Hz; 4-H); m.s. peaks at Sr_\/g_ 113

(M, 100), 96 (80), 112 (8), 68 (8), 85 (7), and 95 (6).
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(b). - 5-Deuteriofuran-2-carbaldehyde (for preparation see later; 10.0 g) was
stirred with an ammoniacal silver nitrate solution [prepared as in the preparation
of 4~isopropylfuran-2-carboxylic acid using silver nitrate (35.0 g), sodium
hydroxide (35.0 g), water (450 ml), and aqueous ammonia solution] at 35° for 2 h.
Work-up [filtration, acidification (30% aqueous sulphuric acid), continuous
extraction with ether (12 h), and drying (anhydrous magnesium sulphate)]l gave,
ofter removal of solvent, 5-deuteriofuran-2-carboxylic acid (7.5 g) identical
(i.r., u.v., etc.) with material synthesised previously.

5-Deuteriofuran-2~carbony! chloride (XLVE)-~ 5-Deuteriofuran=-2-

carboxylic acid (5.4 g) and thionyl chloride (freshly distilled; 11.0 g) were
boiled under reflux for 0.5 h. Distillation and fractionation of the residus gave

5-deuteriofuran-2-carbony! chloride (4.5 g) as a colourless liquid (Found:

C, 45.3; [H20+D201, 21.5; Cl, 27.2. C5H2C!DO2 r=quires: C, 45.6;

]

[H,0 +D,0], 21.3; Cl, 27.0%); v 1770, 1423, 1364, and 1026 cm ' ;

max
T 2.59 (doublet, J 3.8 Hz; 3-H) and 3.41 (doublet, J 3.8 Hz; 4-H); m.s. peaks
at _111/_e_ 131 (M, 28), 43 (100), 96 (98), 58 (42), 68 (20), and 42 (13).

5-Deuteriofuran=-2~carbaldehyde (XLIX). Attempted prepcration. (a). ~

The method used was similar fo that described for 5-deutcriothiophen-2-carbaldehyde.
5-Deuteriofuran-2-carbony! chloride (1.0 g) was dissolved in diglyme (2 ml) and
reduced with lithium aluminium tri-t-butoxyhydride (2.0 g) in diglyme (4 ml) as
before. Work-up as before gave a red oil (230 ing) which was purified by p.t.1.c.
(11 x 5% acetone in light petroleum). No aldehydic material was detected (n.m.r.
and i.r.) and the preparation wos thus abandoned.

(b). - Furan-2-carbaldehyde (freshly distilled in vacuo; 9.6 g) in ethano! (40 ml)

was added to a mixture of mercury(l1) chloride (27.0C g) and sodium acetaie irihydrate
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(54.4 g) in water (600 ml). - The mixture was allowed to stand at 25° for 3 d,
boiled under refiux for 2 h, and allowed to stand for a further 2 d at 25°.
Filtration gave a yellow powder (5 g) (Found: C, 3.45; H, 0.41. Calc. for
monomercuriation: C, 18.1; dimercuriation: C, 10.6; trimercuriation:

C, 7.5%). The preparation was thus abandoned.

(c). - Furan-2-carbaldehyde (freshly distilled in vacuo; 32.0 g) was odded,
with stirring du.ring 10 min, to acetic anhydride (freshly distilled; 34.0 g) and
concentrated sulphuric acid (0.04 ml) at 0°C. After 0.5 h, anhydrous sodium
acetate (0.13 g) was added, and the mixture distilled and fractionated in vacuo
(1400/20 mm) to give furan-2-carbaldehyde diacetate (30.0g), m.p. 51-52°
(it % 52-53%); N 2720m; v__ 1760, 1378 and 1200 em™l. 12,43

max

(broad singlet; CH(OAc),), 2.58 (quartet, J 0.5 and 1.8 Hz; 5-H), 3.64

2
(complex; 3-H and 4-H), and 7.93 (singlet, OCOCH,).

A mixture of furén—Z—carbqldehyde diacetate (10.0 g) in ethano! (100 ml),
and mercury(ll) chloride {13.7 g) and sodium acetate trihydrate (27.4 g) in water
(300 ml) was boiled under reflux for 0.5 h. After the mixture had been standing
for 30 d at 250, no product was detected. The experiment was repeated using
mercury (II) acetate instead of the chloride, but no product was detected. The
route was thus abandoned.

(d). - Dimethylformamide (2.0 g) in ether (dried over sodium; 5 ml) was added

to a solution of 5~deuterio=2-furyl lithium in ether, prepared under dry nitrogen,
as described in the preparation of 5-deuteriofuran-2-carboxylic acid, from lithium
wire (0.45 g), n.butylbromide (dried over molecular sieve; 4.5 g) and 2-bromo-

5-deuteriofuran (prepared as before; 2.7 g), at ~60°. After standing ot 25° for

2 h and boiling under reflux for 0.5 h, the mixture wos poured on to ice. Work-up
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[acidification (50% aqueous hydrochloric acid), extraction (ether), washing of
the extracts (water and brine), and drying (anhydrous magnesium sulphate)l gave,
after removal of solvent, a red oil (1.0 g) t.l.c. of which (20% acetone in light

0.32. Preliminary

petroleum) indicated the presence of the required product, RF
purification using a silica column gave material n.m.r. of which indicated the
presence of the required product along with much aliphatic material. Purification
by p.t.l.c. (6 x 2% acetone in light petroleum) failed to give the require’

product, and the preparation was thus abandoned.

5-Bromofuran-2-carbaldehyde diethyl acetal ( L ). Attempted preparation. -

A mixture of 5-bromofuran-2-carhaldehyde (18.0 g), ethyl orthoformate (dried
over molecular sieve; 20.0 g), ethanol saturated with dry hydrogen chloride
(0.6 ml), and ethanol (dried by disfillafior; from magnesium; 120 ml) was boiled
under reflux for 4 h. T.l.c. (20% acefone in light petroleum) showed two

's 0.34 (major) and 0.59; cf. starting material RF 0.34. After the

components RF
mixture had been boiled under reflux for 24 h, t.1.c. still snowed two components,
the relative proportions of which were not affected by addition of more ethanol
saturated with hydrogen chloride (0.5 ml) or of hydrochloric acid (0.5 ml).
Neutralisation (sodium carbonate), dilution with water, extraction with ether

(3 x 100 ml), washing of the extracts with 20% aqueous sodium sulphite solution
(250 ml), and drying (anhydrous magnesium sulphate), gave, after removal of
solvent, a red oil n.m.r. of which indicated an approximately 1:1 mixture of
aldehyde and acetal. Purification by distillation was unsuccessful and the

preparation was abandoned.

88
Furan-2-carbaldehyde diethyl acetal (LI ). - A mixture of furan-2-

carbaldehyde (fieshly distilled in vacuo; 60.0 g), ethanol (dried by distillation
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over calcium oxide; 400 ml), and ethano!l saturated with dry hydrogen chloride
(0.5 ml) was allowed to stand for 3 d at 25°. Work-up as described in the
aftempted preparation of 5-bromofuran-2-carbaldehyde diethy!| acetal gave a red
oil (60 g). Distillation in vacuo (810/15 mm) gave furan-2-carbaldehyde diethyl
acetal as a colourless liquid; v_ 1056, 1151, 2883, and 2980 cm—]; T 2.70
(quartet, J 0.8 and 1.8 Hz; 5-H), 3.73 (complex; 3-H and 4-H), 4.57 (singlet;

CE(OC2H5) ), 6.51 (quartet, J 7 Hz; -CH CH3), and 8.84 (iriplet, J 7 Hz;

2 —2

~CH,CH,).

5-Deuteriofuran-2-carbaldehyde diethyl acetal (LIl ). - Furan-2-

carbaldehyde diethyl acetal (60.0 g) was added at -20° during 10 min to a solution
of n-butyl-lithium in ether prepared as described for the attempted synthesis of
2-isopropylfuran, using lithium wire (8.6 g), n-butyl bromide (dried over molecular
sieve; 68.5 g), and ether (dried over sodium; 300 ml). Removal of coolant was
accompanied by a ropid' rise in temperature. The mixture was boiled under refiux
for 3 h and stirred with deuterium oxide (10 ml) at 25°% for 12 h. Washing (water

and brine), drying (anhydrous magnesium sulphate), and removal of solvent gave

a red oil. Distillation in vacuo (79°/20 mm) gave 5-deuteriofurcn-2-carbaldehyde

diethy! acetal (40.0 g) as a colourless liquid (Found: C, 63.0; [HZO + DZO]'

74.0. C9H1‘3DO3

1116, 2980, and 2885 cm—]; 1 3.77 (complex; 3-H and 4-H), 4.59 (singlet;

requires: C, 63.1; [H20+D201, 74.3%); Voox. 1056,

Cﬂ(OC2H5) , 6.53 (quartet, J 7 Hz; -CH,CH,), and 8.86 (triplet, J 7 Hz;

~CH2CH3); m.s. peaks at m/e 171 (M, 10), 98 (100), 126 (90), 43 (23), 97 (19),
and 42 (14).

The preparation was repeated with the alteration that twice the amount of

n-buty! lithium required for mono-lithiation was used. Work-up as before gave
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5~deuteriofuran-2-carbaldehyde diethyl acetal identical (i.r., n.m.r.) with
the product obtained above.

5-Deuteriofuran-2-carbaldehyde (XLIX). - 5-Deutericfuran-2-carbaldehyde

diethyl acetal (32.0 g) in ether (250 ml) was stirred with 5N-aqueous hydrochloric
acid (140 ml) for 2 h at 25°. The ether layer was washed (saturated aqueous
sodium bicarbonate solution and brine) and dried over anhydrous magnesium
sulphate. Removal of solvent and distillation in vacuo (58°/15 mm) gave 5-

deuteriofuran-2~carbaldehyde (17.0 g) as a colourless liquid (Found: C, 61.9;

[H2O+ DZO]’ 38.3. C5H3DO2 requires: C, 61.9; [H20+ DZO]’ 38.2%);

v 1693, 1426, 1018, and 1568 cm™'; 7 0.37 (broad singlet; CHO), 2.77

max

(doublet, J 3.8 Hz; 3-H), and 3.43 (doublet, J 3.8 Hz; 4-H); m.s. pecks at
m/e 97 (M, 94), 96 (100), 44 (19), 68 (1 2'), 95 (12), and 42 (8); cf. furan-2-
carbaldehyde, m.s. peaks af E‘/S 96 (M, 100), 95 (90), 43 (26), 67 (17), 50 (16),
and 42 (15).

).89

Methyl 4, 5-dibromofuran-2-carboxylate (LIV - Bromine (210 ml) was

added with stirring during 3 h to a slurry of anhydrous aluminium chloiide (550 g)
and methyl furan-2-carboxylate (252 g). The mixture was allower! to stand for
20 h at 250, and water was then added during 2 h until evolution of gas had
ceased. Work-up [extraction with ether (3 1), washing (saturaizd aqueous sodium
bicarbonate solution and brine), drying (anhydrous magnesium sulphate) and

removal of solvent] gave a red oil (430 g). Distillation and fractionation in vacuo

(105°/1 mm) gave methy! 4, 5-dibromofuran-2-carboxylate as a white selid (205 g),

m.p. 55-56°, pure by g.l.c. (column at 150°); )\mczx. 270 nm (e 8150); v

max.

1730, 1746, 1295, and 1155 cm-]; T 2.88 (singlet; 3-H) and 6.14 (singlet;

CH,).
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4, 5-Dibromofuran-2-carboxylic acid (LV ).90 ~ Methy!l 4, 5-dibromofuran-

2-carboxylate (200 g) was boiled under reflux with 20% aqueous sodium hydroxide
solution (3.5 1) for 5 h. Acidification (50% aqueous hydrochloric acid), extraction
(ethyl acetate), washing (brine), drying (anhydrous magnesium sulphate), and
removal of solvent gave a white solid (120 g). Sublimation of a portion in vacuo
gave 4, 5-dibromofuran-2-carboxylic acid, m.p. 168-169°; >\max. 278 nm

(e 11,536); vrr;ox. 1700, 1475, 1188, and 1286 cm—}; T (deuteriochloroform)
-0.48 (singlet; OH) and 2.69 (singlet; 3-H).

86

2,3-Dibromofuran (LVI).”~ = A mixture of 4, 5-dibromofuran-2-carboxylic

acid (120 g), mercury(Il) chloride (120 g) and water (2.5 1) was distilled in steam
for 4 h. Extraction of the distillate (ether), washing (brine), drying (anhy Jrous

magnesium sulphate), and removal of solvent gave, after distillation, 2,3-dibromo-

89 _ o

furan (40 g) as a colourless liquid, b.p. 55-56° (lit.,~ 58°); Voo 1158, 1042,

959, and 882 criq-]; T 2.63 (doublet, J 1.8 Hz; 5-H) and 3.58 (doublet,

J 1.8 Hz; 4-H).

3-Bromofuran-2-carbaldehyde G_VII).84 - 2,3-Dibromofuran {40.0 g) in

an equal volume of ether (dried over sodium) was added at -60° i< a solution of
n-butyl-lithium in ether [prepared as before from lithium wire (3.13 g), n-butyl
bromide (dried over molecular sieve; 25.0 g), and ether (dried over sodium;

105 ml)l. After 30 min, dimethylformamide (18.8 g) in an equal volume of ether
(dried over sodium) was added, and the mixture was allowed to warm to room
temperature during 2 h. After boiling under reflux for 0.5 h, the mixture was
hydrolysed and extracted with ether, and the exiracts were washed (water and
brine) and dried (anhydrous magnesium sulphate). Removal of solvent gave a red

oil (27 g), distillation of which (940/15 mm) gave 3-bromofuran-2-carbaldehyde
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?

.. 8 -
(10.0g), m.p. 31-32° (lit.,”” 32%); v 1691 cm ]; T 0.31 (doublet,

max

J 0.8 Hz; CHO), 2.32 (quartet, J 0.8 and 1.8 Hz; 5-H), and 3.35 (doublet,

J 1.8 Hz; 4-H).

89

3-Bromofuran-2-carbaldehyde diethyl acetal (LVII)."" - Preparation

was attempted using a method similar to that described for furan-2-carbaldehyde
diethyl acetal. 3-Bromofuran-2-carbaldehyde (6.0 g), ethanol (dried by
distillation over calcium oxide; 100 ml), and ethanol saturated with dry | drogen
chloride (1 ml) were allowed to stand at 25° for 3 d. Work~up as before gave
material which n.m.r. indicated to be only 70% converted to the acetal.

The preparation was repeoted using 3-bromofuran~2-carbaldehyde (6.0 g),
ethanol (;:!ried as before; 50 ml), ethyl orthoformate {4.0 g) and hydrochioric acid
(0.3 ml). After boiling under reflux for 2 h and standing at 0° for 2 d, the mixture
was worked up as before. Distillation in vacuo (750/1 mm) gave 3-bromc!uran-2-
carbaldehyde diethyl acetal (6.0 g) as a colourless liquid (lit. ,89 b.p. 88°%/4 mm);
v .' 1058, 1147, and 2968 cm-]; 7 2.7C (doublet, J 1.8 Hz; 5-H), 3.67

max

(doublet, J 1.8 Hz; 4~H), 4.56 (singlet; CL‘I_(OCZH5) ), 6.45 (quartet, J 7 Hz;

-C_I:_12CH3), and 8.84 (triplet, J 7 Hz; -CH2C_P:I3).

3-Deuteriofuran-2-carbaldehyde (LIX). Attempted preparation. -

3-Bromofuran-2-carbaldehyde diethyl acetal (6.0 g) was added at -60° to a solution
of n-butyl-lithium in ether [prepared as before from lithium wire (0.3 g) and
n-butyl bromide (dried over molecular sieve; 2.8 g)l. The mixture was allowed

to warm to 0° and deuterium oxide (2 m!) was added. After stirring at 25° for 1 h,
the mixture was diluted with water and extracted with ether; the exiracts were
washed (water and brine) and dried. Removal of so!vent gave a red oil which was

hydrolysed with 5N~-aqueous hydrochloric acid as described in the preparation of
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S-deuteriofuran-2-carbaldehyde. Work-up as before gave, after distillation in

vacuo, an intractable residue and an oil (0.5 g), n.m.r. of which indicated the

presence of starting material (50%). P.t.l.c. (1 x 20% acetone in light petroleum)
gave furan-2-carbaldehyde deuterated at position 3 fo the extent of only 50%

The experiment was repeated with similar results and the preparation was
thus abandoned.

4, 5-Dibromofuran-2-carbaldehyde (LX ).9] - Furan-2-carbaldehyde

(freshly distilled in vacuo; 288 g) was added during 1 h to finely-powdered,
anhydrous aluminium chloride (876 g), cooled in ice. Bromine (960 g) was added
during 1 h and the mixture left ut 25° for 3 d. Water and anhydrous sodium
ccrbona’r;a were added, and the mixture was distilled i1 steam for 12 h. Extraction
of the distillate with ether, drying (anhydrous magnesium sulphate) and removal

of solvent gave a yellow oil (400 g) g.l.c. of which (column at ]500) showed
three components. Distillation and fracticnation in vacuo (1300/0.1 mm) gave

y . . . 9
4, 5-dibromofuran-2-carbaldehyde (160 g) as a white solid, m.p. 35-36° (lit., !

36-37°); A 288 nm (e 14,660); v__ 1690, 1456, 1331, and 1102 em

max

7 0.49 (singlet; CHO) and 2.82 (singlet; 3-H).

De-halogenation of 5~Bromofuran~2-carbaldehyde. - Powdered zinc

(60 mesh; 1.7 g) was mixed with 5-bromofuran-2-carbaldehyde (3.1 g), glacial
acetic acid (1.5 g), and water (4.0 g). After 10 min, the mixture was extracted
with ether and the extracts were washed (saturated aqueous sodium bicarbonate
solution and brine) and dried (anhydrous magnesium sulphate). Removal of solvent
gave material consisting largely (70%) of furan-2-carbuldehyde (n.m.r.).

4-Bromofuran~2-carbaldehyde (LX!). ~ Powdered zinc (60 mesh; 0.4 g)

was mixed with 4, 5-dibromofuran-2-carbaldehyde (1.0 g), glacial acetic azid
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(0.33 g), and water (0.9 g). Work-up as in the de~halogenation of 5-bromofuran-
2-carbaldehyds gave a red oil (0.7 g) consisting of the required product (50%)

and material containing hydroxyl groups (n.m.r.). Distillation in vacuo gave an

infractable residue and 4-bromofuran-2-carbaldehyde (200 mg) as white cubes,

?

m.p. 52-53° (Iif.,8 520), pure by g.l.c. (column at 125°); )\me 277 nm

(¢ 10,671) and 232 nm (e 4766); v__ 1690, 1704, 925, and 1472 cm”;
T 0.44 (doublet, J 0.6 Hz; CHO), 2.34 (broad doublet, J 0.9 Hz; 5-H), and
2.80 (doublet, J 0.9 Hz; 3-H).

Attempted de~halogenation of 4-Bromofuran-2-carbaldehyde (LXI1]). -

Powdered zinc (60 mesh; 0.4 g) was mixed with 4-bromofuran-2-carbaldehyde

(0.7 g), glacial acetic acid (0.33 g), and' water (0.9 g). After boiling the

mixture under reflux for 0.5 h, work-up as in the de-halogenation of 5-bromofuran-
2-carbaldehyde gave a red oil which did not contain aldehydic material (n.m.r.);

the preparation was thus abandoned.

4, 5-Dibromofurca-2-carbaldehyde diethyl acetal (LXIH). = The method

used was similar to that described for 3-bromofuran-2-carbaldehyde diethyl ccetal.
A mixture of 4, 5-dibromofuran-2-carbaldehyde (38.5 g), ethanol (dried by
distillation over calcium oxide; 150 ml), ethyl orthoformate (dried over molecular
sieve; 30.0 g) and hydrochloric acid (0.5 ml) was boiled under reflux fer 2 h and
allowed to stand at 0° for 3 d. Work-up as before gave 4, 5-dibromofuran-2-
carbaldehyde diethy! acetal (44.0 g) as a golden oil; )\max. 288 nm (¢ 13, 273)
and 228 nm (¢ 4748); v__ 1058, 1124, 1160, and 2980 em™'; 7 3.58 (inglet:
3-H), 4.64 (singlet; CI_“I_(OC2H5)2), 6.51 (quartet, J 7 Hz; CEQCH3), an-t 8.8]1
(triplet, J 7 Hz; CHZCE ).

4-Bromofuran-2-carbaldehyde diethy! acetal (LXIV).~ 4, 5-Dibrcmsiuran-
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2-carbaldehyde diethyl acetal (44.0 g) in an equal volume of ether (dried over
sodium) was added at -60° during 15 min to a solution of n-butyl-lithium in ether
[prepared as before from lithium wire (2.3 g) and n-buty! bromide (dried over
molecular sieve; 18.5 g)l. The mixture was warmed to 25° during 13 h, boiled
under reflux for 13 h, and cooled to -50; water (30 m!) was added during 15 min
and the mixture stirred at 25° for 4 h. Work-up (dilution with water, extraction
with ether, drying over anhydrous magnesium sulphate and removal of solvent)
gave a black oil. Distillation in vacuo (1 020/1 .5 mm) gave 4-bromofuran-2-
ca.rbaldehyde diethyl acetal (23.5 g) as a colourless liquid; >\max. 280 nm

(e 4796) and 224 nm (e 4796); Vo 1060, 1132, 927, and 2988 cm_]; T 2.67
(doutlet, J 0.8 Hz; 5-H), 3.60 (doublet, J 0.8 Hz; 3-H), 4.61 (singlet;

), 6.50 (quartet, J 7 Hz; CH,CH,), and 8.83 (triplet, J 7 Hz;

C_I:I_(OC2H5) HCH,

2
CH,CH,).

4-Devteriofuran-2-carbaldehyde (LXV). Attempted preparation. -

4-Bromoturan-2-carbald=nyde diethyl acetal (23.5 g) in an equal volume of ether
(dried over sodium) was added at -60° during 15 min to a solution of n-butyi-
lithium in ether [prepared as before from lithium wire (1.64 g) and n-buty! bromide
(dried over molecular sieve; 16.4 g)l. The mixiure was warmed fo 25° during 1% h,
boiled under reflux for 2 h, and cooled to —50; deuterium oxide (10 ml) was added
and the mixture stirred at 25° for 5 h. Work~up as in the preparation of 4-bromo-
furan-2-carbaldehyde diethyl acetal gave a red oil (17.5 g). Distillation in vacuo
gave non-brominated material (4 g), starting material (4 g), and an intractable
residue. The non-brominated material was hydrolysed with 5N-aqueous hydrochloric
acid as described in the preparation of 5-deuteriofuran-2-carbaldehyde. Work-up

as before gave furan-2-carbaldehyde deuterated to the extent of only 10% at
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position 4 (n.m.r.).

The preparation was repeated with the alteration that deuterium oxide
was added in tetrahydrofuran at =50°. Work=-up as before gave furan-2-
carbaldehyde (1.5 g) deuterated to the extent of 40% at position 4 (h.m.r.)
along with much unreacted material and polymer.

The preparation was repeated with the alterations that (i) prior to the
addition of deuterium oxide, the solution was kept af -30° for 3 h, warmea to 0°
during 2 h, and then cooled again fo -400, and (ii) a larger excess (20 ml) of
deutferium oxide in tetrahydrofuran was added. Work-up as before gave partially-
deuterated furan-2-carbaldehyde diethyl acetal, unreacted 4-bromofuran-2-
ccrbalde'hyde diethyl acetal, and much polymer. The preparation was thus
abandoned.

