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INTRODUCTION 

The existence of energy barriers hindering internal ro·:.Jtion in molecules 

was proposed by Pitzer, 
1 

who observed that the measured thermodynamic parameters 

of ethane did not agree with those calculated using statistical mechanics unless a 

barrier tq rotation about the carbon-carbon bond of some 12 kJ/mole was assumed. 

Figure 1 is a representation of the- pof·ential 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 