4-Bromo-5-deuteriofuran-2-carbaldehyde diethyl acetal (LXVI). -

4,5-Dibromofuran=-2-carbaldehyde diethy! acetal (38.0 g) in an equal volume

of ether (dried over sodium) was added at -60° during 15 min to a solution of
n-butyl-lithium in ether [prepared as beiore from lithium wire (2.0 g) and
n-butyl bromide (dried over molecular sieve; 16.0 g)l. The mixture was warmed
to 25° during 13 h, boiled under reflux for 13 h, and cooled to -50; deuterium
oxide (10 ml) was added and the mixture stirred at 25° for 4 h. Work-up as

before gave 4-bromo-5-deuteriofuran-2-carbaldehyde diethyl acetal (20.0 g)

1061, 917, 1148, and

as a colourless liquid; '>\max. 276 nm (e 9792); Voox

1

2988 cm ; T 3.64 (singlet; 3-H), 4.65 (singlet; CE(OC2H5) ), 6.53 (quartet,

J 7 Hz; CHZCH3), and 8.86 (triplet, J 7 Hz; CH2Cﬂ3); m.s. peaks at g_y/_c_a_

249 (M, 17), 204 (100), 206 (99), 176 (80), 103 (34),.and 75 (19).
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4-Bromo—5—deuferioi:urcn—2—carba|dehyde (LXVI). - 4-Bromo-5-deuterio-

furan-2-carbaldehyde diethyl acetal (2.5 g) was hydrolysed with 5N-aqueous
hydrochloric acid as described in the preparation of 5-deuteriofuran-2-carbaldehyde.

Work~up as before gave 4-bromo-5-deuteriofuran-2-carbaldehyde (1.5 g) as a

white solid, m.p. 52-53° (Found: C, 34.0; [H20+D201, 15.3; Br., 45.8.
C5HzBrDO2 requires: C, 34.1; [H2O+ DQO], 15.9; Br, 45.4%); >\mox. 276 nim
(€ 10,620) and 282 nm (€ 4670); v__ 1700, 1443, 1168, and 919 em™'; 70,39
(singlet; CHO) and 2.83 (singlet; 3-H); m.s. peaks at m/e 175 (M, 100), 174
(84), 118 (22), 67 (15), 117 (1), and 146 (7).

3,4, 5-']"rideuferiofurcn-2—corboxylic acid LXVII).- Furan-2-carboxylic

acid (30.0 g) was heated at 140° with 30% (w/w) sodium deuteroxide in deuterium
oxide (100 ml). At 2d intervals, aliquots were acidified (concentrated hydrochloric
acid) and extracted wifh ethyl acetate: n.m.r. was then used to monitor the
deuteration level. After 5d, the mixture was acidified (concentrated hydrochloric
acid) and extracted with ethyi acetate, and f.he extracts were dried over anhydrous

magnesium sulphate. Removal of solvent gave 3, 4, 5-irideuteriofuran~2-carboxylic

acid” (29.0g), m.p. 129-130° (Found: C, 52.6; [H,0 +D,01, 33.4.

C5HD303 requires: C, 52.2; [HQO + DZO]’ 33.9%); >\max. 255 nm (e 13, 500);

v 1702, 1190, 1432, and 1290 cm—T; m.s. peaks at m/e 115 (M, 98), 98

maxXx

(100), and 42 (28).

3,4,5-Trideuteriofuran-2-mercurichloride (LXIX) and 2,3, 4, 5-Tetra-

deuteriofuran (LXX). - 3,4, 5-Trideuteriofuran-2-carboxylic acid (5.0 g) and

3

In this compound, and in derivatives derived from this compound, the average

deuterium level, estimated by n.m.r. and m.s., was about 85%.
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sodium hydroxide (1.75 g) in water (20 ml) were mixed with mercury (II) chloride

(27.0 g) in water (270 ml), and the mixture was boiled for 0.5 h. Cooling and

filtration gave 3, 4, 5-trideuteriofuran-2-mercurichloride (10.0 g), m.p. 151-152°.
The mercurichloride was boiled with excess of 20% deuterium chloride in

deuterium oxide, whereupon 2,3, 4, 5-tetradeuteriofuran (1.0 g) distilled as a

colourless liquid.

3,4, 5-Trideuteriofuran~-2~carbaldehyde (LXXI). ~ The method used was

similar to that described for 4, 5-diisopropylfuran-2-carbaldehyde. Phosphoryl
chloride (2.2 g) was added at 0° during 15 min to tetradeuteriofuran (0.7 g) in
dimethylformamide (1.0 g). The mixture was allowed to warm to 25° during 3% h.

Work-up as before gave 3, 4, 5-trideuteriofuran-2-carbaldehyde (0.6 g), pure

by t.l1.c. and g.l.c. (column at 75°) (Found: C, 60.6; [H20+ DZO]’ 38.0.

C5HD3O2 requires: C, 60.6; [H20+ DZO]’ 39.4%); v

1

1692, 1412, and

max

870 cm ; T 0.39 (singlet; CHO); m.s. peaks at _r_n/_e_ 99 (M, 100), 98 (99),
42 (60), 41 (59), 70 (30), and 51 (15).

Ethyl 3, 4, 5-trideuteriofuran-2-carboxylate (LXXI).- A mixture of

3,4,5~frideuferié:furan-Z—carboxy!ic acia (20.0 g), ethanol (dried by distillation
over calcium oxide; 280 ml), and concentrated sulphuric acid (20 ml) was
boiled under reflux for 4 h. After most of the ethanol had been removed, the
mixture was neutralised (anhydrous sodium carbonate) and extracted (ether), and
the extracts were washed (brine) and dried (anhydrous magnesium sulphate).

Removal of solvent and distillation in vacuo gave ethyl 3, 4, 5-trideutericfuran-

2-carboxylate (21.6 g) as a white solid, m.p. 32-33°, pure by g.l.c. (column

at 125°) (Found: C, 58.7; [H,0+D,0l, 52.8. C,H,D,0O, requires:

' -]
oL\. °cm
C, 58.7; [H20+ DZO]’ 52.4%); v ox. 1724, 1740, 1180, and 1282 cm ;
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T 5.74 (quartet, J 7 Hz; C_F_12CH3) and 8.65 (triplet, J 7 Hz; CH2CH3);
m.s. peaks at m/e 143 (M, 15), 98 (100), 115 (37), 78 (26), 60 (15), and
85 (14).

Ethyl 5-bromo-3, 4-dideuteriofuran-2-carboxylate (LXXI!!). - Bromine

(25.0 g) in 1, 2-dichloroethane (10 ml) was added during 1 h to ethyl 3,4, 5-
trideuteriofuran-2-carboxylate (20.0 g) in 1, 2-dichloroethane (80 ml) boiling
under reflux. ;fhe solution was boiled under reflux for a further 4 h. Removal
of solvent and distillation of the residue in vacuo 70°/0.05 mm) gave ethyl

5-bromo-3, 4-dideuteriofuran-2-carboxylate (24.2 g) as a yellow oil, pure by

g.l.c. (column at 125°) (Found: C, 38.3; [H,0 +D,01, 28.4; Br, 36.6.

C7H5[3rD2C)3 requires: C, 38.0; [HzoszO], 29.4; Br, 36.2%); v

1720, 1737, 1294, and 1452 cm™'; 1 5.74 (quartet, J7 Hz; CH,CH,) and

m.s. peaks at m/e 220 (M, 35), 175 (100),

max.

8.65 (triplet, J 7 Hz; CH,CH,);
192 (75), 97 (45), 148 (35), and 119 (35).

3, 4-Dideuteriofuran-2-carboxylic acid (LXXIV). - A mixiure of ethyl

5-bromo-3, 4-dideuteriofuran-2-carboxylate (19.2 g), glacial acetic acid

(7.2 g), powdered zinc (60 mesh; 8.3 g), and water (19.2 g) wus stirred ot
110° for 3d. After washing with ether, the mixture was acidified (concentrated
hydrochloric acid) and extracted (ethy! acetate), and the extracts were dried
(anhydrous magnesium sulphate). Removal of solvent and recrystallisation from

water gave 3, 4-dideuteriofuran-2-carboxylic acid (9.0 g) as a white solid,

m.p. 129-130° (Found: C, 52.7; [H,0+D,0], 32.9. C.H,D,O; requires:

-1
C, 52.6; [H20+D20], 33.4%); Voax. 1701, 1293, 1189, and 1463 cm ;
T (deuteriochloroform) -1.71 (singlet; OH) and 2.38 (singlet; 5-H); m.s.

peaks at m/e 114 (M, 100), 97 (80), 69 (8), and 86 (6).
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3,4-Dideuteriofuran £XXV) and 3, 4-Dideuteriofuran-2-carbaldehyde

(LXXVI).- The methods used were similar to those described for 3-isopropy! furan
and 4, 5-diisopropylfuran-2-carbaldehyde. 3, 4-Dideuteriofuran-2-carboxylic
acid (6.0 g) was heated with quinoline (20.0 g) and copper bronze (2.0 g) at

250° for 3 h during which time 3, 4-dideuteriofuran distilled.

Phosphory! chloride (10.0 g) was added at 0° during 15 min to 3, 4-
dideuteriofuran (1.8 g) in dimethylformamide (5 ml). The mixiure was allowed

to warm to 25° during 25 h. Work-up as before and purification by preparative

g.l.c. gave 3, 4-dideuvteriofuran-2-carbaldehyde (Found: C, 61.3; [H2O + D2O],

38.6. C.H,D,O, requires: C, 61.3; [H20+DZO], 38.8%); v 1689,

5'272%9
1465, 1448, and €34 em)

max

; 7 0.38 (doublet, J 0.7 Hz; CHO) and 2.28 (broad
singlet; 5-H); m.s. peaks at m/e 98 (M, 60), 97 (100), and 96 (70).

Methy| 5-deuteriofuran-2-carboxylate (LXXV).- Methyl 5-bromofuran-

2-carboxylate (preparation, see later) (7.2 g) was heated at 110° with acetic
anhydride (freshly distii'ad; 3.0 g), deuterium oxide (1.5 m!), and powdered
zinc (60 mesh; 3.5 g) for 10 h. Ether extraction, drying (anhydrous magnesium
sulphate), removal of solvent and purification by p.t.1.c. (10 x 2% acetone in

light petroleum) gave methyl 5-deuteriofuran-2-carboxylate, pure by g.l.c.

(column at 1000) (Found: C, 56.8; [HQO + DZO]' 43.4. C6H5D03 requires:

C, 56.7; [H,O+D,01, 43.3%); v 1728, 1742, 1302, and 1450 cm_];
2 2 Mox. ‘

T 2.90 (doublet, J 3.8 Hz; 3-H), 3.53 (doublet, J 3.8 Hz; 4-H), and 6.16

(singlet; CH,); m.s. peaks at m/e 127 (M, 35) and 96 (100).

3
Ethyl 5-deuteriofuran=-2-carboxylate (LXXV!}).- The preparation was

carried out as for the methyl ester using ethyl 5-bromofuran-2-carboxylate

(preparation, see later) (0.77 g), acetic anhydride (0.3 g), powdered zinc
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(0.35g), and deuterium oxide (0.2 ml). Work-up and purification as in the

preparation of the methyl ester gave ethy!| 5-deuteriofuran-2-carboxylate,

m.p. 34-35° (Found: C, 59.6: [H,0+D,0], 51.4. C_H.DO, requires:
C, 59.6; [H,0+D,01, 51.8%); v__ 1723, 1739, 1296, and 1137 cm™;
. 2 2 max .

T 2.93 (doublet, J 3.8 Hz; 3-H), 3.57 (doublet, J 3.8 Hz; 4-H), 5.72
(quartet, J 7 Hz; CHsCt{z), and 8.66 (triplet, J 7 Hz; C_P_13CH2); m.s. peaks
at m/e 141 (M, 17), 96 (100), 113 (45), 97 (18), 141 (17), and 43 (17).

t-Butyl 5-deuteriofuran-2-carboxylate (LXXIX).~ Iscbutene (condensed

from a cylinder; 30 ml), 5-deuteriofuran-2~carboxylic acid (3.0 g), ether
(dried over sodium; 80 ml), and sulphuric acid (1.5 ml) were mixed in a thick-
walled véssel, cooled in acetone/solid carbon dioxide. The vessel was stoppered
and wired and the contents stirred for 3 d at 25°. The vessel was then cooled

in acetone/solid carbon dioxide and the mixture was poured into potassivin
hydroxide (10 g) in water (200 ml). The- ether layer was washed with water and
brine and dried over arhydrous magnesium sulphate. Removal of solvent and

distillation in vacuo (83°/20 mm) gave t-butyl 5-deuteriofuran-2-carboxylate

(3.7 g) as a colourless liquid, pure by g.l.c. (column at 100°) (Found: C, 63.7;

[H2O+ DZO]’ 64.8. C9H”DO requires: C, 63.9; [H2O+ DZO]’ 64.5%);

3
v 1137, 1308, 1711, and 1729 cm™'; 7 3.03 (doublet, J 3.8 Hz; 3-H),

max
3.62 (doublet, J 3.8 Hz; 4-H), and 8.48 (singlet; f-C4l-_i9); m.s. peaks at
m/e 169 (M, 12), 96 (100), 113 (72), 114 (60), 56 (52), and 41 (44).

2-(5-Deuteriofuryl) phenyl ketone (LXXX).- 5-Deuteriofuran-2-carbonyl

chloride (1.5 g) in benzene (dried over sodium; 1.0 ml) was added dropwise to
anhydrous aluminium chloride (1.7 g) in benzene (2.3 ml). After boiling under

reflux for 0.5 h, the solution was poured on to ice and the mixture extracted
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with benzene. Work-up [washing (saturated aqueous sodium bicarbonate
solution and brine), drying (anhydrous magnesium sulphate), and removal of

solvent] gave, after distillation in vacuo (1560/20 mm), 2-(5-deuteriofuryl)

phenyl ketone (1.5 g), pure by g.1.c. (column at 150°); Vo ax 1651, 1429,
1282, and 900 cm—]; T 2.09 and 2.64 (complex; phenyl-H), 2.88 (doublet,
J 3.6 Hz; 3-H), and 3.56 (doublet, J 3.6 Hz; 4-H); m.s. peaks at m/e 173

(M, 59), 43 (100), 105 (67), 145 (15), 117 (12), and 172 (11).

5-Deuteriofuran-2-carbonyl fluoride (LXXXI).- The method used was

similar to that described for furan-2-carbonyl! fluoride. 5-Deuteriofuran~2-
carbony! chloride (1.0 g) was heated to 160° with potassium hydrogen flucride

(1.2 g). Distillation gave 5~deuteriofuran-2~carbonyi fluoride, pure by g.l.c.

(column ot 50°); v__ 1827, 1816, 1287, ond 1066 em™ s 7 2.65 (broad

doublet, J 3.8 Hz; 3-H) and 3.41 (broad doublet, J 3.8 Hz; 4-H).

Mezthyl 5-bromofuran-2-carboxylate (LXXXI1).- The method used was

similar to that described for ethyl 3, 4, 5-trideuteriofuran~2~carboxylate. A
mixture of 5-bromofuran-2-carboxylic acid (4.0 g), methanol (dried by distillation
over calcium oxide; 25 ml), and sulphuric acid (1.5 ml) was boiled under reflux

for 4 h. Work-up as before gave methyl 5-bromofuran-2-carboxylate (4.0 g) as

78 59°), pure by g.l.c. (column at 125°;

A 261 nm (e 11,370); Voo 1468, 1299, 1732, and 1113 cm—]; T 2.99

max

a white solid, m.p. 64-65° (lit.,

(doublet, J 3.6 Hz; 3-H), 3.64 (doublet, J 3.6 Hz; 4-H), and 6.19 (singlet;

CH,).

Ethyl 5-bromofuran-2-carboxylate (LXXX1If.- The method used was similar

to that described for etliyl 3,4, 5~tridcuteriofuran-2-cdrboxylate. A mixture of

5-bromofuran--2-carbzxylic acid (5.0 g}, ethanol (dried as before; 25 ml), and



-127-

sulphuric acid (0.5 ml) was boiled under reflux for 3 h. Work-up as before
gave ethyl 5-bromofuran-2-carboxylate (5.1 g) as a colourless oil, b.p. 135°
(bath)/15 mm (Iif.,78 133—1340/31 mm), pure by g.l.c. (column at 125°);

Ny, 261 0m (€14,579); v__ 1718, 1733, 1467, and 1291 em™\; 7 2.97

max

(doublet, J 3.6 Hz; 3-H), 3.61 (doublet, J 3.6 Hz; 4-H), 5.72 (quartet,

J 7 Hz; CH3C_I:| and 8.63 (triplet, J 7 Hz; CH CH2).

2 3
t-Buiyl S-bromofuran-2-carboxylate (LXXXIV).~ The method used was

similar to that described for t-butyl 5-deuteriofuran~2-carboxylate. Isobutene
(25 ml), 5-bromofuran=-2-carboxylic acid (5.0 g), ether (dried over sodium;

75 ml), and sulphuric acid (2 ml) gave, after work-up as before and distillation
in vacuo, t-butyl 5 -bromofuran-2-carboxylate (6.0 g) as a colourless liquid,

pure by g.l.c. (column at 125°); A 259 nm (¢ 13,873); v__ 1713, 1731,

max

1468, and 1311 cm—]; T 3.06 (doublet, J 3.6 Hz; 3-H), 3.63 (doublet,

J 3.6 Hz; 4-H), and 8.47 (singlet; f~C4l_-|_9).

5-Bromofuran-2Z-carbony! chloride (LXXXV).- The method used was similar

to that described for furan-2-carbonyl chloride. 5-Bromofuran-2-carboxylic

acid (8.0 g) and Xthionyl chloride (freshly distilled; 16.0 g) gave, after work-up

as before, 5-bromofuran-2-carbonyl chloride (8.1 g) as a white solid, m.p. 54-55°

tir. 78 54-56%); A 281 nm (e 7322); v_ 1758, 1452, 1350, and

max

1020 cm™; 7 2.66 (doublet, J 3.8 Hz; 3-H) and 3.46 (doublet, J 3.8 Hz; 4-H).

Mecthy! 4-bromofuran-2-carboxylate (LXXXV).- The method used was

similar to that described for 4-bromofuran-2-carbaldehyde. Powdered zinc
(60 mesh; 3.3 g), methyl 4, 5-dibromofuran-2-carboxylate (10.0 g), glacial
acetic acid (2.9 g), and water (7.7 g) were heated at 100° for 23 h. Work-up

as before gave a golden oil (6.0 g), t.1.c. of which {(10% acetone in light
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petroleum) showed the presence of two components, R_'s 0.40 (major) and 0.42

F

(minor), cf. starting material RF 0.42. P.t.l.c. (5 x 2% acetone in light

petroleum) of a portion gave methyl 4~bromofuran-2-carboxylate as a white

solid, m.p. 44-46° (Found: C, 35.4; H, 2.2; Br, 38.7. C6H58r03 requires:
C, 35.1; H, 2.5; Br, 39.0%); >\mcx. 255 nm (e 7923) and 220 nm (e 5348);
Voox. 130G, 1727, 1744, and 1196 cm_]; T 2.49 (doublet, J 0.9 Hz; 5-H),
2.92 (doublet, J 0.9 Hz; 3-H), and 6.17 (singlet; CI_“_IB); m.s. peaks at

m/e 204 (M, 39), 173 (100), 149 (35), 58 (28), 117 (25), and 66 (25).

4-Bromofuran-2-carboxylic acid (LXXXVII).7-8 The method used was similar

fo that described for 4, 5-dibromofuran-2-carboxylic acid. Methy! 4-bromofuran-

2-carboxylate (7.C g) was boiled under reflux with 20% aqueous sodium hydroxide
solution (100 ml) for 3 h. Work-up as before gave a white solid (7.0 g). Sub-

limation of a portion in vacuo gave 4-bromofuran-2-carboxylic acid, m.p.

78

127-126° (lit.,”° 128-129°); N 255nm (¢ 6708) and 218 (e 4845); v

max.
1710, 929, 1487, and 1422 cm_]; T (deuteriochloroform) -1.84 (OH), 2.39
(doublet, J 0.7 Hz; 5-H), and 2.70 (doublet, J 0.7 Hz; 3-H).

Aﬁempfe'd de-halogenation of Methyl 4-bromofuran-2-carboxylate (LXXXVI). -

The method used was similar to that described for the attempted de-halogenation
of 4-bromofuran-2-carbaldehyde. A mixiure of powdered zinc (60 mesh; 3.0 g),
methyl 4-bromofuran-2-carboxylate (1.0 g), glacial aceric acid {1.5 g), and
water (4.0 g) was heated at 110° for 12 h. Work-up as before gave an ethereal
solufion which did not contain any aromatic material (n.m.r.). The aqueous
layer wos acidified (5N-aqueocus hydrochloric acid) and extracted with ether

(3 x 50 ml), and the exiracts were washed (brine) and dried (anhydrous magnesium

sulphate). Removal of solvent gave a white solid demonstrated by n.m.r. to be
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4-bromofuran-2-carboxylic acid. The preparation was thus abandoned.

Ethyl 4-_1_3_r_omofurcn—2-carboxy|afe (LXXXVH@?-8 The method used was

similar o that described for ethyl 3,4, 5~trideuteriofuran-2-carboxylate. 4-
Bromofuran-2-carboxylic acid (1.0 g), ethanol (dried as before; 7 m!), and

sulphuric acid (0.5 ml) gave, after boiling under reflux and work-up as before,

a golden-oil (1.0 g). A portion was purified by p.t.l.c. (4 x 2% acetone in

light petroleum) to give ethyl 4-bromofuran-2-carboxylate as a white solid,

8

m.p. 28-29° (lit.,”% 28-29°); A 254 nm (c 8840) and 218 nm (e 6429);

max

Vax 1296, 1185, 1728, and 1742 cm-]; T 2.44 (doublet, J 0.7 Hz; 5-H),

2.91 (doublet, J 0.7 Hz; 3-H), 5.70 (quartet, J 7 Hz; CH,CH,), and 8.64

H,CH,),

(triplet, J 7 Hz; CH2C_l_'|3).

t~Butyl 4-bromofuran-2-carboxylate (LXXXIX).- The method used was

similar to that described for t-butyl 5-deuteriofuran-2-carboxylate. Isobutene
(20 ml), 4-bromofuran-2-carboxylic acid (1.0 g), ether (dried over sodium;

25 ml), and sulphuric acid (3 ml) gave, aﬁer. work-up as before, a colourless

oil (4 ml) which contained the required product along with polymcrised isobutene
(h.m.r.). The mixture was adsorbed on to a silica column and the required
material eluted by 10% acetone in light petroleum. A portion wos further
purified by p.t.l.c. (4 x 2% acetone in light petroleum) to give t-butyl 4-

bromofuran-2-carboxylate as a colourless liquid (Found: C, 44.2; H, 4.4;

Br, 32.0. C(;,H”BrO3 requires: C, 43.7; H, 4.5; Br, 32.4%); Voox. 1720,

1736, 1307, and 1160 cm™'; 7 2.49 (doublet, J 0.8 Hz; 5-H), 2.97 (doublet,

J 0.8 Hz; 3-H), and 8.46 (singlet; ’r—C4|:|_9); m.s. peaks at m/e 246 (M, 17),

190 (100), 56 (93), 173 (60), and 117 {16).
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4-Bromofuran-2-carbony! chloride (XC ). = The method used was

similar to that described for furan-2-carbony! chloride. 4-Bromofuran-2-
carboxylic acid (purified by sublimation in vacuo; 0.5 g) and thiony!l chloride

| (freshly distilled; 3.0 g) gave, after work-up as before, 4-bromofuran-2-

carbony| chloride (0.5 g) as a colourless liquid, b.p. 70° (bath)/0.05 mm

(Found: C, 28.9; H, 1.0; Br, 38.4; Cl, 17.2. CSHZBrCIO2 requires:

C, 28.7; H, 1.0; Br, 38.2; Cl, 17.0%); A 278 nm (e 8610) and 203 nm

max

(e 4650); Ve 1766, 1749, 931, and 953 cm-]; T 2.25 (doublet, J 0.9 Hz;
5-H) and 2.54 (doublet, J 0.9 Hz; 3-H); m.s. peaks at m/e 208 (M, 36), 172

(100), 117 (50), 66 (35), 58 (30}, and 145 (15).

84

3-Bromofuran-2-carboxylic acid (XCl). " - 2,3-Dibromofuran (20.0 g)

in an equal volume of ether (dried over sodium) was added at -60° to a solution
of n-butyl-lithium in ether [prepared as before from lithium wire (1.6 g) and
n-buty! bromide (dried over molecular sieve; 16.4 g)]. The mixture was stirred
at =30°C for 3 h and then poured on to a slurry of solid carbon dioxide in ether.
After 1 h, the mixture was extracted with water and the extracts were washed
with ether. Acidification (5N-aqueous hydrochloric acid), extraction (ethy!
acetate), washing and drying of the extracts and removal of solvent gave a cream
solid (12.0 g). Sublimation in vacuo gave 3-bromofuran-2-carboxylic acid as
a white solid, m.p. 153-155°; N 249nm (e 11,193); v__ 1705, 1572,
1486, and 991 cm']; 7 (deuteriochloroform) -1.06 (singlet; OH), 2.46
(doublet, J 1.9 Hz; 5-H), and 3.38 (doublet, J 1.9 Hz; 4-H).

Methy! 3-bromofuran-2-carboxylate (XCII). = The method used was

similar to that described for ethyl 3,4, 5-trideuteriofuran-2-carboxylate. A

mixture of 3-bromofuran-2-carboxylic acid (6.0 g), methanol (dried as before;
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150 ml) and concentrated sulphuric acid (10 ml) was boiled under reflux for 4 h.
Work-up as before gave a red solid (7.5g). Distillation in vacuo [100° (bath)/
0.2 mm] and purification of a portion by p.t.1.c. (5x 2% acetone in light

petroleum) gave methyl 3-bromofuran-2-carboxylate as a white solid, m.p.

52.5-53.5° (Found: C, 34.9; H, 2.3; Br, 38.5. C H BrO; requires: C, 35.1;

6
H, 2.5; -Br, 39.0%); A 248 nm (e 12,608); v 1735, 1286, 1124, and
, max . : max .

1387 cm-]; T 2.55 (doublet, J 1.9 Hz; 5-H), 3.48 {doublet, J 1.9 Hz; 4-H),

and 6.15 (singlet; CH m.s. peaks at m/e 204 (M, 52), 173 (100), 117 (20),

3)i
66 (14), 146 (11), and 161 (5).

Ethyl 3-bromofuran-2-caiboxylate (XCI. 8. The methoa used was

similar to that described for ethyl 3, 4, 5-trideuteriofuran-2-carboxylate. A
mixture of 3-bromofuran-2-cdrboxylic acid (1.0 g), ethanol (dried as before;
50 ml), and sulphuric acid (3 ml) was boiled under reflux for 3 h. Work-up as
before gave a yellow solid (0.9 g). A portion was purified by p.f.l.c. (4 x 2%

acetone in light petroleum) to give ethyl 3-bromofuran-2-carboxylate as a white

solid, m.p. 55-56° (Ii’r.,89 570); A 248 nm (e 9341); v

max

1730, 1282,

max

1124, and 1178 cm™ 5 7 2.53 (doublet, J 1.9 Hz; 5-H), 3.48 (doubiet, J 1.9 Hz;

4-H), 5.66 (quartet, J 7 Hz; CH,CH,),

t-Butyl 3-bromofuran-2-carboxylate (XCIV). = The method used was

and 8.62 (triplet, J 7 Hz; CHZCI'_'I3).

similar to that described for t-butyl 5-deuteriofuran-2-carboxylate. Isobutene
(25 ml), 3~bromofuran-2-carboxylic acid (0.5 g), ether (dried over sodium; 20 ml),
and sulphuric acid (3 ml) gave, after work-up as before, a golden oil (0.6 g). A

portion was purified by p.t.l.c. (5 x 2% acetone in light petroleum) to give

t-butyl 3-bromofuran-2-carboxylate as a colourless liquid (Found: C, 43.7;

H, 4.6; Br, 32.1. C.H,,BrO, requires: C, 43.7; H, 4.5; Br, 32.4%);

1 73
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v 1723 cm_]
max.

; T 2.56 (;:louble’r, J 1.9 Hz; 5-H), 3.51 (doublet, J 1.9 Hz;
4-H), and 8.42 (singlet; f—C4l:|_9); m.s. peaks af m/e 246 (M, 16), 58 (100),
190 (90), 56 (82), 173 (80), and 117 (32).

3-Bromofuran-2-carbony! chloride (XCV). - The method used was similar

to that described for furan-2-carbony! chloride. 3-Bromofuran-2-carboxylic
acid (0.7 g) and thionyl chloride (freshly distilled; 5 ml) gave, after work-up as

before, 3-bromofuran-2-carbony! chloride (0.7 g) as a white solid, m.p. 38-40°

(Found: C, 28.9; H, 1.1; Br, 38.4; Cl, 17.6. CstBrClO2 requires:

C, 28.7; H, 1.0; Br, 38.2; Cl, 17.0%); N__ 278 (e 14,810) and 268 nm
(e 15,010); vm;x. 1757, 1466, 1384, and 1158 cm—]; t 2.36 (doublet,

J 1.9 Hz; 5-H) and 3.28 (doublet, J 1.9 Hz; 4-H); m.s. peaks at m/e 208
(M, 15), 173 (100), 117 (25), 66 (14), 65 (8), and 145 (7).

5-Bromo-3, 4-dideuteriofuran-2-carboxylic acid XCVI). - The method

used was similar to that described for 4, 5-dibromofuran-2-carboxylic acid.
Ethyl 5-bromo-3, 4~dideuteriofuran-2-carboxylate (5.0 g) was boiled under reflux
with a 20% solution of sodium deuterioxide in deuterium oxide (20 ml) for 24 h.

Work-up as before gave a cream solid (3.0 g). Sublimation of a porticn in vacuo

ettt e

gave 5-bromo-3, 4-dideuteriofuran-2-carboxylic acid as white neadles, m.p.

o]
189-190° (Found: C, 31.4; [H,0+D,0J, 14.2; Br, 41.5. C.HBD,O,

requires: C, 31.1; [H20+ DZO]’ 15.0; Br, 41.5%); >\mox 262 nm (e 10, 203);
Voo 1710, 1459, 936, and 1170 cm_]; m.s. peaks at m/e 192 (M, 100), 191

(68), 174 (53), 119 (52), 118 (33), and 173 (32).

Methy! 5-bromo-3, 4-dideuteriofuran-2-carboxylate (XCVIl.- A mixture

of 40% aqueous potassium hydroxide solution (15 ml) and ether (50 ml) was cooled

to OD, with stirring, and finely powdered nitrosomethylurea (5.0 g) was added
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during 1 min. The ethereal solution of diazomethane so prepared was decanted,
after 1 h, into a solution of S-bromo-3, 4~dideuteriofuran-2-carboxylic acid
(1.0 g) in ether (50 m!) at 0°. After warming the solution to 25° during 12 h
and drying it over anhydrous magnesium sulphate, removal of solvent gave a

white solid (1.1 g). A portion was sublimed in vacuo to give methyl 5-bromo-

3,4-dideuteriofuran-2-carboxylate as white neadles, m.p. 63-64° (Found:

C, 35.1; [H20+ DZO]’ 23.0; Br, 38.7. C6H3BrD2C)3 requires: C, 34.8;

[H,O+D,0l, 22.7; Br, 38.7%); A 261 nm (e 14,634); v 1729
2 2 . max. !

1748, 1456, and 1300 cm™'; 7 6.18 (singlet; CH

max
3); m.s. peaks at m/e 206

(M, 43), 176 (100), 175 (65), 205 (25), 150 (15), and 149 (10).

t=Lutyl 5-bromo-3, 4~dideuteriofuran-2-carboxylate (XCVIIf.- The method

used was similar to that described for t~butyi 5-deuteriofuran-2-carboxylate.
Isobutene (10 ml), 5-bromo=-3, 4-didevieriofuran~-2-carboxylic acid (0.5 g),
ether (dried over sodium; 30 ml), and sulphuric acid (1.0 ml) gave, after work-

up as before, t~butyl 5-Lromo-3, 4-dideuteriofuran-2-carboxylate (0.6 g) as a

colourless liauid, pure by g.l.c. (column at 125°) (Found: C, 43.0; [HZO +

DzO], 41.0; Br, 32.0. C9H9BrD203 requires: C, 43.4; [H2O+ DZO]’ 40.6;
]

Br, 32.2%); % __ 260 nm (e 14,300); Voox 1142, 1714, 1733, and 1310 cm ;

X

T 8.47 (singlet; ’r—C4l_-|_9); m.s. peaks at m/e 248 (M, 14), 192 (100), 191 (59),

175 (44), 174 (26), and 247 (10).

5-~i§romo~3,4-didezui‘criofuran—Q-carbonyl chloride (XCIX). - The method

used was similar to that described for furan-2-carbonyl chloride. 5-Bromo-3,4-
didcuteriofuran-2-carboxylic acid (0.5 g) and thionyl chloride (freshly distilled;

5 m!) gave, ofier work-up as before, 5-bromo=-3, 4-dideuteriofuran-2-carbony!

chlorice (0.5 5) as a white solid, m.p. 55-56°; >\may 281 nm (e 13,890);

St o e
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' -1
Vo 1762, 1447, 1301, and 938 cm ; m.s. peaks at m/e 210 (M, 19), 175

(100), 174 (55), 119 (35), 118 (21), and 209 (11).

N-Methylpyrrole-2-carbaldehyde ( C ). - The method used was similar

to that described for 4, 5-diisopropy!furan-2-carbaldehyde. Phosphory! chloride
(107.0 g) was added at 0° during 7 h to N-methyl pyrrole (freshly distilled;
42.3 g) ih dimethylformamide (51.0 g). The mixture was heated at 60° for 2 h

and then worked up as before. Distillation in vacuo (86°/15 mm) gave N-methy|-

pyrrole-2-carbaldehyde (30.0 g) as a colourless oil (lif.,93 b.p. 72-75°/H mm);

A . 288 nm (¢ 17,000); Y max 1672, 1410, and 1308 cm-]; 7 0.47 (doublet,

max

J 1.0 Hz; CHO), 3.23 (complex; 5-H and 3-H), 3.89 (complex; 4-H) and

6.04 (singlet; Cﬁ3).

N=-Methylpyrrole-2-carboxylic acid ( Cl ). = The method used was

similar to that described for 5-bromofuran-2-carboxylic acid (b). Finely-powdered
potassium permanganate (72.5 g) was added to a mixture of N-methylpyrrole-2-
carbaldehyde (24.6 g), dioxan (150 ml), anhydrous sodium carbonate (29.4 g),

and water (300 ml), at such a rate that the temperature of the mixture did not
exceed 60°. After stirring the mixture for 12 h, work-up as before gave a brown

solid (30.0 g). Recrystallisa;ion from water and sublimation of a portion in vacuo

. gave N-methylpyrrole~2-carboxylic acid as white needles, m.p. 134-135.5°
(it., 72 135-136%); N 264 nm (€12,326); v___ 1670, 1428, 1262, and

max. max. .
1122 cm-]; T (deuteriochloroform) =2.21 (singlet; OH), 2.92 (qﬁartet, J1.8
and 4.0 Hz; 3-H), 3.19 (overlapped quartet, J 1.8 and 2.6 Hz; 5-H), 3.84
(quartet, J 2.6 and 4.0 Hz; 4-H), and 6.08 (singlet; Cﬁs).

Methy! N-methylpyrrole-2-carboxylate (ClI ). = The method used was

similar to that described for methyl 5-bromo=3, 4-dideuteriofuran-2-carboxylate.
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A solution of diazomethane in ether [prepared from 40% aqueous potassium
hydroxide solution (15 ml), nitrosomethylurea (5.0 g), and ether (50 mi)] was
mixed at 0° with N-methyipyrrole~2-carboxylic acid (1.0 g) in ether (100 ml).
| Work-up as before gave a red oil (1.0 g). Distillation in vacuo gave methyl
N-methylpyriole-2-carboxylate as a colourless liquid, b.p. 95° (baih)/15 mm

(lit. ,92

95-980/28 mm); A 261 nm (e 14,000); v 1709, 1436, and
max. max .

1112 cm-]; T 3.25 (quartet, J 1.8 and 4.0 Hz; 3-H), 3.35 (overlapped quartet,

J 1.8 and 2.6 Hz; 5-H), 4.05 (quartet, J 2.6 and 4.0 Hz; 4-H), 6.14 (singlet;

and 6.28 (singlet; C_l:l3).

t=Butyl N-methylpyrrole~2-carboxylate (CIll). - The method used was

N"Ct‘:g)r

similar fo that described for t-butyl 5-deuteriofuran-2-carboxylate. Isobutene
(20 ml), N-methylpyrrole-2-carboxylic acid (1.0 g), ether (dried over sodium;
30 ml), and sulphuric acid (1 ml) gave, after work-up as before, a red oii (1.0 g).

A portion was purified by p.f.l.c. (2 x light petroleum) and distilied in vocuo

to givé: t-butyl N-methylpyrrole-2-carboxylate as a colouriess liquid (Found:

C, 65.9; H, 8.1; N, 7.5. C,H, NO, requires: C, 66.3; H, 8.3; N, 7.7%);
1

A 262 nm (e 12, 549); v 1702, 1113, 1413, and 1326 cm ; 7 3.32
max . max .
(quartet, J 1.8 and 4.0 Hz; 3-H), 3.42 (overlapped quartet, J 1.8 and 2.6 Hz;
5-H), 4.08 (quartet, J 2.6 and 4.0 Hz; 4-H), 6.13 (singlet; Ct!3), and 8.47
(singlet; f—C4tl_9); m.s. peaks at m/e 181 (M, 19), 125 (100), 108 (46), 43 (27),

106 (22), and 80 (19). .
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DISCUSSION - SPECTROSC OPIC

A. Infra Red Investigations

The order of discussion of the results and the numbering of experiments
in this section correspond directly to the order and numbering used in the
"Experimental-Spectroscopic" section. Similar conventions are also used; thus,
"A" represents the area of an i.r.-band, "D" represents the optical density of a
band, "T" represents the absolute temperature, and the subscripts "1" and "h"

refer to the lower- and higher-frequency bands in a rotamer carbonyl doublet.

Furan~-2-carbaldehyde C=0O band assignment

Experiments 2, 3, 4, 5, and 6. As noted previously {vide "Introduction"), it is

generally accepted that furan-2-carbaldehyde, as a dilute solution in a non-
polar solvent, exists as a mixture of anti (lla) and syn (11b) forms, but there is
disagreement about the relative stabilities of these rotational isomers. By a
comparison of the i.r. spectra of 3-, 4~, and 5-isopropyifuran-2-carbaldehydes
with the spectra of furan-2-carbaldehyde and related aldehydes und ketones, it
was hoped to resolve the controversy.

For furan-2-carbaldehyde, the very small variation of carbonyl band
intensities with concentration of the aldehyde (Table 4) implies that intermolecular
association is not responsible for the carbony! band doubling. Also, if a "hot
transition" (a transition from the first excited vibraticnal level) were involved,
then this would correspond to the less intense component of the carbonyl doubiet
at 1681 cm—], the area of which relative to that of the band at higher wave-

number should then increase with increase in temperature (assuming a similar
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temperature dependence of the absorption coefficients for the two bands): the
reverse of this is observed. Furthermore, a hot transition would not be expected
to display the considerable dependence on solvent dieleciric constant which is
observed for the furan-2-carbaldehyde carbony!l bands. The possible involvement
of Fermi-resonance was discounted by the present author®! and othersS2r 33
principally because band multiplicity is also observed in the i.r. C-H bending
and stretching r.egions. The case for rotational isomerism being the correct
explanation for the observed carbony! band doubling appeared particularly strong
when it was found that the variable=temperature data (Table 5) could be analysed
to give a not unreasonable A_H_o value for the (supposed) equilibrium of 3200

+300 J mo!_] .2]

[t was felt that by the substitution of an alkyl group for hydrogen
at the 3-position in furan-2-carbaldehyde, a predictable steric effect on the
rotameric equilibrium would be achieved, which could be used to assign the twin
carbony! bands to pozri*icﬁlar rotamers.

The 3-, 4- and 5-isopropyl-, and the 4, 5-diisopropyl=-furan-2-carbaldehydes
all show single i.r. carbonyl absorptions, at about 1686 cm_] in carbon tetrachloride
at 30°C. Similarly, in chloroform solutions, the 4~ ond 5-isopropyl-, and the
4, 5-diisopropyl-furan-2-carbaldehydes show single carbonyl absorptions at a

frequency lower by the expected figure of ca. 12 cm-] . However, 3-isopropyl-

furan-2~carbaidehyde exhibifs o carbonyl doublet in chloroform at 1678 (D 0.37)

and 1667 cmm] (D 0.44). A comparison with the 4~ and 5-isopropy! aldehydes
indicate: that the new band in chloroferm is the band ot 1667 cm_] . If this band
is a conszquence of rotational isomerism, that is if its appearance corresponds to
the emergence of a new rotamer in solution, then it must be associated with the

rotarner vihich is favourcd by an increase in steric hindrance at the 3-position and
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by an increase in solvent polarity. Although it seems reasonably clear that the
syn rotamer would be favoured compared with the anti rotamer by an increase

in steric hindrance at the 3-position, the question of the effect of solvent polarity
is less easily answered. Despite complications in the Iiferqfure36 concerning

the direction of the dipole moment in furan, it appears likely that the balance

~of inductive and mesomeric moments is o moment directed towards the hetero atom:

this moment (0.7 D) is smaller than that of tetrahydrofuran but is in the sc..e sense.
On this basis, the syn rotamer is the more polar and would thus be favoured
compared with the anti rotamer by an increase in solvent polarity. On two counts,
therefore, the new band at 1667 cm-] may be assigned to the syn rotamer. Since
the posif.ions of the carbony! bands (in carbon tetrachloride) of the three mono-
isopropy lated aldehydes are very similar, it seems unlikely that the special effects
observed with the 3-isomer (in chloroform) are inductive in origin. As naoted
eariier, these arguments assume that the appearance of a second band in chloroform
for the 3-isopropyl aldehyde is a consequerice of rotationa! isomerism. Alternative
explanations are, however, available, the most likely being Fermi resonance.
Two observations suggested that Fermi resonance may not be involved: firstly,
3—meirhylfuran-Z-ccrbaldehyde7O shows fha—;- same solvent effects as the isopropyl
compound, and secondly, Fermi resonance is not observed in the i.r. carbonyl
bands of 3-bromofuran-2-carbaldehyde (see later) and 3-iodofuran—2—corbq|dehyde.90
The results with the 2-ketones (Experiment 6) support the above reasoning.
The exiinction coefficients of the u.v. absorptions (Table 7) indicate that non-
planar conformations make little contribution. If the single carbonyl absorptions

(Tubie 6) corresponded fo syn forms, then severe steric hindrance would be expected

in the ethyl 2-(3-methyl)furyl ketone case. The relative positions of the i.r.
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carbony!l bands for the ketones suggest that all the ketones are in the same
conformation, and combined with the u.v. evidence, imply that this conformation
is anti (a similar conformational assignment has been made previously by the
aufhorm for substituted 2-benzoyl furans). It is not surprising that second carbonyl
bands are not observed for the 2-ketones in chloroform solutions, for the replace-

ment of an aldehydic hydrogen by a methyl or an ethyl group means that there is

now less fo be gained (in stability terms) by the change anti to syn than was the

case for 3-isopropy!furan=-2-carbaldehyde. Since, if the twin bands of furan-2-
carbaldehyde (vmox 1700 and 1681 cm_]) are a consequence of rotational isomerism,

one band of the aldehyde must correspond to the anti form of 2-furyl methyl ketone

(X1t (vmcax 1683.5 cm-]), and since it would be unprecedented for the conversion

~CHO to ~CO.CH,, to increase the C=0 frequency, then the aldehyde band

3
assignments become apparent.

Several feofures‘, however, are difficult to accommodate on this basis.
(i) it is not obvious why the o|kylFuran—2-car'baldehydes and the unhindered 2~
ketones should show such a marked preference for the anti form; (ii) it is not

possible to reconcile the i.r. assignmenis with those from n.m.r. studies (vide

"Introduction"); (iii) it is not possible (without the inclusion of a further hypothesis)
fo explain the occurrence of three bands in the carbonyl overtone region of furan-
2-carbaldehyde or the occurrence of three carbonyl bands at temperatures below
0°C for the aldehyde in carbon disulphide solution; (iv) the synthesis of a range

of furan-2- and thiophen=-2-carbaldehydes shows that carbony! doublets occur only
rarely with these compounds, and (v) the observation (Experiment 9) that furan-
2-carbony| chloride (XXXII) in carbon tetrachloride solution has four i.r. carbony!

bands establishes that rotational isomerism alone cannot be the general explanation
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of multiple absorptions in heterocyclic compounds having carbonyl groups at
the 2-position. It was therefore decided to re-examine this problem using the

approaches described as "Solid State Studies" and "Fermi Rescnance Studies".

Solid State Studies

Experiments 7, 8, and (in part) 16. As an altemative approach to the problem

of structure assignments, it was intended to use X-ray diffraction analysis. This
requires that a rigorous correlaticn can be made between solid- and solution-
phase i.r. spectra and that the compound chosen for analysis must preferably exist
almost entirely in cne form in the solid phase.

The exploratory work of Experiment 7 demonstrates that vwhile various
2-oxo-furans show single carbenyl bands in carbon tetrachloride solution, the
sitfuation becomes more complex in the solid state. This is particularly apparent
for 5~bromo- and 5-ch!oro-Furon-—2-carbqIdehydés [(XLIiE) and (XVI)] whizch have
single carbonyl bands in carbon tetrachloride solution (because of their positions
and the observations below, the minor bands at 1713.5 and 1718 cm_l caniot be
considered as comprising parts of rotamer carbonyl doublets) whercas in the solid
state fwin carbonyl bands are observed (along with minor bands to higher wave-
number as in the solution cases). It seems reascnable to suppose that the twin
bands correspond to syn and anti forms of the aldehydes both of which must therefore
exist in the solid state. The question then arises as to why twin carbonyl bands
occur in the solid state for these compounds but not in solution. One explanation
is that for 2-oxo-furans in solution, the carbonyl bands of the syn and anti forms

occur at identical frequencies; another explanation is that in solution the differing

polarities of 2 forms produce differing degrees of solvent ordering this leading to
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an entropy difference which-causes one form fo be preferred compared with the
other: in the solid state this effect would not be found.

in Experiment 8, attempts were made to synthesise 2-cxo-furans the
rotamers of which, because of bulky substituents, would not be able equally to
occupy the same crystal sites. Table 9 demonstrates that even when the furan
nucleus is substifuted af an a-position with the bulky 2-naphthyl group, a single
carbony! band is not observed in the solid state. Comparing Tables 8 and 9, the
5-halo- and 5-aryl-furan-2-carbaldehydes in carbon tetrachloride solutions all
show single carbonyl bands which, from their positions, would seem to correspond
to the same rotamers (assuming that syn and anti forms are not absoibing at the
same frequencies); in the solid state the situation becomes much more coriused
partly, perhaps, because of the uncertainty in the positions of the band maxima
arising out of a general lack of symmetry of the bands. The shifts (in wavenumbers)
corresponding fo the cMnge solution to solid, for the compounds listed in Tabies 8

and 9 are summarised in Table 39 using the conventions of Table 8.

Compound Shift (cm-])
(XV1) 13; 22; (5.5)
(XL111) 14.5; 25.5; (6)
(XXX) 29.5
(XXXV) 17; (4)

(XVII) 20; (4)
(XX 4; (24)
(XXV) 5.5; (14); (26.5)
(XXIX) 14; 18

Table 39
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It is clear that no generalisations can be made about these results, for even
within a group of compounds of similar structure [e.g., the 5-arylfuran-2-
carbaldehydes, (XXII), (XXV), and (XXIX)] a regular pattern cannot be
detected.

With the publication by other workers45 of an X~ray structure for 4-
bromofurgn-2-carbaldehyde (vide "Introduction") proposing that the compound
exists, in the sc;)“d state, in the syn conformation, the synthesis of this molecule
was undertaken with a view to comparing the solid and solution phase i.r. specira
(Experiment 16). Whereas, in the solid state, a broad band centred at 1675 cm-]
with a shoulder at 1700 cm—] was observed, in carbon tetrachloride solution two
bands in the carbonyl region were observed at 1705.5 and 1690.5 cm—] . Jince
these observations are the reverse of the trends noted in Tables 8 and 9, it is
apparent that not all of the results can be explained by the one hypothesis of
rotational isomerism. T.his conclusion led to the experiments described under the

general heading of "Fermi Resonance Studies".

Fermi Resonance Studies

Experiments 9 to 16. Since furan-2-carbonyl chloride (XXXI!) in carbon tetra-

chloride solution, exhibits four i.r. bands in the carbonyl region (Figure 5), it
was decided that this compound should serve as a starting point for studies on
Fermi resonance because the complex band envelope cannot be explained in terms
of rotational isomerism alone. Several features, in addition to the complexity of
the band envelope, point to the involvement of Fermi resonance (Experiment 9):
(i) there are dramatic temperature effects; (ii) there is little concentration

dependence; (iii) dramatic changes in the appearance of the band envelope occur
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when chloroform or bromoform replace carbon tetrachloride as the solvent; (iv) in
the carbonyl overtone region, three distinct maxima are observed, and (v) in the
vapour phase, a band envelope of extraordinary complexity is obtained in the
carbonyl region. Furthermore, the acid fluoride (XXXIV) and acid bromide
(XXXI11) exhibit essentially doublet absorptions in the carbonyl region (Experiment
10), and thiophen~2-carbony! fluoride (XXXV1I) and chloride (XXXVI) essentially
singlet carbony! absorptions (Experiment 11).

In order to test whether or not Fermi resonance is involved in the i.r.
spectrum of furan-2-carbonyl chloride, 5-deuteriofuran-2-carbonyl chloride
(XLVI1II) and the fluoride (LXXXI) were prepared (Experiment 12). Comparing the
acid fluoride with its non-deuterated analogue, there is little difference in the
carbonyl absorptions, whereas for the acid chloride, on deuteration, the four
component absorption is replaced by a doublet which no longer has the dramatic
temperature dependence of the non-deuterated analogue (Experiment 12). Further-
more, in the carbony! overtone region, 5-deuteriofuran-2-carbonyl chloride shows
only two main absorptions (at 3516 and 3472 cm-] in carbon fetrachloride solution)
whose intensities parallel those of the fundamentals (cf. the non-deuterated
analogue discussed previously). |

Thus, the conclusion arising from these experiments is that Fermi resonance
is partly responsible for the complex appearance of the carbonyl envelope of
furan-2~carsonyl chleride.

The carbonyl band positions and intensities (quoted as relative optical
densities) of the deuterated acid chloride (XLVIII) are compared, in Table 40,
with those of the deuterated and non~deuterated acid fluorides [(LXXXI) and

(XXXIV)] and of the non-deuterated acid bromide (XXXI11).
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Compound Bands at (crn—]) Av (cm-])
(XLVI) 1767 (1.6), 1756 (1) 11
(LXXXT) 1828.5 (1.6), 1816 (1) 12.5
(XXXIV) 1828.5 (1.7), 1816 (1) 12.5
(XXXIIT) 1780 (1.5), 1769 (1) 11

Table 40

The band relative intensities and separations are all very similar and the band
positions may easily be explained by considering the balance between negative
inductive and positive mesomeric effects. It is probable, therefore, that the
carbonyl doublets of the compounds listed in Table 40 are a consequence of
rotational isomerism. This conclusion could not have been reached merely by
comparing deuterated and non-deuteraied furan=2-carbonyl chlorides for, although
deuteration produces obvious simplifications and shifts many of the i.r. vibrations,
there is ncthing fo show that some residual Fermi resonancs is not still involved.
However, as soon as the comparison of Table 40 is made, it becories clear that
the simplification which occurs on deuteration of the acid chloride produces «
spectrum which, in the carbony! region, is comparable with the spectra of the
non-deuterated acid fluoride and acid bromide: since it is extremely unlikely
that Fermi resonance would occur to the same extent in all of the compounds listed
in Table 40, then the conclusion stated previously becomes very likely. li is
interesting (and fortunate for the present study) that isotopic substitution at only
one position in furan-—2—carbonyvl chloride should produce a total collapse of Fermi

resonance; since the bands at 1461, 1388, 1165, and 950 cm_] in the non-
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deuterated material all diminish greatly on deuteration, it is possible that the
resonance is caused by a combination band arising from one of these bands and
a band at lower wavenumber.

Having established that isotopic substitution using deuterium provides a
method for distinguishing between Fermi resonance and rotational isomerism, it
was decided to apply the method to a system where a controversy existed concerning
the origin of the observed carbony! band multiplicity. Such a system is p _vided
by thiophen-2-carbaldehyde (vide "Introduction") where the cbservation
(Experiment 13) of three maxima in the carbonyl region (ot 1687.5, 1677, and
1659.5 cm_]) and also of dramatic solvent effects on the intensities of the maxima
suggest that rotational isomerism alone cannot be the explanation for the carbonyl
band multiplicity. In support of this conclusion, previous work by the authorﬂ
has shown that an unexpectedly high enthalpy difference between the supposed
rotamers is obtained if the carbony! band area data is processed in the usual way.

" The synthesis of 5~-deuteriothiophen-2-carbaldehyds (XL) was therefore
undertaken with a view to comparing ifs i.r. spectrum with that of the non-
deuterated material (Experimeiit 14). As is the case with furan-2-carbonyl
chloride, dramatic simplifications in the appearance of the carbonyl bands occur
on deuteration. Thus, the band at 1659.5 cm-l disappears and the band at
1677 cm_] is replaced by a much weaker band at 1672 cm*]; the band at
1687.5 cm—] remains virtually unchanged in position. Thus, Fermi resonance
is partly responsible for the complex appearance of the carbonyl envelope of
thiophen-2-carbaldehyde. Since the band at 1687.5 cm—] in the non-deuterated
material is virtually unaffected by deuterium substitution, it would appear that

the "true" carbonyl band envelope would consist of a major component at
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1687.5 cm-] with a minor component to lower wavenumber, the intensity of
which is exaggerated, and the position of which is displaced to higher wave-
number by Fermi resonance which also causes the emergence of a new band at
lower wavenumber. Other workers38 have shown that in thiophen-2-deuterio-
carbaldehyde, three carbonyl bands are still observed [at 1686, 1672 (strongest)
and 1658, cm-] 1, whereas when the carbonyl oxygen of the non-deuterated
aldehyde is enr%ched with ]80 two additional carbonyl bands [at 1659 (D 1.43)
and 1645.5 (D 1.0) cm_]] are observed. Comparing these results with those from
the 5-deuterio compound, it seems that some Fermi resononce is still to be found
in both the =CDO and the -CH]80 compounds, since in both cases the carbonyl
bands are more complex than is the case for the 5-deuterio compound.

Because of the successes achieved by deuterium labelling in the furan-
2-carbonyl chloride and thiophen=-2-carbaldehyde cases, it was then resolved to
apply this method fe fhe' problem of the doublet carbonyl absorption of furan-2-
carbaldehyde, the origin of which was still in doubt despite the studies described
earlier in this section. The syntheses of 5-deuteriofuran-2-carbaldehyde (XLIX),
3,4, 5-trideuteriofuran-2~carbaldehyde (LXXI1), and 3, 4-dideuteiiofuran-2-
carbaldehyde (LXXV1) were therefore undertaken and their i.r. spectra were
recorded (Experiment 15). In the mono~ and tri-deuterio compounds, singlet
carbony| absorptions only occur (at 1694 cm-]) whereas in the 3, 4-dideuterio
compound a carbonyl doublet, with components (at 1696 and 1690 cm_]) of
approximately equal intensities, is observed [cf. the non-deuterated aldehyde
(Experiment 2) which has bands in the carbonyl region at 1700 (D 3.0) and 1681

(D 1.0) cm-]]. The doublet carbony! absorption of furan=2~carbaldehyde is thus

a consequence of Fermi resonance and not of rotational isomerism. As in the
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cases considered previously, it is deuteration at the 5-position which leads to
maximal simplification of the carbonyl band, for in the 3, 4~dideuterio aldehyde
although the specﬁ’um is very different from that of the non-deuterated compound
it is, if anything, more complex.

For the mono~- and tri-deuterio compounds, an increase in polarity of

“the solvent does not cause the appearance of a second carbony! band, in the
carbony| overfone region, single bands are still observed (at 3370 cm-]) «.d in
carbon disulphide, at low temperatures, only single bands occur. The gas phase
spectra are complex, but different from the spectrum of the non-deuterated
compound.

Iﬁ the C-H stretching and bending regions, ali of the deuterated aldehydes
show absorptions which are as complex as those of the non-deuterated compound.
It is clear, therefore, that the observation of complexity of absorptions ir these
regions does not necessarily lend weighf‘fo any assignment of observed complexity
in the carbony! region.

Finally, it was noted earlier (under "Sclid State Studies") that whereas
most furan-2-carbaldehyde derivatives show singlet carbonyl absorptions in carbon
tetrachloride solution and more complex absorptions in the solid state, 4-bromo-
furan-2-carbaldehyde (LX1) shows doublet carbony! absorptions in solution but a
broad singlet in the solid state. To clarify this problem, the syntheses of 3-
bromofuran-2-carbaldehyde (LVIl) and 4-bromo-5-deuteriofuran-2-carbaldehyde
(LXV11) were undertaken and a comparisen was then made between the spectra of
these compounds and of 4~bromofuran-2-carbaldehyde (Experiment 16). Once
again, a dramatic simpiification occurs on deuteration jn that the doubiet carbonyl

absorption of the 4-bromo compcund (1705.5 and 1690.5 cm"] in carbon tefra-
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chloride) collapses to a singlet (at 1697 cm_]); little difference can be delected
between the solid-phase carbony! absorptions of the deuterated and non-deuterated
compounds. Thus Fermi resonance is responsible for the doubiing of the carbony!
absorption of 4-bromofuran-2-carbaldehyde.

In comparing the relative positions of the carbonyl absorptions of the
3-bromo= and 4-bromo~5-deuterio aldehydes, it is significani that the 3~bromo
cormpound abso:lbs at lower wavenumber (1691 cm—] in carbon tetrachloride),
partly because the negotive inductive effect of a 3-halogen should be more
important than that of a 4~halogen substituent, and partly because it has been
shown94 that a halogen atom adjacent to a carbonyl group raises the group's
absorption frequency by a dipolar field effect. The answer to this problem is to
be found in a comparison of the positions of the carbonyl absorptions of the above

two compounds with that of the corbonyl band of 5-bromofuran-2-carkbaldehyde

(Table 41).
Compound C=0 band at (cm-‘l in
CCl, at 303°K)
5-Bromofuran-2-carbaldehyde 1689
4-Bromo-5-deuteriofuran-2-carbaldehyde 1697
3-Bromofuran~2-carbaldehyde 1691
Table 41

In the 4-bromo compound, mesomerism must necessarily be less significant than in
the 3~ and 5-bromo compounds, and so the inductive effect becomes relatively

more important leading to a carbonyl band at a position several wavenumbers
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higher than the carbony! band of 5-deuteriofuran-2-carbaldehyde (1694 c&!-1).

In the 3- and 5-bromo-2-~carbaldehydes, the halogen atom is in direct conjugation
with the carbonyl group and the frequency of the latter is lowared. That the
3-aldehyde absorbs at a slightly higher frequency than the 5-aldehyde may be

a consequence either of a dipolar field effect or of a greater negati?e inductive
effect when the halogen is close to the carbonyl group.

In conclusion, the problem, which was originally to assign the twin
carbonyl absorptions of furan-2-carbaldehyde to particular rotational isomers, no
longer exists because the work discussed above demonsirates that Fermi resonance
is responsible for the band doubling. Ancther problem then emerges, however,
which is to decide whether or not the singlet carbonyl absorptions observed in
solution (either before or after deuterium substitution) for furan aldehydes and
ketones imply that one conformation only is adopted in solution. Several factors
oppose this view: firs’r|>;, it is intrinsically unlikely that such o wide range of
compounds would all adopt one conformation to the total exclusion of the other;
secondly, it is equally unlikely that i.F such a single conformation were adopted,
it would be retained when the polarity of the solvent is increased (unless the highly
favoured conformation were always the more polar), and thirdly, there is a wealth

. 40, 42,95
of evidence from other physical techniques, especially n.m.r. (vide

“Introduz’ion" and later in this section), in favour of a rotameric equilibrium in
furan=-2-carbaldehyde which is highly solvent-dependent, the energy between the
rotamers being about zero in a solvent of dielectric constant of about 5.

The cuthor therafore concludes that the single carbonyl absorptions do not
imply the presence of single conformations, and that it is thus not meaningful fo

use the carbony! band positions as indicating the adoption of a particular
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conformation. In general it would seem that the stretching frequencies of
aldehyde .and ketone functions are not sensitive to the steric and electronic

differences between the syn and anti rotameric forms of substituted furans, whereas

if the carbonyl group is directly bonded to a polar atom or group (as in acid
halides and esters) then the sensitivity of the carbonyl group to its environment

is increased (see later).

Digital Computer Studies

Experiments 17 to 24. Since one of the aims of this work was to set up a facility

for the digifal recording of i.r. intensity data and then to use this data for

computed curve resolutions, Experiments 17 to 22 are concerned with the preparation
and testing of a computer program for the resolution of overlapped i.r. bands. The
program was at first used with an English Electric KDF~9 computer and then

modified for use with an ICL 1908A machine. Since no facility within the program
was provided for the integration of bands, a program was written for a Hewiett-
Packurd programimable calculator for the evaluation of the Voigt product convolution
(given output indices from the computer resolution program; x, to x4) and for its
subsequent integrafion by Simpson's rule (Experiment 18). The integration function

Is:

X2

5
J‘ fX)dX = —3h-(YO tAY, Y, - @1041 f(4)(e)
X

"h being the distance between successive abscissal integiation points. The second
term on the right hand side of the equation (the error ferm) can be ignored if h is

sufficiently small. Doubling the value of h was found to produce no change in the



-151-

value of the integral (to four decima! places) this indicating that the value of h
chosen was below the threshold required for ignoring the error. Because ihe time
taken for integrations was comparatively long, the program was re-written for

the 1906A computer (Experiment 23) and finally included as o subroutine in the
main curve resoluiion program. Since it was thought desirable to have pictorial
representations of the computed curve resolutions in order that the closeness of fit
could be assessed by eye (in addition to the mathematical assessments made by the
computer), a program was writien for the 1906A plotting subroutines in order fo
obtain grophical records of the curve resolutions. Many examples of the use of
this program are to be found in the "Experimental-Spectroscopic” section.

Because thc data-logging equipment used in this work is time-based rather
than frequency-bosed, it is essential to know that the spectrophotometer scan rate
is linear: that this is so is demonstrated by Experiment 22. it should be noted
thai because o.f this fime base, the band positions generated by the cui ¢ resolution
program are dummy positions; where necessary for presentation, they huve been
converted to real positions; this does not, of course, have any effect upon bond
area rafios measured consecutively (Experiment 21).

Having cstablished a tested method for dafa logging and for the integrotion
of band envelopes, it was then possible to examine the problem of "natural
decrease". This was referred fo under "Theoretical Considerations" in connection
with the thermodynamic treatment of i.r. data using Equations (XV), (V1) and

(XVill)(which are re-written below for convenience).

A o o) a
. _-aH® A oL ,
logi 2= = T3mRCT © 730w ‘OQ]Oah (XV)

h
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A o
AG° = RTIn | - . b (XVI)
A o

Ah = -(ah/aL)A, + ah_r_)_c (XVill)

A_.':i_o can be calculated if the ratio O(I/O(h is independent of temperature [by

plotting log‘.O(Al/Ah) against 1/T] whereas measurement of A.(_B_o (and hence AS°)

requires that the a-ratic be known. This ratio can be evaluated from Equation

XV by plotting Ah against Al ), but only if each of the a-values is independent
of temperaiure. ) B

To test the temperature~-dependence of a, three compounds, methyl m-
chlorobenzoate (CIV), methy! 3~methyl-2-furyl ketone (CV), and 5a~androstan-
17-one-3B-yl thiophen-2'-carboxylate (CVI), the first two of which have
symmefr?col singlet carbonyl absorptions the third having two symmetrical
absorptions (cqrresponding to the two carbony! functions) which are slighily over-
lapped, were examined ~s carbon tetrachloride solutions in the temperaiure range
~15° to 75°C with digital data logging (Experiment 23). Three sefs of areas were
measured: (i) the band envelopes were integrated without curve fitting;
(ii) Voigt (digital-generated) curves were used to fit the envelopes [single curves
for compounds (C!V) and (CV), two curves for (CVI)] and were then integrated,
and (iii) analogue-generated curves were used to fit the envelopes and were then
integrated. Tables 42, 43, and 44 summarise the results noted in detail in
Tables 12 to 18 and also include the decrease in apparent optical densities of the

bands observed with increase in temperature and the decrease that wouid be

expected from concentration changes arising from expansion of carbon tetrachloride
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according to the equation:”-

3 6,2

V. o= v A 1.18384.10 "t + 0.8988.10 t° + 1.35135.10‘8f3)

t

where "t" is the temperature in oC, and V’r and VO are volumes at t°C and OOC,
respectively. [Previous work by the aufhor2] (based upon the measurement of
interference fringes from an empty i.r. cell as a function of temperature)
demonstrates that expansion of the cell in a direction parallel to the radiation
beam is negligible.]

Methy! m-chlorobenzoate

t (C) envelope dig. Aana. D ACC|4exp.
-15 100. 0% 100. 0% 100. 0% 100.0% 106. 0%
0 90.3 96.0 96.5 97.1 98.2
15 92.7 - 93.7 91.0 94.5 96.5
30 92.7 92.0 89.0 96.7 94.8
45 86.4 87.9 85.0 93.1 93.0
60 85.9 85.9 81.0 93.1 91.2
75 80.8 83.4 78.5 90.5 89.3

Table 42
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Methyl 3-methyl-2-furyl ketone

t(°C) envelope Adig. Acmq. D ACCI4exp.
-15 100. 0% 100.0% 100.0% 100. 0% 100.0%
0 97.6 97.2 ?5.0 97.3 98.2
15 102.1 96.3 92.0 97.8 96.5
30 96. 4 92.3 89.0 95.0 94.3
45 98.8 90.5 85.0 95.5 93.0
60 95.5 90.0 81.5 93.3 91.2
75 90.8 88.7 76.5 88.5 89.3
TOblc 43

Sa-Androstan=17-one-3B-yi thiophen-2'-carboxylate

Ad ig. Aana .

HCC): Agelope b ] h ! h L Acc e
-15  100.0% 100.0% 100.0% 100.0% 100.0% 100.0% 100.0% 100.0%
0 95.0 97.6 97.C 955 955  96.3 9.4  98.2
15  92.5  94.0  95.2  92.5  92.0  94.3  95.0  96.5
30 90.0  93.9  92.9 8.0  89.0  92.9  93.3  94.8
45 855 89.5  88.8  86.5 850  89.9  89.4  93.0
60 82.6 85.9  86.6 8.5 820  87.4 833  9i.2
75  78.2  83:6 83.5 78.5 79.0  84.4 850  89.3

Table 44

Comparing the results tabulated above, the natural decrease of a with increase of

temperature is a reai phenomenon although the extent of the decrease varies from
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compound to compound. The decrease cannot, in general, be explained solely
by solvent expansion nor is the change in optical density a particularly good
guide to the extent of area change. It is revealing that the variations between
the area and optical density changes of the two carbonyl bands of the steroidal
compound, by any particular method of estimation, are much less than the
variations observed when the actual molecule is changed, implying that the extent
of natural decrease is structure- rather than group-dependent. The estimated
extent of natural decrease is alsc dependent upon the method of observation, the

digital method proving very marginally superior fo the analogue (taking the

1t 1

and "D" values
envelope

envelope“ values as being the frue values). The "A
fluciuate more widely than the analogue- and digital-derived areas because the
former are taken directly from raw experimental data whereas in estimating the
latier, a smoothing effect necessarily occurs.

What is clear is that Equations (XV1) and (XVill) cannot be used te supply
free eneigy and hence entropy estimates unless the band areas are in some way
"corrected" for the natural decrease. The following treatment is proposed:
ossuming that all’ carbony! bands show the same fractional natural decrease in
area with increase in temperature, "x", then, comparing the areas of the two

bands of a rotamer carbonyl doublet at ¢ temperature T and at a higher temperature

T:
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where "k" is the change in rotamer population with temperature. The value of
Hn i

x" may be obtained either from another isolated, symmetrical carbony! band in

the same molecule or, more usually, from the carbony! band of another molecule.

For such an isolated carbonyl band:

A,'__ = o(—i—cj:p_l

A'I = a1 - x)c P,
and so:

A'i

yNa 1 - x)

This ratio may then be used to correct A'h and A'I for the temperature dependzrnce

of a:

A.
c i L3 —
c Ai
AL T AL xR Tl ke

c c .« e . .
The Ah and Al values now measure only the variations in rotamer concentration

with temperature and a plot of AE against AT should give the true a-ratio.

It must be stressed that fh?s method i:only very approximate since it
assumes an equal natural decrease for all carbonyl bands. Also, different values
of "x" must be applied depending upon whether the data is derived from the
analogue or the digital methed. The general validity of the appicach may be

seen later in this section when the positive (i.e., physically unienable) slopes

of some Ah against Al plots become negative on upplication of the correcticn.
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That all carbony! bands do not show the same natural decrease is very
serious since it allows the possibility that the bands of syn and anti forms of a
molecule may each have a different temperature dependence, making even
enthalpy values suspect. The results obtained with the thiophen steroidal ester
suggest, however, that within a particular molecule, the assumption of equal
temperature dependence of carbony! bands may be valid. The proposed natural
decrease correction was therefore applied to three steroidal furan esters, all of
which ccntain a ketone function at the 17~position [5a-androstan-17-one-3p-y|
5'-brome-2'~furoate (CVII), the 5'~chloro compound (CVIII), and the 5'-phenyl
compound (CIX), (Experiment 24)]. All the esters show a doublet carbonyl
abseipticn which may be ascribed to rotational isomerism of the ester funciion
(see later for a general discussion of ester conformations) and a further carbony
band, to higher wavenumber, correspending to the isolated keto-group. The
naiural decrease of this isolated group was then used to correct the doublet ester
cbsorption in each partizular case. Because the extent of overlap between the

three carbony| groups is considerable in all cases (vide Figures 10, 11, and 12),

clthough the cuive resolutions are mathematically valid, their physical validity

is more open to question than would be the case for a simple, well-separated,
carbonyl doubiet. The results for the three compounds [calculated using the
"ail-purpose" computer program (Experiment 33)] are presented in Table 45, in
which the conveniions used are those of the Analysis of Variance Table constructed
in the "Theoretical Considerations" section. The symbol "c¢" implies that a
correction has born applied for the natural decrease and "m" indicates that a
slope Las been estimated by the method of means. Plots of the relevant graphs

are included as Figuies 23 to 25.
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Compound Slope A= MO I\/\1
A s A ] 0.129  0.008  0.002
A vs. A (m) [ 0.120  0.008  0.002
Vi) Alvs. AY Bl -1.376  0.052  0.022
AE vs. Af (m) [4] -3.176  0.121  0.057

IOQ]O(AI/Ah) vs. 1/TI51  105.4 0.009 0.000

[1] -1.353 1.664 0.022
(2] -1.361 1.674  0.032
(CVill) [3] ~0.193 0.183 0.162
(4] -0.2056 0.19 0.234
(51 -360.9  0.102 0.004
[1] 0.529  0.279 0.012
Vi 0.630  0.333 0.017
(CIX) [31 0.049  0.001 0.008
[4] - 0.121 0.002 0.013
(5] 69.325 0.004 0.000
Table 45

The thermodynamic parameters calculated for the compounds are listed in Table 46.
Values of A_(_3_° and /_\_S_o derived from area ratios which have been corrected neither
for the a-ratio nor for the natural decrease are not included: the two values of
these parameters quoted for each compound arise from the two methods of estimating
the bes: straight line for the A vs. AI plots. The units of A_}_-I_o and A_(_3_° are

| J mole_] and of A§_o are J OK—] mole—].
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o 0 o
Compound AH A_(::303 A_§303 (m) A_S_o A_S_O (m)
(CVi) -2019 £942 -1735+252 -3842+252 -1.2+3.9 -5.8%3.9

(CVHI) 6911 £942 2634 £252 2471 +252 14.1+£3.9 13.1%3.9

(CIX) -1327 +942 - - _ -

Table 46

The values of the parameters will be discussed later, when the conformations of
esters are considered. It should, however, be noted that the inclusion of the
natural decrease correction causes the slopas of the Ah vs. Al plots to change sign
in one case (in another case, the slope is already nc:gc‘rive ;nd remains so on
correction). The differences between the parameters derived from the means and
least squares methods emphasise the difficulty in estimating the best straight line

between variables when both variables are subject to large errors.

Conformations of Esters: Analogue and Digital Resolution..

Experiments 25 to 32 and (in part) 24. With a reiiable approach (based upon a

combination of deuterium labelling, solvent, tempcrature, concentration, and
overtone studies) for distinguishing between Fermi resonance and rotational isomerism
as the most likely causes of carbony! doubling established, and a viable data-
processing approach devised, the time was deemesd opportune to apply these
approaches to a large group of compounds all of which exhibit carbony! band
doubling. Experiments 25 to 32 are therefore concerned with a siudy of the methyl,

ethyl, and t-butyl esters of furan-2-carboxylic acid and ol the esteis of the 3-, 4~,

and 5-bromofuran-2-carboxylic acids. These compounds provide an opporiunity of
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comparing the analogue and digital methods of curve resolution in rather more
detail than is possible from Experiment 19 (since octual thermodynamic parameters
calculated using the two methods can now be compared), and also of examining
the effect of position of substitution in the furan ring upon a rotameric equilibrium.
The bromo acid chlorides and two N-methylpyrrole-2-carboxylates are included

' for comparison as also are the 5-deuterio- and 5-bromo-3, 4~dideuterio-furan-2-
carboxylates. The conformations of the esters will firstly be discussed, ar ' a
comparison of the thermodynamic parameters will then be made.

The conformations of simple aliphatic esters are normally considered97

in terms of an equilibrium between two planar rotational isomers, s-cis and s-trans:

RZ
| | l
A N R _°
C R ‘ o
| |
O O
s~trans s~=cis

the assumption of planarity relying upon the partial double bond character of

the C-O bond arising from mesomerism:

I | +
R O~ R O
\c TN a2 \c = g2
| [
(A) " (B)
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The observed planarity (or deviation therefrom) is a compromise between an
increase in stabilisation owing to contributions from canonical (B), and a decrease
. . . 2 .
owing fo steric repulsions between R™ and the carbony! oxygen or R]. There is much
. | evi . . 98,99 .
experimental evidence (e.g., dipole moment studies, microwave speciroscopy
. 100 . . . 101, . .
studies, ~~ and electron diffraction studies =) in support of the assumption of

pianar conformations with the s-trans conformation predominating. In this form,

the dipoles of the carbonyl and alkyl-oxygen bonds are roughly antiparallel
(which situation would be favoured by a solvent of low polarity) and repulsions
between the lone-pair electrons of the oxygen atoms and between the alkyl groups
are minimised. The s-cis conformation is only rarely observed, e.g., in t-butyl

formate97 where R] is small and R:2 is bulky. There are thus four possible planar

conformations for an ester of furan-2-carboxylic acid [(C) to (F)I:

|
o!

(C) syn-s-trans (D) syn-s-cis

W
Ic// M .~

l
o O
SR R

(E) anti-s-trans (F) anti-s-cis

I the compounds studied here it is considered that the observed carbonyi band
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doubling arises from rotational isomerism between the syn-s-trans and the anti-s-

trans forms because the frequency separations of the doublets (15 to 20 cm-]) are

larger than would be expected for cis~trans isomerismg,7 and because the esters

do not have any of the special structural features which lead to the adoption of
s-cis forms. Several observations demonstrate that Fermi resonance is not the
general explanation of the band doubling: (i) of the eighteen furan-2-carboxylatss
listed here, fourteen show well separated carbonyl doubiets the relative positions
of which are entirely logical; (ii) replacement of hydrogen by deuterium at the
3-, 4-, and 5-positions causes no change in the appearance of the carbonyl
absorptions except for methyl 5-bromofuran-2-carboxylate (LXXXIi) where the
4-component absoiption collapses to a doublet; (iii) dromatic solvent and
temperature effects are observed only for one compound [(LXXX!), the compound
having a 4~component carbony! absorption]; (iv) where doublets are obse,rved in
the carbonyl fundamentals, they are also observed in the first overtone region
where the relative intensities parallel those éf the fundomentals, and (v) the
infroduction of a bromine atom at the 3-position has a logical effect upon the
carbony! doublets. The positions (at 303°K) of the fundamental carboryl
absorptions of all of the furan esters studied here are compared in Table 47 whers

relative optical densities are given in brackets and "s" implies a shoulder on the

main absorption.
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Bands at (cm“])

Compound R =
P ccl CH..CN
4 3
CHy 1740 (11); 1725 (1) 1733 (1.3); 1725 (1)
|| IICOZR CHs 1734 (1); 1718 (1.1)  1726.5 (1.2); 1717 (1)
*C4H9 1729 (1%; 1711 (1.1) 1719 (1.2); 1710 (1)
CH, 1748 (1); 1738.5 (1.6)  1731.5 (1.5); 1719.5 (1)
1731.5 (1.7); 1720 (1.5)
Br“ ”COZR CHs 1735 (1); 1719 (1.5)  1726.5 (1.2); 1716 (1)
fC4H9 1731 (1); 1712.5 (1.5)  1721.5 (1.1); 1710.5 (1)
5 CHy 1746 (1);1728.5 (1 1738 (1); 1727.5 (1.2)
r _
l l C.H.  1739.5(1); 1724 (1.1) 1730 (1.2); 1722 (1)
N CO,R 20
fC4H9 1734 (1.1); 1738 (1) 1724 (1.3); 3717 (1)
- CH,  1733; 1712 1727.5; 1720
[l 1] CH. 1727.5 1721
o~ CO,R 25
2 fcH.  1723.5 1713.5
cHy 1723, .
CH,  1740.5 (1.1); 1725.5 (1)
l ' C.H. 1734 (1); 1718 (1.1)
D | ' COR 25 ( (
f 70 R B A
fe g 1720 177 )
5 CH 1743 (1); 1779.5 (1.3) 1731
1726 (1); 1719 (1.6). 1727 (1.2); 1716.5 (i
Br,\oﬂCOZR CHs ) 4 .6) 727 (1.2); 1716.5 (1)
*C4H9 1731 (1); 1712.5 (1.5) 1721 (1); 1711 (1)

et

Table 47
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In carbon teirachloride solutions, with the exception of methyl| 5-bromofuran-2-
carboxylate, in which the quartet carbony! absorption is clearly a consequence

of Fermi resonance (cf. methy! 5-bromo-3, 4-dideuteriofuran-2-carboxylate which
has only a doublet carbonyl absorption), all of the esters show very similar
separations between the components of the carbony! doublets (the separation with
the t-butyl esters being a little greater than with the methyl and ethyl esters),

all show similar changes in band positions with change of alky! group (the positions
of the bands a} lower wavenumber in a carbony! doublet being slightly more
sensitive fo change than the positions of the higher wavenumber bands), and all
show similar changes in band positions with change in the position of halogen
substituent (the sensitivily of bonds at higher and lower wavenumber being similar
in this respect). When the polarity of the solvent is increased, the positions of

the bands at higher wavenumber are much more sensitive to the change than are

the positions of the lower wavenumber bands; related to this is the observation

that the intensifies of the: bands at higher wavenumber relative to those of the lower
wavenumbar bands increase with increase in solvent polarity: both cbservations
suggest that in all of the esters, the rotamers responsible for the higher wavenumber
bands are more polar than those responsible for the lower wavenumber bands.

The gross trends chzerved when hydrogen is replaced by bromine are similar
to those chaonrved for ile corresponding aldehydes (or deuterioaldehydes when
Fermi res-nance was present in the non-deuterated compounds). Thus, the intro-
duction of ¢ bromine atom at the 4-position raises the positions of the carbonyl
absorpticns considerably (because mesomerism must necessarily be less important
than in the 3- and 5~bromo compounds, the inductive effect then becoming

relatively miore imporiant), infroduction of bromine at the 5-position raises the
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carbony| band positions slightly (reflecting the balance between induction and
mesomerism), and infroduction of bromine at the 3-position lowers the carbonyl
band positions and causes the disappearance of one of the components of the
carbonyl doublets. Considering the positions of, and the solvent effects upon,
the remaining bands in the 3-bromo esters, it is clear that these bands correspond
to the higher wavenumber components of the doublet absorptions of the 4- and

5-bromo esters.

A tentative assignment of the syn conformation to the higher frequency

components of the doublet carbeny! absorptions can now be made, since the syn
conformations of simple furan-2-carboxylates will almost certainly have larger
dipole momenis than the anti conformations. Two factors strongly support this

assignment: (i) a syn rotamer weuld be expected to have a higher carbony!|

stretching frequency than an anti rotamer, because the dipolar canonical C-O
shouid be disfavoured in the syn roramer.owing to electrostatic repulsion between
the negatively charged carbonyl oxygen atem and the ring oxygen atom, and

(ii) if the higher frequency components correspond to anti rotamers, then in the

3-bromo esters only the anti rotamers are observed and, because of the proximity
of the carbonyl and carbon-bromine dipoles, a dramatic lowering of the carbonyl
frequency compared with the non-brominated compound would not be expected:
this is the reverse of what is observed. The observation that the 3-bromo esters
have carbonyl bands at much lower frequencies than the 5-bromo esters lends
support to the syn assignment since dipolar field effects between the negatively-
polarised carbon-bromine bond and the alkoxy oxygen should favour r-electron
donation into the carbonyl group.

An interesting comparison may be made between the carbony! absorptions
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of the furan esters considered above and simple esters of the 2-acids of fhiophen] 02

and N-methylpyrrole, for in the latter compounds single carbony! bands only are
observed for carbon tefrachloride solutions. There are two possible explanations

for the single bands: (i) the syn and anti forms are both absorbing at the same

carbony! frequencies, or (ii) one form is grossly destabilised compared with the
other. The first explanation is the less likely because it does not explain why
thiophen-2-esters which are substituted at the 3- and 4-positions show carbonyl
band doubling] 02 and because it is unlikely that the balance of inductive,
mesomeric, and field effects would be identical in pyrroles and thicphens but

not in furans. It is, perhaps, a little surprising that such a strong preference for
one conformation should exist in pyrrole and thiophen: the origin of this preference,
which cannot be steric alone, is not understood.

Finally, it is clear from the results of Experiment 32 that in the bromo
furan~2-carbony! chlorides the situation is complicated (as it is in furar-2-carbonyl|
chloride} by the occurrerice of Fermi resonance. The general trends (e.g., the
occurrence of only one carbonyl band for fh'e 3-bromo compound; changes in band
positions with change in substituent position and solvent, and greater sensitivity
of the positions of higher wavenumber components of carbonyl envelopes to solvent
change compared with the lower wavenumber componentis), however, seem to
parallel those observed with the bromo-esters.

The results for the esters [calculated using the "all-purpose" computer
program (Experiment 33)] are presented in Table 48, in which the conventions used

are those of Table 45; these are summarised below, along with the compound

numbers:



-170~

Alkyl furan-2-carboxylates; alkyl = methyl: (CX)
alkyl = ethyl : (CXI)
alkyl = t-butyl: (CXII)

Alkyl 5-bromofuran-2-carboxylates; alkyl = ethyl : (LXXXIII)
alkyl = t-butyl: (LXXXIV)

Alky! 4-bromofuran-2-carboxylates; alkyl = methyl: (LXXXVI)
alkyl = ethyl : (LXXXVIII)
altkyl = t-butyl: (LXXXIX)

Graph of: A vs. A ;I
;A vs A ) . 2

AC vs. AC . Do)

L AC s AC (m) . 14

A = MO = Mean Square of variation due to regression.
M.' = Mean Square of residual regression.

¢ = natvral decrease corrected.

m = slope from method ~f means.

For three compounds [(CX), (CXi), and (CXII)] the daia from both analogue and
digital resolutions has been analysed; for the remaining compounds, only digital
data was used. The natural decrease correction used was an averoge of the data
in Tables 15 to 17 (digital) and Table 18 (analogue). Plots of the grophs are

included as Figures 26 to 36.
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Compound Graph Slope A= MO M]
[11 0.582 22.754 0.835
2] 0.613 23.969 1.347
(CX) [3] 0.458 0.852 7.207
Analogue [4] 26.688 49.575 690. 266
5] 46.085 0.002 0.000
[1] 0.421 0.938 0.040
2] 0.408 0.910 0.040
(CX) 3] -0.061 0.003 0.031
Digital [4] -0.065 0.004 0.033
5] 39.592 0. 001 0.000
1] 3.856 84.975 1.448
[21 4.500 99.161 2.138
(CX1) 3] ~6.121 1.609 0.190
Analogue [4] -0.122 1.626 0.196
' 5] ~99.578 0.008 0.000
[1] 0.719 1.210 0.024
[2] 0.730 1.228 0.029
(CX1) 3] 0.227 0.019 0.012
Digital [4] 0.385 0.032 0.018
5] 18.385 0.000 0.000
[11 ~0.088 1.218 0.042
[2] -0.087 1.205 0.055
(CX11) 3] ~1.090 11.760 22.935
Analogue [4] -11.697 126.194 359.057
5] 129. 564 0.013 0.000



(CX11)

Digital

(LXXXTH)

(LXXXIV)

(LXXXV)

(LXXXV i)

(LXXX DY)

[11
[2]
[3]
[4]

(1]

[3]
[4]
(5]

[1]

[3]
(4]
[5]

(1l

(3]
[4]
[5]
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0.170
0.191
-0.257
—0.720
77 .471

0.399
0.538
-0.378
~0. 084
39.122

0.129
0.154
-0.059
-0.073
133.204

-0.409

-0.430

-2.670
-2.671
160. 857

0.420
0.640
-0.066
-0.111
11.976

0.218
0.256
-0.493
-0.601
68.498

0.038
0.043
0.024

0.069
0.005

0.158
0.213
0.034
0.008
0.001

0.046

0.055
0.005

0.006
0.014

0.287

0.302
2.177

2.178
0.020

0.415
0.632
0.005

0.008
0.000

0.073
0.085
0.061

0.075
0.004

0.002
0.002
0.010

0.033
0.000

.030
.048
. 004

.01
. 001

o o O O O

.002
.003
. 001

.001
. 001

o O O o O

.012
.014
. 021

.029
. 000

O O (@]

o O

. 082
127
.002
.002
. 001

o O O O O

. 005
. 007
.009

.013
.000

o O O O O

Table 48



-184-

The thermodynamic parameters calculated for the compounds are listed in
Toble 49. Values of AS;_O and A§° derived from area ratios which have been
corrected neither for the a-ratio nor for the natural decrease are not included:
no Ago and A§_° values are therefore included for (CX) analogue or for (CXI)

digital. The units, conventions and statistical errors are those of Table 46.

Compound Aﬂo A_Qg 03 Agg% (m) A_S_o A_S_o(m)
(CX) Analogue -882 - - - -
(CX) Digitdl -758 6104 5928 -22.7 -22.1
(CXI) Analogue 1907 4535 4509 -8.5 -8.5
(CX1) Digital -352 - - - -
(CXIl) Analogue -2481 ~847 -6826 -5.5 14.2
(CXil) Digital -1483 2452 -142 -12.8 -4.2
(LXXXIH) ~749 2301 6104 -9.3 -21.9
(LXXX1V) -2551 5458 4924 -26.2 -24.4
(LXXXVI) -3080 -2364 -2366 ~2.4 -2.4
(LXXXVill) -229 6711 5418 -22.9 -17.7
(LXXXI1X) ~1312 671 153 -6.8 -5.1

Table 49

With very few exceptions, the following general conclusions apply: (i) the
conformers responsible for the lower frequency components of carbonyl band
doublefs are thermochemically more stable but thermodynamically less stable than
the conformers responsible for the higher frequency components; (ii) the conformers
responsible for the lower frequency components have lower entropies in solution

than the higher frequency conformers, and (iii) the infroduction of the natural



-185-

decrease correction causes a distinct improvement in the slopes of the A vs. A

plots. The extra thermochemical stability of what is presumed to be the anti
conformation may be « consequence of increased conjugation in this form, although
since all the enthalpy values are small and many are smaller than the assumed error
too much significance should not be given to the actual values. The negative
values for A_S_o are surprising since it seems likely that the higher entropies of the
syn forms are a result of reduced solvent ordering, yet it is thought (see pr viously)
that the syn forms are more polar than the anti forms. It may be that it is ndive fo
assume that there is a direct correlation between molecular dipole moment and
degree of solvation, since molecular polarisability must also be involved. As was
noted in Table 46, the differences between the parameters derived from the means
and least squares methods once again emphasise the difficulty in estimating the
best straight line between variablies when both variables are subject to laurge errors.
The differences between the analogue- and digital~derived results (which are often
greatér than the assumed experimental errors), and the poot correlation between
the data from the steroidal esters (which required three-band resolutions) and the
data from the simple esters emphosise the general problems associated with all
methods of curve resoiution. It may well be that these preblems provide an
insuperable sfumbling block fd the use of i.r. curve areas for the evaluation of

accurate thermodynamic parameters. The boldness of this statement is justified

by the resulfs of Experiment 34.

Methods of Curve Resolution: A Comparison

Experiment 34. Since the analogue and digital methods of curve resolution gave

appreciably different answers for the thermodynamic pérameters for furan-2-



~186-

carboxylates, it was decided that an experiment should be devised which would
provide an accurate assessment of the relative merifs not only of the analogue

and digital methods, but also of the various so-called graphical methods. The
experiment carried out (Experiment 34) involves the artificial overlap by computer
of two single i.r. carbonyl bands, the degree of overlap being controlled by the
programmer. The extent of overlap was varied from maximal, where the second
band was only detectable as an inflection on the shouider of the first, to minimal,
where two virtually independent bands were obtained.

The results (which are presented in Table 38) show that at minimal overlap,
all methods of curve area estimation give more or less the same result. However,
as the degree of overlap increases, the accuracy of the methods varies ccrisiderably.
At large overlap, both the analogue and the digital methods tend to equalise the
component band areas hence producing inaccurate, although mathematically

acceptable, solutions. Thus for an overlap as great os or greater than 3 (vide

Table 38 and Figure 22) the digital method can lead to considerable errors, whereas
the analogue method can lead to errors even at the extent of overlap labelied 4.
Of the "graphical" methods, the method of outer halves yields unpredictable
results and the method of the minimum tends to equalise areas at large overlap;
the method of the mid-point however gives consistently good estimates even at
large overlap. The method using optical densities also provides a good estimate
of the areas, even at large overlap, although there appears to be a consistent
tendency towards under-estimation.

At the risk of being accused of arguing from the particular to the general,

the author therefore concludes that if area ratios of overlapped doublet carbonyl

absorptions are required then the method of the mid-point (using computer
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integration) should always be used, and that for an overlap as great as 1 (Figure 22)

there is no method which can be relied upon to produce the true answer. If the

shapes of the component curves are required, then, of course, analogue and digital

curve resolutions must be attempted. In the cases considered previously, the degree
of overlap is probably in the region of 4 and the errors involved are not then too
great; it should, however, be borne in mind that to use computed resolutions for

overlaps greater than 4 courts disaster.

B. Nuclear Magnetic Resonance Investigations

Experiments 35 and 36. Because furan-2-carbeldehyde, in its proton n.m.r.
specirum, shows. a coalescence phenomenon at about -90°C (vide "Introduciion"),
which is a consequence of stereospecific long-range spin-coupling between the
aldehydic hydrogen atom and the ring hydrogen atoms at positions 4 and 5, it was
thought desirable to examine the proton n.m.r. specirum, at low temperatures, of
furan-2~-carbony! fluoride (Experiment 35). In this compound, all of the ring protons
show long-range coupling to fluorine, which is in accordance with a recent re-
examination of the furan-2-carbaldehyde n.m.r. specirum”™ which demonstrates
the existence of u previously unobserved, small coupling to the hydrogen at
position 3. Although a coalescence phenomenon was not observed ai femperatures
down to -70°C, a gradual disappearance of one of the couplings (presumed to be
the H-F coupling) for the hydrogen atom at position 4 but not at position 5 was
noted as the temperature was lowered. This may be a consequence of stereospecific
hydrogen to fluorine coupling, the molecule preferentially adopting one

conformation, as the temperciure is lowered, in which there is very little long-

range coupling to the hydrogen atom at position 4.
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A similar lack of a "coalescence" phenomenon is to be found in the
carbon~13 spectrum of methyl furan-2-carboxylate (Experiment 36), whereas for
furan-2-carbaldehyde, at about -45°C, collapse and broadening of the C-13
signals assigned to the carbonyl carbon atom and to the carbon atom at the 3-
position is observed (these carbon atoms are the ones that are most likely to be
affected by hindered rotation about the ring-carbony! carbon bond). It seems
that the barrier to internal rotation about the ring~carbenyi carbon bond i. lower
in esters and acid halides than in aldehydes. This may be a consequence of
reduced 1-electron donation from the ring when an atom or group with a positive

mesomeric effect is attached to the carbony! carbon atom.
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DISCUSSION - PREPARATIVE

In order to achieve the aims outlined previously, it was necessary, in
the preparative phase of the work, to synthesise a wide range of substituted
furans, and to devise and investigate routes to specifically deuterated derivatives

of furan and thiophen.

The five~-membered aromatic heterocyclic compounds furan, thiopnen,
and pyrrole are described as consisting of planar arrays of atoms in which the
sp2-hybridised carbon atoms each has one electron in a pz-orbifol ond the hetero-
atoms two such electrons; overlcp between the pz-orbh‘als produces "aromatic
sextefs" .‘ The experimental evidence upon which this description is based is
plentiful: i.r., Raman, and microwave spectra indicate that the rings are

103,104

planar; bond lengths are intermediaie between those characteristic of pure

) 105 . . o epsne
single bonds and pure double bonds; ~~ the molecular diamagnetic susceptibilities
L] . ~0/ L[

are greater than would be predicted from Pascal's constants; ~ the rings are able
to sustain an induced ring current as evinced by the deshielding of the ring protons
. 107 | . .
inn.m.r., and the compounds display, to varying degrees, a tendency fo
undergo substitution, rather than addition, reactions.

. . . 108

Compared with benzene, these compounds are highly reactive towards

electrophiles, this being a consequence of the unsymmetrical charge distributions
whereby the carbon atams possess a greater electron density than the carbon atoms
of benzene. The Hammond postulate predicts that for such reactive substrates,
the position at which electrophilic substitution preferentially occurs will be

governed by the electron distribution in the ground-staje molecules. Using the

valence-bond treatment, the five most important ground-state canonicals are:
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(o0

(@) () (c) d) (e)

(@) is of greatest importance since no charge separation is involved, and (b)
and (e) are thought to be more important than (c) and (d) since there is greater
charge separation in the latter and conjugation is through the hetero-atoms.
Thus, electrophilic substitution is predicted to occur preferentially at the 2-
and 5~ (a-) positions, a conclusion which would also have been reached had the
stabilities of the reaction intermediates been considered. This a~preference is
especially marked in furans where, even when an electron~withdrawing group
is present at position 2, further substiiution is almost always at position 5.
Possibly the only exception to this rule is that furan-2-carbaldehyde is alkylated
with isopropy! chloride and anhydrous aiuminium chloride at position 4 to give
4-isopropylfuran-2-carbaldehyde (vide infra).

The preparative work, which is discussed below, is grouped under headings

which allow cross reference between this section and the spectroscopic sections.

Furan-2-carbaldehyde C=O band ossignment. The approach adopted fo this

problem required the syntheses of 3~, 4~, and 5~isopropylfuran-2-carbaldehydes,

the isopropyl group being chosen because of the ready synthesis of 4-isopropyl-
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furan—2—ccrbaldehyde (I1). . Scheme 1 shows the route adopted to 3-isopropylfuran-

2-carbaldehyde (VII).

Scheme 1

', 'CH
N W S
~O7 NCHO CHO COOH

(1)

<m/
3y 'ty

CHO

(Vi)

H,O; (iii) Cu-bronze-

Reagents: (i) AICI,-i-C H,CI- CSZ' (ii) AgzO—NHB- 9

3 37

quinoline, and (iv) POC|3-(CH3)2N.CHO.

The initial isopropylation was also invesﬁgated using dichioromethane as soivent
but surprisingly little product was obtained. As would be expected, the alkylaiion
is not specific in that small amounts of the 3= and 5-alkyl compounds were
detected. Furthermore, a considerable amount of 4, 5-diisopropylfuran-2-
carbaldehyde was formed. The yield is low partly because of polymerisation of

the substrate during reaction and partly because of incomplete reaction. i was
thought that the substitution of tin(lV) chloride for aluminium chloride might alter
the orientation of alkylation and thus provide a route to the 5-isomer. No recction

could be detected, however, even at 150°. The oxidation step was also
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investigated using a less~expensive silver oxide/copper oxide reagent but, because
the latter gave unpredictable results, Tollen's reagent was preferred in this, and

subsequent, Schemes. The Wilsmeyer reaction [POCI, and (CH3) N.CHOI

3 2
although giving mainly the 2,3-product also gives some 4~isopropy lfuran-2-~
carbaldehyde: separation was achieved by multiple-elution p.t.1.c. The

preference for the 2,3-product is comparable with the preference of cumene to

undergo electrophilic substitution ortho and para rather than meta, since *his

reaction involves electrophilic attack:

+
(CH3)2N.CHO + POCI3 =2 (CH3)2N=CH.OPOCI2

i':3'”7 i%”7

+
. g
+ (CH3)2N.CH OPOCI2

+3-
CH::N(CH,Qa

[ i
Gy GHy
. +HO —
H=N(CH,), CHO

An apparently straightforward route to the 5~-isomer was devised (Scheme 2), the
route being adopted because previous workers had claimed62 that the initial

alkylation was satisfactory -
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Scheme 2

I . > AL e
COOCH, iC3l-L7 CO.CH iCH/@l\COOH

2° 3 3 7

(iii)

< (iV) '
. N
! /@\c HO ic H7

Reagents: (i) A|C!3—i—C3H7C|—C52; (ii) NaOH-H

(iii) Cu-brenze-quinoline, and (iv) POC|3—(CH

20, then HCI-HZO;

3)2N -.CHO.

However, even when only half of the quantity of halide required for mono~

alkylation was used, the main product was shown to be 4, 5~diisopropy!l methy!-
2-furoate (VIill), very little mono-isopropylated material being detected. This
tendency towards polyalkylation is well known in benzenoid Friedel-Crafts
alkylations, and reflects the increased reactivity of a substrate to electrophilic
attack when mono-substituted with an electron-donating alkyl group. That the
problem here is more acute with an ester than with an aldehyde must in part arise
from the greater electron-withdrawing effect of the aldehyde function: since

the 4-position is meta to an electron-withdrawing group in both aldehyde and

ester, it is not surprising that the 4, 5~ rather than the 3, 5-isomers are formed.

Scheme 3 shows the reactions carried out with 4, 5-diiscpropyl methyl-2-furoate.
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Scheme 3
i
, C H
\ i
C OCI'E H7 OCH3C3H7: ('—;'X) ~C 02H

mfy
%Ht@ N,
CHO CH.. H

(X)

Rquenis: (i) AlCI,~i-C,H.CI-CS i) NaOH-H,O, then HCI-H,O;

37imCaH CI=CSys (i) 20 2
(iii) Cu-bronze-qumolme, and (iv) POLI (CH ) N.CHO.

An alternative route o 5~-isopropylfuran-2-carbaldehyde was devised (Scheme 4)

but no 2-isopropylfuran was detected.

Scheme 4

(CoH5),0 .
n-C4H9Br + 2Li - n—C4H Li + LiBr

Reagents: (i) n-C H Ll (C O; (it) i-C3H7C|-(C2H5)ZO, and (iii) POC|3~

(CH.).N.CHO.
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Since 2-furyl-lithium is said to react with n-butyl chloride in tetrahydrofuran
(t.h.f.) buf net in efher,66 the reactions of Scheme 4 were repeated using t.h.f.
as solvent: again, no 2-isopropylfuran was detected. In order to demonstrate
that the 2-furyl=lithium was being formed, the preparation was repeated with the
alteration that the solution of 2-furyl-lithium was poured on to a slurry of solid
carbon dioxide and ether: the isolation of furan-2-carboxylic acid in good yield
indicates that it is the failure of the substitution reaction of 2-furyl-lithium on
the alkyl halide which is responsible for the failure of the Scheme. This must
reifleciL the reduced tendency of a secondary alkyl halide to react by an SNZ
mechanism compared with a primary halide. A further route to 5-isopropy lfuran-

2-curbaldehyde was therefore devised (Scheme 5).

Scheme 5
A TN O Q (i1
I | (i > I I > @\ /C Hg
o : COCH, COH
(X111) xiv) |

CH3

Qo T O s
C=CH CH OHC CH

¢ | |
Vi
(|:H3 XD Chy XVID - g
Reagents: (i) (CH3.CO)20—BF3. (C2H5)2O; (ii) CH3Mg|-(C2H5)2O;
(iii) (CH3.CO)ZO-boi|; (iv) H2—PTO2:' (v) PTO-(CZHS)ZO-HCl, and (vi) POC|3-

(CH4),N.CHO.
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In the route initially adopted, the isolation of 2~(2~furyl)propene was avoided

by attempting to dehydrate and to hydrogenate in the same step. Although hydrogen
was taken up rapidly, the resulting product was shown to consist mainly of ring-
reduced material. The successful approach involved the isolation of 2-(2-fury!)-
propene which was subsequently hydrogenated. Yields are poor owing to extensive

polymerisation of the olefin.

Solid-state studies. It was originaily intended to synthesise a substituted furan

which in the solid state would exist as one rotational isomer only and to determine
the structure by X-ray crystallography. It was then hoped to correlate solid state
with solution i.r.. spectra and hence determine structures of substituted furans in
solution. Theoretical considerations suggested that 5-substituted furan-2-
carbaldehydes would be suitable, and a selection of 5-arylfuran=2-carbaldehydes
was therefore synthesised using a modified Gomberg procedure. In all cases, @
large excess of furan was used since this improves yields, possibly by reducing the
tendency of aryl radicals to polymerise.

For 2-phenylfuran (XX), Johnson's proc:edureTI (in which un aquecus
benzenediazonium chloride solution is stirred vigorously with furan and an aqueous
sodium hydroxide solution for two days) was adopted. A covalent diazohydroxide

(which acts as a source of pheny! radicals) is formed:

4+ -
] -NI=N] - +
C6H5N2 c! + NaOil —— C6H5 N=N-OH NaCl

Further aryl furans were synthesised using a modification of this procedure in which
the stabilised zinc diazonium salt is suspended along with powdered sodium
hydroxide and sodium acetate in a large excess of furan. The reaction probably

proceeds via a diazoacetate which decomposes fo aryl radicals:
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+

ANy CIT + ZnCl,  g=2 Ar-N, ZnCl,

2 3

+ -
ArN‘,2 ZnCl3 + OCOCH3 & Ar-N=N-OCOCH

3

+ -
Ar-N=N—OCOCH3 == Ar-N=N OCOCH3

+ -
Ar-N=N + O-N=N-Ar —> Ar-N=N-O-N=N-Ar

TOCOCH3 l

Ar-N=N-OH &— Ar-N=N-O- + N, + Ar-

Yields can be improved considerably by using this modification since the rite of
generation of radicals and hence their tendency to polymerise is reduced. The

syntheses which were carried out are summarised in Scheme 6.

Scheme 6
NaNOz/HCI L
Ar--NH2 > Ar-N2 Cl
5°C
\\4
POCI

3
l l (CH.).N.CHO ||
Ar CHO (CHa)s Ar NG~

Ar : C()HS; E_~C|—-C6H4; _p_—Br-C6H4; a-Naphthyl; B-Naphthyl

Ar@ : (XX) (XXII) (XXIV) (XXVI) (XXVIH)

aell Nepo @ OXD QX 00V) XVID (XX
C
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Owing to the reduced reactivity of aryl-furans towards electrophilic attack
compared with isopropyl-furans, somewhat more vigorous conditions were used
for the Wilsmeyer reactions in that the reaction mixtures were heated at 100°C
for one hour prior to work up. For one compound [5-(2-naphthy!|)furan-2-
carbaldehyde, (XXIX)l, preparation was also attempted using the Gomberg
reaction on furan-2-carbaldehyde. Recognisable products were not obtained,

and the reaction was not pursued further.

Fermi resonance studies: routes to deuterated heferocyclic compounds. Previous

work by the aufhorzl had demonstrated thai furan-2-carbony! chloride (XXX11)
had four i.r. bands in the carbonyl region, and it was felt that this complexity
might be a consequence of Fermi resonance. In order to exclude the possibility
that the band complexity is due to an impurity of the 3-isomer, the acid chlorida
was synthesised from furan-2-carbaldehyde known, from g.l.c. and comparisen

of physical constants with well-documented literature values, to be pure:
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For comparison purposes, the acid bromide (XXXII) and fluoride (XXXIV) were
required. Synthesis of the former (phosphorus tribromide on the acid) was straight-
forward, but the latter compound was unknown. The route attempted originally
(heating the acid chloride with anhydrous zinc fluoride) has been used in aliphatic
chemistry. The reaction was repeated several times with slight variations including
the use o'f a solvent (light petroleum): in the absence of a solvent, polymerisation
always occurred whereas in the presence of a solvent, no reaction could be
detected. The polymerisation may be a consequence of successive Friede!l-Crafits
reactions, catalysed by the zinc chloride formed in the reaction. The compound
was finally prepared successfully using potassium hydrogen flueride, o similar
method being used for the thiophen analogue (XXXVII). Coth acid fluorides were
observed to be much more prone to hydrolysis than the chlorides, this reflecting
the greater electronegativity of fluorine over chlorine. Furthermore, the thiophen
halides are more easily hydrolysed than the furan analogues which implies greater
m-electron donation by the furan ring than by thiophen. This may be a result of
poorer orbital overlap between sulphur and carbon than bztween axygen and
carbon.

As observed previously (vide "Introduction"), the mest reliable method
for diagnosing Fermi resonance, in a particular case, involves the synthesis of
functional and isotopic analogues. Routes to deuterated furans and thiophens
were therefore devised. Scheme 7 summarises the successful approach used for

the synthesis of 5-deuteriothiophen-2-carbaldehyce.
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Scheme 7
0
L S —— [ 1
S7\CO,H (it CIHg” s\ CO,H
(XXXVIII)
(i)

N\

D™ ™87 “cocl D~ NS NCO,H
(v)\‘_ (XXX[X)

D7 s NcHo
(XL)

Reagents: (i) HgClz—NaOCOCH3.3H20—1O d; (ii) 20% HClI in HZO— 10 min;

(it1) 20% DCI in D,,0~10 min; (iv) SOCL,, and (v) LiAL(O'Bu) ,H-diglyme.

2 3

The first approach attempted for the synthesis of deuterated furans is shown

in Scheme 8.

Scheme 8

@ OAcHg: ; :HgOAc
\ (ii)J/
(i) CIH
D 0 d HgCl
[ ] = LI
b D ClHg” S07 NHgCl

Reagents: (i) Hg(OCOCHB)Q-HZO—]Z h; (ii) NuCI-HZO; (ii1) 20% HCI—HZO,

and (iv) 20% DCI-D,,O.
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The low deuteration level (55%) of the furan so~obtained suggests that the initial
mercuriation produces inhomogeneous material: this is in accordance with the low
chlorine analysis obtained for the mercurichloride derivative. That more deuteration
occurred at the a- than at the B-positions is to be expccted for electrophilic attack
by the mercury(Il) acetate. Because of the insolubility of polymercuriated furans,
satisfactory purification was not considered possible, and the Scheme was abandoned.

The successful route to many of the required a-deuterated furans is shown in Scheme 9.

Scheme 9

> l.l [l 1]
@\crao Br‘CHO CO.H

(XLIH) e

XLviy) (XLV) (XLIV)

(vii)

v
(viii) J—\———L (ix) . /@I\
/@\ oclc” 07 OFC D
(XLV11) XLV (LXXXI)

(xi) (x)

' NI
t /@ ~ - /Lm
C 4H902C D PhCO Cr D

(LXXIX) (LXXX)
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Reagents: (i) Br2-Cl(CH2)2CI; (ii) Br~CHCl4; (iii) KMnO,,-dioxan-H,0-Na,COy;

2 3’

(iv) Ag,O-NH,; (v) Na-salt-HgCl,; (vi) 20% DCI-D,O; {vii) n-C HoLi-
(C2H5)20, then coz-(csz)zo; (viii) SOCI2; (ix) KHF,; (x) C6H6—A!CI3,

d (xi) i ene- -
and (xi) isobutene (C2H5)2O H2504.

It was hoped that it would be possible to prepare 5-deuteriofuran-2-carhaldehyde
(XLIX) from the acid chloride [using lithium aluminium tri-t-butoxyhydride in
diglyme (by analogy with the meﬂf;od used for the thiophen derivative)l. In the
furan case, a complex mixture was obtuined from the reaction, and after prolonged
chromatography no recognisable material was isolated. It is probable that the
reaction docs préduce some of the required material, but because of the need for
extensive purification, a more satisfactory route was sought. Various, unsatisfactory

approaches which were attempted are summarised in Scheme 10.
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Scheme 10

|| O @\ 5 o
T\CH H{OCOCH,)
(i1)

m (vii) -
8r CHO Br/@u—l(o&)z

(v) and
(vi)

P (viii)
W NN
D~ 0" N\CHO D cH(ost)2

Reagents: (i) (CHBCO)ZO—H 504; (ii) C2H OH—HgCl -NaOCOCH,.3H,0;

2 377 2
(iii) Na-sol?-HgC!z; (iv) 20% DC|-D20; (v) n- C4H Li- (C2 5 2O
(vi) (CH)N.CHO then H,0; (/1) (C,H50);CH-CoHSOH-HCI, and

(viii) HCI-H,O.
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The failure of furan-2-carbaldehyde and of its diacetate to mercuriate is a
consequence of the reduced m-electron availability in these compounds compared
with furan. The reaction of dimethylformamide with 5-deuterio-2-furyl-lithium
is, in principle, a satisfactory route, and further investigation of this reaction

by co-workers?o’]o?\as shown that the yields, though variable, are much improved
if the reaction is carried out below -30°C: this presumably reduces the tendency
for ring-opening side-reactions to occur. The final sequence of reactions shown
in Scheme 10 (which has since been used, in outline, by co-workers] as an
alternative route fo 5-deufeﬁo’rhiophen—2—carbc|dehyde) was abandoned partly
because of the apparently unfavourable position of the acetal-formation equilibrium,
and partly because an alternative (successful) route was being investigated
concurrently. This is shown in Scheme 11.

Scheie 11

— L
@c&-&o | CH (OEt)2

(LD

(if)

Q, | G ]
D CHO D~ N0 CH(OEt)Z

(XLIX) (LI)

Reagents: (i) C2H50H—HC|; (if) n—C4H9Li—(C2H5)20 then DZO’ and

(iii) HCI-H,O.
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Since aliphatic thio-acetals react with n=butyl-lithium with loss of the acetal

hydrogen, it was not certain that Scheme 11 would be successful: 5-deuterio-

furan-2-carbaldehyde was, however, cbtained in good yield.

Routes to 3= and 4-bromofuran-2-carbaldehydes were successfully explored

| (Scheme 12).

Scheme 12

. ve Br
o UL T
CQ,H COCH, B CO.C
S | o-Ma BT V) 2~
(iii)
Br ! Br . Br
P v) L iv N
OHC-: :—ol :l Br: ;! :| Br: :l |/kc:c:),‘,_H
(LviD) (LV1) (LV)
Br B
I I (ii) S T"'—“.i l‘k (vi) . ; U' I
CJ\CHO Br/\o CHO O CHO
(LX) (LX1)

Reagents: (i) CH3OH—HZSO4; (i1) Brz-AlC|3; (iii) NaOH-HQO, then HCI—HZO;

(iv) HgC|2-H20; (v) n-C4H9Li—(C2H5)ZO, then (CH3)2N.CHO and HZO’ and

(vi) Zn-CHSCO H-H,O.

2 2
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The key step in both routes is the di-bromination of a substituted furan using
bromine and arhydrous aluminium chloride. This reaction has been studied in
detail by co--workers(?O who have found that (i) a Lewis-acid catalyst is essential
for the introduction of a second bromine atom, and (ii) 4-bromo~5-chloro-
compounds [the amounts (which can be large) depending critically on reaction
conditions] are formed as by-products. The usefulness of zinc for the removal of
an a-bromine atom from a 2, 5-disubstituted or a 2, 4, 5-trisubstituted furan depends
largely upon the nature of other groups present in the molecule. Prior to using
fhi§ reagent for the preparation of 4-bromofuran-2-carbaldehyde {Scheme 12),
the reaction between zinc and acetic acid and 5-bromofuran-2-carbaidehyde was
studied. In both tha 4, 5-dibromo~ and 5-bromo-aldehydes, the use of short
reaction times gave reasonable yields of the required materials, but prolonged
times led to considerable reduction of the aldehyde groups. A more reliable
method for the removal of a-bromine atoms from bromofuran-2-carbaldeliydes is
fo proceed via n-butyl-lithium on the diethylacetal: this approach is adopted in
later Schemes. However, the use of zinc for the removal of a-bromine atoms
from bromofuran esters is far more satisfactory since the ester functions are not
reduced by zinc under the conditions employed: this reaction is used extensively
in later Schemes. Under no circumstances was any evidence found for B-bromine
atoms being removed by zinc.

Routes to 3- and 4-deuteriofuran-2-carbaldehydes were subsequently

investigated (Scheme 13).
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Scheme 13

Br i
@:CHO ; Ec>_/li<: H(OEt)

(ii) then
iii)

D
e I
CHO CH (OEt)

V

AN

A4

Br : )
:@\ : rm
Br CHO Br CH(OEt)a

(i1) then
(iv)
\L l Ijii) then (iii) then (v) \F'
CHO j\c H(’)

Reagents: (i) (C CH-C2H50H-HC| (ii) n- C H LI (C O (iif) D O

(iv) HZO' and (v) HCI-HZO.

A significant amount of protonated, along with some deuterated, product was
obtained in both cases. The route to 3-deuteriofuran-2-carbaldehyde has been
reinvestigated by co-workersQO who conclude that the deuteration level of the
product is improved markedly by keeping the B-furyl-lithium solution clways

below -60°C, and that yields are better if the deuterio-acetal is hydrolysed in sity
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rather than isolated. These conclusions suggest that B-furyl-lithium is much
more unstable than the a-isomer (the former decomposing significantly above
o
~60°C; the latter withstanding boiling in ether) and that the ring-opened products

contain labile hydrogen atoms. For comparison purposes, 4-bromo-5-deuteriofuran~

2-carbaldehyde was synthesised (Scheme 14).

Scheme 14
Br Br
o, I
Br CHO Br<” S0~ CH(OEt)
(LX) 2
(i1)
Br |
o S
D CHO D CH(OEt)Z
(LXVII) (LXV1)
Reagants: (i) (C2H5O)3CH=~C2H50H—'HCI; (ii) n-C4H9Li, then DZO' and

(iii) HCl—HzO.

The routes to the B-mono~-deuterated furons were not pursued further since a
successful preparation of 3, 4~di~deuteriofurans hod been devised (Scheme 15).

This also provides a route to tri~deutericfurans and to teira-deuteriofuran (LXX).
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Scheme 15

. D D D D
i) i
o U == 1)
@) COH D CO.H D CO.C_H

e wxviy @ (XX 225
(iii) (vi)
\
D D D D
< (iv)
LI < J IJ(
D~ N0 N\D D HgCl CO,CH
(LXX) (LXIX) (LXX1H1)
v) (vii)
N/ . '
D D D D b . _D
11 | T <« T
D CHO o cr’\\cckﬁ
(LXXI) (LXXV) (LXXIV)
(v)
N
D D
(LXXVI)

Reagents: (i) 30% NaGCD- D O; (ii) C H OH- HZSO (iii) Na—solf—HgClz-
H?_O; {iv) 20% DC!-—DZO; (v) POC|3-(CH3 2N.CHO; (vi) Brz—Cl(CH2)2C|

(vii) Zn-CHsCOZH-H7O, and (viii) Cu-bronze-quinoline.
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The hydrogen-deuterium exchange is reversible and approximately first-order in
deuteroxide. Also, deuteration is more rapid at the g~ than at the B-positions.

The mechanism may involve direct proton abstraction, or addition and elimination:

K\

DO~ =0~ ~co < co, H: :o: ~co,

or:

.= 5 = [
DO+D coO 2 D O~ \CO.
DO

Because of the reversibility of deuteration, it is not possible to saponify {with

aqueous sodium hydroxide solution) a deuterated furan ester without reducing the
level of deuterium substitution. To circumvent this problen:, the conversion of
ethyl 5-bromo-3, 4-dideuferiofuran-2-carboxy'Iofe (LXXII) to 3, 4-dideuteriofuran=-
2-carboxylic acid (LXXIV) (Scheme 15) was carried out directly using zinc and
acetic acid [which has the effect of removing the bromine atom and (in time) the

ester group without affecting the deuterium content eppreciably].

Substituent effects on i.r. carbonyl vibrations; conformations of esters. The

remaining synthetic work involved the preparation of 3-, 4~, and 5-mono-
brominated furan esters and acid chlorides, of selected deuterated furan esters,

and of two pyrrole esters. The reactions are summarised in Schemes 16, 17, and

18.
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Scheme 16

(i) (i1) .
10 W I8 Wy S N
CO.H Br CO.H Br _l CO,R

2 2

R = Me (LXXXII),

i) (i) = Bt (LXXXII),
= TRy (LXXXIV)

| | I 1]
BF/Q\COC! D lo, CO,R

(LXXXV) R = Me (LXXVIL),
= Ef (LXXVII)
CO,C,H; E3r CO,R
(XCV' R = Me (XCVID,
il = TRy (xcvin)
D D
r: ;: :COCI
(XCIX)

Reagents: (i) Br2-—ChC| (i1) CH3OH R = CHB) C2H5OH R = 2 5)

isobutene R = t—C4H9), and H2$O (iii) SOx.I (iv) Zn-(CH3C0)2O~D20;

(v) 20% NqOD-DZO, and (vi) CH2 2—(C2 5)20.
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Scheme 17

CO CH

(iif) N :U\
COCH Br COH

2

(vi)

RO C
R Me (XCIt),

= £t (XCIII),
= TRy (XCIV)

IJ < (vii) l

(XCI)

(iv)

oaic j@

(XCV)

CC CH

or (if)
Br C

COZC H3

N

L,

(LXXXVIH)

Reagents: (i) Br2-AiC13; (ii) Zn-CH,CO H-H2O, (ii1) 20% NCIOH H O,

3”72

(iv) SOCIZ; v) CH30H (R=CH ), C H OH R=C H,.), isobutene (R = -C4H9,,‘

and HZSO4 (vi) H9--

-H,,O, and (vii) n- 4H Li, then CO (C )20.

2 9
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Scheme 18

I 1 (i) > ]
N > L
N CHQO

CHy CHq
(C)
(ii),
v~
l | (iii)
< , I
l 'E:';.l. COR | NL\CO H
3 CHg 2
(C11) and (CI11) (CI)
Reagents: (i) POC|3-(CH3)2N-CH O; (ii) KMn04-dioxan—HzO—N02CO3;
(iii) CH2N2-(C2H5)20 R = CH3), isokuféne R = f—C4H9)-HzSO4.

Because of the sensitivity of pyrrole derivatives towards mineral acids, methyl
N-methylpytrole-2-carboxylate (ClI) was prepared by using diazomethane on

the carboxylic acid (Scheme 18), a similar reaction being used for methy!
5-bromo-3, 4-dideutericfuran-2-carboxylate (XCVII). The 5-deuteriofuran esters
[(ILXXVII) and (LXXVII] were prepared using zinc, acetic anhydride, and

deuterium oxide, which is a simple modification of the zinc-acetic acid de-

halogenation discussed earlier.
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Appendix A



cOus
A RVI)
0ouy
covd
coue
N0
00719
0012
R
ARG A
NS
G616
c017
6013
nnag
Y PAL
HGeas
one2
00E3
nheh
NOES
("()d()
nney
- 0NeEd
4
t0sS0
NNSY
nase
G033
N34
"NS5
NO36
2057
oNSG
NnseQ
nGoLo
~0 6
ARVRCRD
nnhl
0064
AR

Yy
10V
107
10¢
103
104

MASTER TAD

DIMENSION YI(2U00) pHEADTICLU) ,HELDZ2(R0)
CUNTINUE '
WRITE(0,99)

READC YOUX CHEADYICT S 1= ,10)
READCAp10U) CHEADZ2CL) ,121,10)
WRITECO,TUUY (HEARPIATD) ,1=1:10)
WKITECO,1UUYCHEADZCT) ;E=1,10)
READC/Z7p10G12HPINDATA

READCZPYA2)SHIFT

READC/ 102203, WY

WRITECOo, 108 NP

WRKITECO 11 3)SHIFT

WRITECO,104)WB

WRITECO UYL

WRKITECH,1177)

READC/PT06)(YICI)))I=1,NP)
WRITECO,AUBY (YL p 13T ¢ NP)

Nu:Np+1

NKsNpP+¢d

YI(NR)=100,00000

YICNQI=100,020000

FINT=U,0

[=1

CUNTIHUR

J=I1+2

K=]+9

FFAYICY)  EQ,100,00000)U0 TU 8
FAINTSEIUTHOCYT(I) 44, 0%YI(KI+YICQU)I*UT/3,0)
[m1+2

G0 TU

CUNTINVUF

WRKITECO,1TUYFINT

[FCUDATALEY,2)G0 TO 9

CALL EXIT

FURBIAT 7/ 0544 QURVE AREAS BY SIFpSON!S 1/3 PULE)
FURNATCT0AG)

FURNATCZID)

FURNMATEZE15,5)

FURIMATCLZ0M THE NUNBER UF DATA PCINTS ISt,15)
FURNATS// &30 THE STARTING WAVENUMBER I83,F15,5)



RN YA TUD FURIAT/ S, S5H THE INTESRATION INTERVAL(CM=TY TS3,F15,9)
"‘OQ," S FL”-"\'Q ‘.‘-I<’ ‘{b"s)

: i '.}. "3

N e
’\‘vﬂ .,

VT4
Tuve \;'(-‘)
T FURMATS/ /0230 TiHE DATA IH ARSUNRANGE UNIYS 1St1.//77)
" (Hi

VALUE OQF THE INTEGRAL I5!,F15,5)

AR ] R g

Tk PULOFUSEAT S IFH THE DATA I ARSURBANGE 153,//)
neal Vi4 PORIATIT|D5)

AU VIS FURNATO/ 4 430 THE SASELINE SHIFT IS;,F15,5)
RV IR END

Hn OF SEGUENT,; LENSYTH AT0p NAME  TAD
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QU7 MASTER CURVE

poua CIMERSION AVEIUCOD rYVEI00U) pZVE3000),1YC3000)  HEADTI(20) ,HEAD2C20),
SRRV TXECT000)

AR KEARCopT0U) CHEADY(1),151,1U)
Nno11 READRCO PTGV LHEADZCL) ,1=1,10)
¢oia WEITECC, MO0 (RELDPTICT)  I=21,70)
nals WETTECO ,10U) (HEAD2CT) 1 1=1970)
005 4 KEAD (L 101)V

VYR RtAD(ufﬁol)”oAC&

aN1aé EAD(Dp10)2) NP

0017 VL4”1~<.p 1Y+ 5PLCE

0013 ’ CALL LlVIlS(},U,b,b,},U,Q,:)
0019 VYL =Vi~4,

0020 VVI=vi+é,

001 Cnll RthUN(vVL,/VI,-U T¢1,0)
0Ne?2 CALL AAFS

N P b=, NP

00L6G Zy i) =uv

ONeS \ T CUNTINUE

ONEH VRITECO,109)V]

nNner VRITECO,106)M

D023 HETITEC(O, 907 INP

0NeY KEAD (e 1010 A

0N30 WRITECO,114)A

Q031 TEST=U,0

D32 DU 2 I=1,H

0033 J=1 4+

N34 K=J 4

DN3S L=eh+

DNS6 READCC 10327 (T o 0¥y X(k)rX(L)
nns7 WKITECO,104)

NNSE viRITc(b 108)

YRR NRITE(0,1UV)X(I),X(J),X(K)¢X(L)
5060 Z=V,0

N6d Al=V]

0nNG? DU 3 N=1,NP

nNN4sd IFCTEST,EQ,1,0)60 TO O

XA XVIN)=EX]=2

NNLH AKI=XVIN)

NN60 O YVOHISACII*HLQIHX(R) #a2% (OXV NI =X CI) ) ew2))an(=1) ) (EXPLCmY (L) e%2) 2 (



RNy R
RIS
0069
050
X R
Nns2
NOD%E
YA
Naa5
NASo6
00a7
NOn3R
oo
Vol
0oes
Hpe 2
NN63
SXEY-FA
2065
NHo6
007
NNO3
’\(‘on
Qarno
D07
-N072
0nrs
007é
{0rs
nNO7’H
GOr?
Nnr3
onzre
pEeReXR
f0ng
nna2
NNod
TIARVEA
COoD
(B 6
nnoy
Hdos
cooY

00v0

Jou
1V
TV
TVa
T06
1US
L0
Tuf
yuo
TuY
11V
111
114
115
T e

‘I(KV(N)-X(J))**/)))

V)=V ) +YV (M)

¢=SpACE

CUNTIMUFR

1E8T=7,0

Ly 7 N=q,Hp

YV =YV () +A

LUNTINUSE

MRITEC(R,111)

WETTECE 1MUY CYVIN) XV IN)  N%1,NP)
CALL GRAPHNLIXV,YV,1,NP)

CUNT IMUFR

PU 5 L=1,NF

V) ELV(H) R A

CunTINUER

LRITE (¢,111) ¥

WRTTECO, 1Y (CZVIR) s XVINT s S ,NP)
CRALL GHAPHN(XVZV 14 hB)

CALL EROKEN(D,S)

READCO P 112D CIY (T p D=1 NP)

VA h:q,NP ‘ )
SVAND) =Y A543 (ALAGLT/CU,0uT%TIY(N))))
uNITL(O 113)

WHITECO ATUY (ZV ) p XV IN) f B2, NP)
CALL GRAPHI(XV,pZY 1 ,4P)

ChLL LREND '

CALL EXTT

FOURNMATC(Y0AS)

FURMATC(FYS,5)

FUKITAT (AT D)

rURITATC4FYD [ 5)

;UR1AT(//;1PH INpUT PARAMETERS:)
FURIPATC/ /148K THE STARTING UAVENUMEER IS.vF1S 5)
FURDATC/ /05 THE HUNBER UF CUMPONENT BANDS 1S:,15)
FURMATC/ /o560 THE MNMuftbkr OF POINTS CALCULATED IS1,15)

FURBATC/ /015 030 X(1) 17X 00K XCE) P17 4050 X(3)r17X1S5H X(4))
FUKMATCIX 4 (aXeF1545)) *
FURNMATCLCFIN 52X F10,5,4X))

FURSATCS /0320 THE UALCULATED DATA POINTS ARE:)

FURMAT CCEQIX, T8,2X0) 14, 15,1%)

FURDATC/ /0 500 THE EYPERIMENTAL DATA POINTS ARF 1)
FURIZ TS/ saén THE BASELINE CONSTANT IS:,515,5)

sTup

bhD
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Nnes MASTER pOoITALL

6006 PItTENSIaN HFAD1<°0).HEA02(20>,AH(100) ALC100Y,TC100), XH(100),XL¢10
0No07 10)

anta READ(S,100) CHEADY(I),i=1,10)

o000y READ(O-100) (HEAD2CTLY, T121,90)

0n10 READCS r101INP,ICORRECT

0Nt WRITECOH,100)Y (HEARYTCD) , 1=1,10)

0012 MRITEC(O,100) ¢CHEAD2C(TI),1=1,10)

0013 WRITE(6,102) '

no b READC(S /903X CAHCI) JAILCI), I1=Y,NP)

0nNis READC(24106)(TCIY,I=1,NP)

0016 URITECOH,105)INP

0017 JUNpOUT=2

0n18 3 WRITE(6,106)

nni1e WRITECO, 107y CAHCI) pALCT) ,TCIY, I=21,ND)
0NRN 00 1 I=1,NHP

0naA CXHOIY=AHCLD)

0Nae XLCIY=ALCI)

nnes 1 COUTINUER

0024 ALPHA=1,0

0Nes A=0Q.0

NN26 CALL LEASTSQC¢XH,XL/NP,ALPHA,RA)

aney CALL PLOTITOUTC(XHN XL, ALPHA/NP+A,JUMPOUTY
nne2a IFCALPHA.GT.0.0000)G0 TO 2

A GO TO 4

6030 2 WRITE(H6,108)

0031 CALL MEANSCAH,AL.NP,ALPHA,A) : |
ON%2 CALL PLOTITAUTC(XH/ XL/ ALPHAINPA,JUMPOUT)
N033 TFCALPHALGT . 0,0000)URITECGH,10%)

nnl4 IFCALPHA.LT.0,0000)G60 TO 12

nnis 10 CONTINUE

Nn3é& WRITE(G,113)

onsy poO 3 I=1,NP

nn38 XHCI)=ALOGINCALCI)/AKCT))

0n3oy XLC1Y=1.,0/T¢C1)

0040 ] FUHTINUF

NNk WRITE(G, 114)(XH(I)¢XL(I)'I 1.NP)

0nhk2 CALL LEASTSO(XK,XUL/NP,ALPHA,A)

0043 CALL DELTAHCXH, XL/ T,NPALPHA) .
0nbh IFCIUMPOUT, Q. 1YJUMPQUT=3

nNn&s CALL PLOTITOUT (XH XL ALPHA,NP A, JUMDPAUT)



0046
NN47
"N4LE
oLy
0050
0051
NNS2
nno3
S 0054
0oNnsSsS
0056
0No7
0N58
ONae
0060
0nNé1
0062
0063
YA
0Né65s
0nbé
0067
0N6é8
606w
No7o
0ontI
nNor2
0n73
an’té
nev’s
onré
nnry
0078
0nee
0080
0081
0032
O0nNad3
nnda
G085
)
Nnnay
NN88
GNEY

12

11

I?(JUHPDUT.FQ.S;JUN?OUT=1
GO TO 6

CONTINUE

WRITTE(S,409)

WRITE(H,113

DO § I=4,HNp
XHCIY=ALOGTOCALPHARALCII/ZAHCT))
XLC1Y=1.0/T¢1)

CONTINUE

WRITECO 114 (XHCTY XL » 129, NP)
CALL LEASTSOCXH,XLiNP,ALPHA,RA)
CALL DELTANIXN /XLsT,NPPALPHA)Y
CALL MEANSCAH ALANP,ALPHAA)
CALL PLOTITNUTCARSAL,ALPHAINP A, JUMPOUT)
IFCALPRA,GT.0.0000)WRITECE,:108)
IFCALPHA.GT.0.0000)WRITECO,115)
IFCALPHA.GT.0,0000)60 To 40
CONTINUE

PO 11 I=1/,Np
XHCIY=A1L0GI0C~ALPHAXALCI)/ZAHCI))
ALC)Y=1.0/T7T¢1)

CONTINUE

WRITEC(L,113)

WRITECO,114) (XHCI)eXLCD), I=1,NPY
CALL LEASTSO(AM,XLeNPALPHA,A)
CALL DELTANC(XH XL T/NPJALPHA)Y
WRITE(6,115)

G0 TO 10

CONTINUE ’
IFCJUNPOUT. . FR.1)GO TO 7
MRITEC(6,110)

IFCICORRECT.EQ,1)G0 TO 13
ARC2)=AN(2)%«100.0/95.6
AHC3)=AH(3)4100,0/91.9
ARCLY=AH(4)»100,0/89.0

AHCS) =AK(S)Y %100 .0/85. 4
AHCO)=AH(6)%100.0/81.,5
AHCZY=AH(7?)I w400 0/7R,1
ALC2)Y=AL(2)%100.0/95.,6
ALC3Y=AL(3)%100.0/91.9

ALCAY=A1 (4)%100.0/89.0
ALCSY=SAL(S)wA00.0/85.4
ALLOY=SAL(6)»100,0/89.5
ALC?)=AL(?)w100,.0/73,%



6n%90
0091
nno2
0ne3
0n%4
0n09s
nn%e
0097
0098
no%9
n100
0101
0102
0103
0104
05
0106
0107
N1038
0109
0110
G111
n112
0113
n114
0115
0116
0117
0118
0119
0120
0121
n122
0123
0124
0125
0126
0127
0123
0429
n139
0131
nN132
01353

13

IFCICORRECT _ER,22G0 TO 14
CONTINUE

AH(2)= Au<2>*100 0/%97.0
ARC3)=AH(3)%500.0/94.8
AH(A)=AH<4)*100.0/92.8
AH(5)=AKH(5)%100.0/89. 2
AH(6)=AH(6)«100.0/87 .1
AR(Z7)=AN(7)%«100,.0/8¢4, 8

CALC2)=AL(2)%100.0/97.0

14

109
101
102
103
104
103
106
107

ALCE)=AL(3)%100.0/94.8
ALCAY=ALCA) «100.0/92.8
AL(5)=AL(5)+100.0/80.2
ALC6Y=ALC6)%100,0/87,1
ALC7)=ALC7) %100.0/84.8
CONTINUE

JUNPOUT =1

GO TO 8

WRITE(6,111)

TT1=0,0

TT2=0,0

PDQ @ I=1,NP

T =TT1+C1.0/7(TC1Y*%2))

TTE=TT2+¢1.0/77¢1))

CONTINUE ’

TTR2=TT2%%2

BP=NP |
TT=SQRT(1.0/¢TT1~(1. O/Bp>*TT?))

WRITECO,112YTT

TTH=R.31432%7T*0.1

TTG=8,31432w303.0%0,1

TT5=8, 51«52*0.1*c<77/303 0>+1 0

WRITE(6,116)

WRITE(6,117)YTTH

WRITECOH,118)YTTG

WRITECOH,1195TTS

CALL EX1T

FORMAT(10A8) | _ o
FORNMAT(215) - | | |
FORMATC//e36H THIS PROGRAM Wikl DO AL YNUR uoax.)
FORMATC(?2F15.%)

FORMATCF15,5) .

FORMATC/ /430 THE NUMBER OF DATA POINTS 1S8:,15)
FORMATC//,25% 54 ACH) /11X 5H ACLY ) 19%,24 T)
FORMATC//:17%eF15.5,9%X0F15,5,1%,F15.5)



0134
0135
0136
0137
ne38
0139
0140
0141
0142
0163
0144
R
01 ',-r‘i)
0147
0148
0147

EMD DF SEGMENT,

108
1

109

110

Zg:?AT<//.56H THE ALPHA-CORRECTION CANNOT BF MADE WITH THE AROVF D

FORMATC//¢38H THE ALPHA CORPECTION WILL NOW RE MADE)
FORMAT(//+60H THE NATURAL~DECREASE CORRECTINN WILL NOW RF MADE,/ ., 1

198 VALUES ARE EX DJC.,/+7?4H 1F THE NUMBER OF DATA POINTS IS NOT EQ

2

WA NN

e B cD D B B B S D
P B D D P =B D D D

o8 ™

LENGTH

UAL TO 7,THIS CORRECTION IS INVALID)

FORMATC/ /1460 THE T=ERROR TERMCEX LEYWILL NnoW BRE CALCULATED)
FORMATC//+154 THE T-~TERM IS:,F15.5)

FORMATC/7e32x0170 LOGT1O0CACLYZACKY ) » 3%, 60 1/77T)
FORMATC/,22%X,F15.5:,F45,5) .
FORMATC/ /05510 THE ALPHA-UNCORRECTED VALUES ARE AS FALLOWS;)
FORMATC/ 70850 ASSUNEING 10P ERRQR IN Kp) -

FORMATC(/,19H THE ERROR IN H 1S5:,F95.5) :

FORMATC/,27H THE ERRQR IN G AT 203K 18:,F15.5)

FORMAT(/,27K THE ERROR IN S AT 303K 1S:,F95.5)
END
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0150 SUBROUTINE PLOTITOUT(XH, XLsALPHA,NP, A, JUMPOUT)

0131 DIMENSION XV€100),YVC100)/ XHCT100) ¢X1 €100)
N152 CALL LIMITS(4.0,645,4,0,6,5)
n153 XHHAX==100.0

0154 XLMAX="=100,0

0155 | XHHIN=100,0

N156 XLHIN=100,0

0107 NNP=NP~1

n158 PO 3 I=1,HNNP

0159 Jal+4

0160 XHUIN=AMINTOXHCTY s XH(J) c XHMIN)
0161 XLMINSANINYOXLCD) o X)) o XLMIN)
N4 a7 XHHAXEAMAXY AR TCTY o XH (2D ¢ XHMAX)
0163 KLMAX=AMAXT (X LCI) o XLEJ) o XLMAY)
0164 3 CONTINUE

0165 PO 2 I=1,NP

0164 AVOIY=XLel) _

N167 YVOII=SALPHARXL (1) »A

018 ¢ CONUTINUE |

0109 DO 4 1=1,NNpP

N170 J=T+1 '

0171 XHHIN=ANINTCYV (D) h YV (), AHMIN)
0172 XHHAX=AMAXT (YVCTI) YV (L)  XHMAX)
0173 b CONTINUE

n174 CALL REGIONIXLMIN,XLMAX, XHMINIXHMAX)
0r7s CALL AXESSIC0.0,0,0)

0176 . CALL CRSIZEC(N.1)

n17? DO 1 I=4,NP

0178 CALL PLOTNCU(XLCI) ¢ XHC(D),=13)
0179 1 COWTINUE

04180 CALL PTPLOT(XViYVi1 /NP =1)
0181 TFCIJUMPOUT,FQ.3)CALL GREND
n182 CALL FRAME

N133 RETURN

0134 END

END OF SEGMENT, LENGTH 230, NAME PLOTITOUT



E

N1895
0186
0187
0138
1386
0190
0191
O“92
01932
0194
nN19235
0196
0197
0198
0194
G209
0201

0202
n203
G224
G205

O206

N OOF

STAMENT,

300
301
302
103
104

LENGTH

SUBROUTINE NELTAHCXH,XL,T+NP,ALPHA)
DIMENSTION XH€100)XLC100),T¢400),6¢100),8¢10n)
H==2,303+%3,34432%ALPHA
WRITEC6,300)H

WRITEC(H,301)

SAV:=0.,0

DO 1 I=9,NP
G(I)="8.31432*2.303*T(I)*XH(!)
SCIY=CH-6CIY/T (D)

SAV=sAV+s (1)

CONTINUE

SAV=SAV/NP . k
WRITECOH,302)CTCIYrGCI),SCI),1=1,NpP)
WRITEC(6,304)

WRITEC(G,3035>)8AY

RETURMN

FORMATC// /284 THE CALCULATED ENTHALPY I1S:,F15,.5)
FORMATC//74+25%+2H T+25X%,2H G,25X,2H §)

FORNATC/ /15X F15.5,12X, F15.5:92¥%,F15.5)
FORMATC// (260 THE AVERAGE ENTROPY IS+, Fi5.5y
FORMATC(111) '

END

137+ NAME- DELTAH



0207 ~ SUBROUTINE LEASTSQ(XH,XL,NP, ALPHA,A)

N208 DIMENSIONM XH(100):XL(100)
0209 VH=0.0

0210 . VL=0,0

0211 T1=0,0

0212 Té=0,0

0213 T3=0.0

0214 DO 1 I=1,NP

n215 VHVH+XH (L)

0216 VLsVL+XL(])

0217 1 CONTIHUE

0213 VHM=YH/NP

021% VLM=VL/up

0n220 00 3 I=1,NP

0221 T1=7T9+((XH(1)~ VHM)*(XL(I)"VLM))
0n222 T3=273+C(XHCI) =VHM) *%2)
0223 TEaY2+ CUXLCIY=VIM) *w2)
0224 S CONTINUE

n225 R=T1/7(SORT(T2*T3))
0226 B=T4/72 .
arevr ASCUR/NPY=(naVL/NP)
0228 WRIYE(6,200)R

N2eY WRITE(6,201)R

0230 WRITECGH,202)A

0231 - WRITEC(H6,203)

nN>232 WRITE(6,204)

n>33 | WRITE(6,203)

N34 ' AA=(,0

n23s PU 2 I=1,NP

0236 : AAEAA+(XH(T) - VHM)**?
0237 2 CONTINUE

n>238 BB=(1,0~(R*w2))«AA
0230 CCRAA

0240 AAS (R*%*2)*AA

n24% WRITE(6,205)AA,AA

0262 WRITE(6,203)

(2L3 1PO0F=NP=-2

0744 X111 =BB/IDOF

0?“5 NRITE<61206)IDOF088'XM1
0266 WRITE(6,203)

0rnT ID0F=HP=1



Nn>248
0349
n250
02321

0252
N253
0254
0255
02546
0237
n2a8
N259
0260
0261

0262
0263
n264
0265
N206
0OPaT
N268

END OF

SEGHENT,

NRITE((’);ZO?)IDOF-CC
WRITE(6,203)
SE=5QRT(XM1)
NEITE(6,208)81 !
WRITEC6,209)
ALPHA=B

RETURN

200 FORMATC//:60H A PLOT OF THE 4ST COL vS$ 2ND HAS SLOPE,,F15.5)
207 FORMAT(//132H THE CORRELATION COEFFTICIENTY ISy+F15.5)

202 FORMAT(//+18H THE INTERCEPT 1St:F15.5)

203 FORMATC(//1D0H mmmomemcecmmrmc ;i ocan e a——— e

1 ————————— P""----'"—n-‘"nqu--—""-—!"!—--ﬂnq,

204 FORMAT(//,20H SOURCE OF VARIATION,13%,7H D.,N.F,,13X,158 SUM OF <aU
TARES ,13X,12K MEAN SQUARE)

205 FORMATC(//:184 DUE TO REGRESSION,16X,21 1,18%.F15.5,11%,F15.,5) :

206 FORUATC(//7,284 ABOUT REGRESSION (RESTOUALY,6%,15,14X,F15.5,11%+F45.
15)

207 FORNATC//,6H TOTAL,28Xs 15145 1F15,5)

e08 FORMATC// ¢34 THE RESIDUAL STANDARD NEVIATION 18:,F15.5)
209 FORMATC(1HT)

END

Al R R I R R R e R Rl g

LENGTH 2561 NAME  LEASTSQ



WA SUBROUTINE MEANS(AN, AL, NP ALPHA,AY

6270 DINENSION AHC1003,AL(100)

N2l WRITEC(H,400)

GRE2 Y32 CAHC2Y+AH(O) 72,0

0273 YI=CARC1)Y+AHCE2)) /2,0

0274 X32(ALATY+ALCO)Y 22,0

N27s X1 (ALCIY+AL(2))72,0

0276 ALPHAZ(Y3=Y1)/(X3=X%)

n277 WRITECR, 0P )ALPHA

0278 AFC(YZEX)=(X3+YY) )/ (X1=X3)

02vo WRITE(6,402)A

0230 X=0.,90

0281 Y=0.0

0283 X=X+ALCT)

n284 Y=Y+AH(D)

n28% 1 COMNTINUE

N286 X=X/NP

Ned? Y=Y/NP

12838 AA=0,0

n289 DO 2 I=1,NP

n290 AASAA+CAHCI)mY) % CALLCT) ~X)

0271 2 CONTIHUFE

n2%2 AASALPHARAA

N29?3 WRITE(H,403)AA

0294 BB=n, 0 .

N2%s PO 3 I=1,NP

G296 ' BU=RB+(AH(I)=A=(ALPHAXAL(I)))#w2

n297 S CONTINUE

0298 BB=uR/(Np=2)

629y WRITEC(S,404)RB

5300 RETURI!

0301 400 FORMATC//,39H THE PLOT IS BEING REPEATED USING MEANS)
0302 . 401 FURMATC(//,14H THE SLOPE 15:,%15,5)
0303 602 FORMATC//+184 THE INTERCEPT 1S5:,F15.5%)
0304 603 FORMATC//+224 M.SQUARE DUE T0O REG,!,F15.5)
0305 4046 FORNATC// 1214 M.SQUARE ABOUT REG,:/rF15.5)
0306 END

END OF SEGMENT, LENGTH 193, NAME MEANS
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0207
0003
QOLe
0010
0011

0012
0N13
0014
nn1s
0016
coi’e
0n1a
0Nie
NNZ20
0041
00E2
0NE3
oné4
0N25
0NE6
0né’?
0043
0049
00350
0N31

0nse
0Nns3
0034
nnss
NN36
nNsr
Nnos
nnNse
Q060
00461

Nno6G2
0N4H3
0n67%
D06
00%6
Hoa?

FeloRe sl os e R REE S

MASTER CURVETEST : |

THIS PROGRAM IS DESIGNED TO FUSE TOGETHER 2 SINGLE !.R., BANDS WHOSE
PRUFILES ARE PROVIDED UN PAPER TAPE IN THE FORM OF TRANSMITTANCE DATA,

THE CURVES ARE OVERLAPPED TO ¢ DIFFERING EXTENTS,STARTING WITH AN

OVERLAP OF 400 DATA PUINTS,AND THEN DECRFASING IN UNITS OF 25,

TH0 PLOTS ARE PRODUCED FOR EACH OVERLAP;ONE IIS LARGE IN ORPER TO TEST
GRAPHICAL METHUDS OF CURVE RESULUTION,AND ONE IS SMALL FOR THESIS

PURPOSES, A PUNCHED TAPE RECORD OF THE COMBINED PROFILES IS ALSO PRODUCED
ARD THIS IS STURED IN A STATED FILE, THE PUNCHFD OQUTPUT IS N ABSORBANCE
AND WAVENUNMBER AND CAN THEN BE USED (AFTER CONVERSION)FNR CURVE RESOLUTION,

DIMENSION HEADI(20),HEAD2C20) 4 IX1(2000),1X2¢2000),XV(4000),X11¢200
10 1X12€2000),KIXC4U00) ’

READ(S,100) CHEADYICE) » 151,10)
READC(S,100) CHEAD2(I) ,151,10)
WRITECH,TUU) (HEADICTI) ,I=1410)
- WKITECO,100) (HEAD2CTI) ¢ 1=21410)
READ(D,1012UB, WY
READ(29p102)ypY /NP2
READCOy108)ALPHAYT JALPHAZ
WRITEC(O,109)ALPHAY
WRITECO,1T0)YALPHAZ
WRITECO,103)uB
WRITECO,104) 1]
WRITE(H,102)NPY
WREITECO,100)INP2

READCS5107) CIXTCI) 18T NPY)
WRITECO,T07Y (TX1CI), 151 ,NPT)
READ(Dp107) C1X2(1)11=1,NP2)
WRITECO,107)CIX2C12,1=37,11Pe)

L=400

DO 4 JR1,NP1

XITC1)=0, 4343 CALOGCY,0/C0,007%IX1¢1))))
4 XTV1(I)=XI1CI)~ALPHAY ‘

WRITECOMATIY(XTITCL) 18T NPY)

DU 5 I=1,NPD

XEZ2CID)=0,4343(AL0OG(CT,0/C0400T*IX2C1))))
2 XJ2(1)SX1Z2C1)~ALPHAD

WRITECO,MTI)(XI2CL),1=7,NPED)

DU C9 N=z1,7

pL 1 I=%,L

XIX(NPI=L*+1)=XT1(NPY=L21)*X12C])



0068
0049
0050
0051
0ns2
YR
0No54
0055
0036
0N37
0058
005%
0060
0061
npoe
0063
0064
0065
0066
0067
20063
Nne9
G070
0071
onve
0073
007
DNrS
D016
0nvy7
0a73
onrey
0N60
0081
0nag
0na83
N0& Y,
0085
HnNaeé
NNs7?
GGB8
0009
N0Y0
nn91

1

S)()

Ay

10V
101
10¢
105
1U4
105
1006
107
10

CONTINUE

JENPT=|,

PO 2 11,4

XIX(1)=ax11¢1)

CONTINUE

J=L+1

PO 3 I=J,NP2

XIX(NPI=L+I)aX12(])

CONTINUE

KSNp1+Np2~|
WRITECO, 111 (XIXCI) » 121 ,K)

CALL LINITS(1,0,8,0,1,0,8,0!
PKEK~1

WL=Ud=PrrW]

CALL REGIONCYL, WB;=0,1¢1.0)

CALL AXES

Q=9,0

XB=UB

pU 6 Irq,K

XVC(I)=XR~Q °

XBEXV(D)

0=H]

CALL GRAPHN(XVe¢XIXr1:K)

CALI, FRAME

CALL LIMITS(3,0,6,5,3,0,6,5)

CALL REGIONC(WL/UWBe™0,1¢1,0)

CALL AXFES

CALL GRAPHN(XV,XIXe1,K)

CALL FRAME
WRITECA,108) (XVCT) 1 XIXCI)rI=9,K)
CALL RUNOUT(?)

Lele2hd

CONTINUER

Chall, GREND

Call EXIT

FORNMATC(I0AB)

FUORMATC2F19,5)

FURMAT(213) .
FORMATC/ /4284 THE STARTING WAVENUHBER IS;,F458,5)
FORMATC// o 28K THE WAVENUNBER INTERVAL IS;,F15,5)
FORMATC//¢31H THE 1ST,SET UF POINTS NUMRERS:,!S)
FORNATC/ /4314 THE ENDJSET OF POINTS NUMBERS:,15)
FURHAT§(8(1X;ISp2x))I1XIISI1X)
FORMATC(F15,5,F15,5)



00Y2 1VY FORMATC//,27H THE 1ST,BASELINE SHIFT 1S:,F15,5)
0093 170 FURMATC//,27H THE ZND,BASELINE SHIFT IS:,F15,3)
0094 | 117 FURMATC6(F15,5,3X))

0n9S STOP |

0096 | END

END QF SEGMENT, LENGTH 4561 NAME CURVETEST



SUMMARY

Because the measured thermodynamic properiies of ethane did not agree
with those calculated from statistical mechanics, Piizer.I proposed the existence
of energy barriers hindering internal rotation ;]bOUf single bonds. A consequence
of hindered rotation is that molecules may exist in more than one siable conform-
ation: these conformations are referred to as "rotational isomers". Depending
on the magnitude of the energy barrier relative to thermal energy, the conformers

(or rotamers) may be individually isolable (as in ortho-substituted biphenylsz) or

in dynamic equilibrium (as in halogeno-ethanes). There is no simple explanation
for the magnitudes of energy harriers: the various theories which have keen
proposed are reviewed by Dqlc—:‘3 and Lowe.

Irrespective of the barrier height, the infra red spectrum of a mixture of
two rotamers often shows doubling of characteristic group bands. Thus chloro-
acetone (1), in carbon tetrachloride solution, has two carbony! bomdsS’6 which
may be assigned to rotamers (la) and (Ik;).

O O
| s |

C\ l ' / C\ I

C H3/ / C\ C H3 / C
H H H \cz

(la) (1b)



Similar band doubling is found in, inter aliq, a-haloesfers,7 a-hydroxyesters,
and a-haloamides. > There are, however, many cases of carbony! band doubling
which either cannot, or can only in part, be a consequence of rotational
isomerism; examples are legion and include cyclopentanone,9 benzoyl chloride, 10
and p-benzoquinone. 10 Often, in a particular case, the origin of observed
carbony! band doubling may not be obvious, possible additional sources of band
complexity being dimer or complex foimation, Fermi resonance, and the fortuitous
occurrence of hot bands, combination bands, and overtones in the carbony! region.

The nuclear magnetic resonunce spectrum of a molecule may be affected
by rotational isomerism. When the energy barrier between rotamers is small
compared with thermal energy, a single time-averaged parameter (chemical shift
or coupling constant) is observed. In favourable cases, the parameters of
individual iscmers may be measured frcm low-temperature spectra where the
rotameric equilibrium is "frozen".

The present work is concerned with: (i) an investigation into the origins
of the i.r. corbony! band complexities of furan-2-carbaldehyde, thiophen-2-
carbaldehyde, and furan-2-carbony! chloride; (ii) an investigation, generally,
into the occurrence of rotational isomerism and Fermi resonance in 2-oxo~furans,
which provided reliable criteria for distinguishing between the two phenomena
and reconciled the resulls of n.m.r., i.r., and X-ray studies; (iii) the devising
of synthetic routes to specifically deuierated furans and thiophens with a view to
topics (i) and (ii); (iv) the assigning of particular conformations to particular
components of fh’e i.r. carbonyl doublets in simple esters of furan=-2-carboxylic

acid and of the 4- and 5-bromcfuran-2-acids, where rotational isomerism is

demonstrated to be responsible for the band doubling; (v) the setting up and



modifying of computer programs for the digital resolution of overlapping i.r.
curves, which allowed a comparison to be made between analogue, digital, and
graphical methods; (vi) an examination of the theoretical basis of the i.r. method
for the determination of the energy and entropy differences between rotamers, and
(vii) the devising of computer programs for data processing based upon the results
from topics (v) and (vi).

Topics (i), (ii) and (iii) involved the synthesis and examination (by high
resolution i.r. spectrometry, over a temperature range of at least 100‘C‘,’ in a
variety of solvents, and at different concentrations) of some 35 derivatives of
furan and thiophen including 5-deuterio-, 3, 4-dideuterio-, and 3,4, 5-trideuterio=
furan-2-carbaldehydes, 5-deuteriofuran-2-carbony! chloride, and 5-deuterio-
thiophen-2-carbaldehyde. The synthesis of deuterated heterocyclic compounds is
not straightforward, multi-stage syntheses often being required. The routes to
some of the key compounds are shown in Schemes 1 and 2.

In the i.r. carbonyl region, furan-2-;:orba|dehyde has two bands (at
1700 and 1681 cm-] in carbon tetrachloride at 30°C), of which reither the
temperature dependence, nor the concentration dependence, nor the solvent
dependence suggest that anything other than rotational isomerism is responsible;
thiophen-2-carbaldehyde, however, has three bands in the carbonyl| region (at
1688, 1677, and 1659 cm_' in carbon tetrachloride at 30°C) which show a
dramatic solvent and temperature dependence, and furan-2-carbony! chloride
Fas four such bands. When the hydrogen atom at the 5-position in each of these
compounds is replaced by deuterium, dramatic changes in the carbony! band
envelopes occur in all cases: thus, (a) in furan-2-carbaldehyde, the doublet is

replaced by a singlet (at 1693 cm—l); (b) in thiophen-2-carbuldehyde, the bands at
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Scheme 1
D D D
I W G
O~ NCO.H D -
S, COH D CO,C,H;
(iif) (i)
_‘ A\ 4 Vv
D D D D D D
]:;ll T (iv) U | :@(
D D D HgCl Br CO,CH;
(v) (Vil)
A\ : '
D D D D D  © _D
D CHO CO,H
. |
(v)

Reagents: (i) 30% NaOD—DzO; (ii) C2H50H-H2504; (iii) Na—sclf—HgClz-

H,0i (iv) 20% DCI-D,0; () POCI,=(CHZ),N.CHO; (vi) Br)=CI(CH,),Cl;

2

(vii) Zn-CH,CO

3 2H-H20, and (viii) Cu=bronze~quinoline.
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Scheme 2

W W e
COH Br COH Br CO.R

2 2
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Br _ CQZCZHS Br O COH Br N CO,R

(iii)

D D
T
Br COCI

Reagents: (i) Br,~CHCly; (i) CHyOH R = CHy), C)H;OH R = C)Hy),
. isobutene (R = f-C4H9), and H2504; (iii) SOCIZ; (iv) Zn-(CH3CO)20-D20;

(v) 20% NcOD-Dzo, and (vi) CH2N2—(C2H5)2O.
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1659 and 1677 cm~ disappéar and a new, weak band at 1672 cm_] emerges, and
(c) the four component absorption of furan-2-carbonyl chloride is replaced by a
doublet. The observed multiple absorptions are therefore caused completely or
mainly by Fermi resonance in the aidehydes, and (very probably) by a combination
of Fermi resonance and rotational isomerism in furan-2-carbony! chloride. Thus,
although. it is a simple matter to distinguish between many of the possible causes
of i.r. carbonyl band doubling, to distinguish between rotational isomerism and
Fermi resonance in a particular case requires: (a) the synthesis of specificaliy
deuterated analogues; (b) the synthesis of structural analogues; (c) a detailed
examination of solvent, femperature, and concentration dependence of carbonyl
bands, and (d) a detailed examination of the carbony! overtone and other i.r.
spectral regions. Results of studies of types (c) and (d) are not conclusive wiihout
those of types (a) and (b), for, in the furan-2-carbaldehyde example, studies of
type (c) revea! no onom.alies, and band doubling is observed in the carbonyl ¢ver-
tone and other spectral regions. Since there is a wealth of evidence”’ 12,13,14
from other physical techniques in favour of furan-2-carbaldehyde and related

compounds existing, in solution, as equilibrium mixiures of syn and anti rotamers

[(Ila) and (11b)]:

(lla) (11b)
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and since carbonyl band doubling is only rarely observed in substituted furan-~2-
aldehydes and -ketones, it must be concluded that the i.r. carbonyl absorptions
of syn and anti forms occur at very similar frequencies in these compounds.

The problem of assigning particular conformations to individual components
of i.r. carbonyl doublets [Topic (iv)] was approached by the synthesis and
examination of 3-, 4-, and 5-bromofuran-2-carboxylates and of related non-
brominated and deuterated esters. Some of the compounds are shown in Schemes 2
and 3; in all, some 30 compounds were examined. The general conclusion is that
simple esters of furan-2-carboxylic acid, and of 4~ and 5-bromofuran-2-carboxylic
acids, exhibit rotational isomerism in dilute carbon tetrachloride solutions at room
temperature, a conzzquence being the occurrence of doublet carbony! bands
separated by 15 to 20 cm—] . This conclusion is supported by the results of
deuteration experiments (all of the deuterated esters have carbony! absorptions very
similar to those of the protio analogues except in the case of methyl 5-bromofuran-
2-carboxylate where the four-component carbony! absorption collapses, on
deuteration at the 3- and 4-positions, to a doublet), and by examinations of the
carbonyl overtone region and of the solvent, temperature, and concentration
dependence of the carbonyl bands. Because, in all cases, the position of the band
at higher wavenumber in an i.r. carbonyl band doublet is more sensitive to change
in solvent polarity than the position of the lower wavenumber band, and because
the intensities of the higher wavenumber bands increase relative to those of the
lower wavenumber bands as the solvent polarity is increased, it is deduced that
the rotamer of greater polarity is responsible for the higher wavenumber carbonyl|
band. A consideration of the relative positions of the carbonyl bands of the various

bromo-estzrs, and the observation that only one carbony! band is found for the
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Scheme 3

Br
Dl U O
COCH3 OCH Br CO?.H

it Br
l ] l ] - |
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.

Reagents: (i) Br2 A|C|3, (ii) Zn- CH3C02H HZO (iii) 20% NaOH- H O;

(iv) S_OC|2; (v) CH OH R = CH ), C' OH R = C ), isobutene (R = f-—C4H9),

and H,SO,; (Vi) HgCl O and (vii) n-C

250 9L| then CO (C H

5)20.
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3~bromo-esters, lead to the conclusion that the syn forms of the esters have

carbony| bands at higher wavenumber than the anti forms: the assignment for

v —

t-butyl furan-2-carboxylate is shown below, as an example.

| |
Q\C/O\tc

4

U1
o
Hg =

Bands at: 1729 cm_] 1711 cm_]

|
O

Since the carbonyl bands of rotumers are usually overlapped, it is essential,
for accurate quantitative work, to decompose such bands intc the component
curves. Analogue and digital computer methods were compared using some of the
esters discussed previously as model systems [Topic (v)]. Agreement was not good,
and the methods were therefore compared with several graphical methods and with
a method which takes apparent optical densities as being proportional to component
band areas. The comparison wns achieved by overlapping artificially (using a
computer) two single carbonyl bands of known areas to seven differing extents,
and then measuring the areas of the componert bands by the various methods. The
conclusions from this experiment are that the graphical method of the "mid-point"
(which involves dividing the distance between the maxima and integrating from
this mid-point) is superior to all oier methods, and that the computer resolution
methods become inaccurate at close overlap.

The use cf i.r. band areas over a range of temperatures, as being

<

proportional fo concentrations of species responsible for the bands, to determine
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energy and entropy differences between rotamers, assumes that the integrated
obsorpﬁo-n coefficients of the component bands of a carbonyl doublet are temperature
independent. This assumption was tested [Topic (vi)] and found to be invalid,

since, whichever method is used to estimate band areas, the areas of carbonyl

bands are observed to decrease by about 25% over a 100 c® range. A "first-order"
correction was therefore devised, which assumes that the absorption coefficients

of rotamer doublet carbony! bands have a similar temperature dependence, which

is in turn similar to that observed for arbitrarily selected singlet carbonyl bands.

A computer program was then written to apply this correction to data from the esters
discussed previously. If the area of one of the component bands of a rotamer
carbuny| doublet is plotted against the area of the other, at different temperatures,
then the slope of the graph should be negative and equal to the ratio of the
absorption coefficients, but only if the absorption coefficients are independent of
temperatire.  In the majority of cases, area plots for the esters give positive (_LE_ ,
physically untenable slopzs). However, after application of the correction (which
has the effect of removing the temperature dependence of the absorption coefficients)
these slopes become negative. Because this correction is large, it should be borne
in mind that the significance of thermodynamic parameters determined by the i.r.
method is open to question.

Finally, since below -90°C the aldehydic proton resonance in the n.m.r.
spectrum of furan~2-carbaldehyde appears as two doublets of intensity ratio 8:1,
these being assigned” to individual rotational isomers, the experiment was repeated
using C-13 Fourier-transform n.m.r. spectroscopy. At about -45°C, collapse and
broadening of the signals assigned to the carbony! carbon atom and to the carbon

atom at the 3-position was observed. A similar variable temperature experiment
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with methyl furan-2-carboxylate showed no such "coalescence" phenomenon nor
was the phenomenon observed in a variable temperature proton n.m.r. experiment
with furan-2-carbonyl fluoride. The barrier to internal rotation about the ring-

carbony! carbon bond in esters and acid halides would therefore seem to be lower

than in aldehydes.
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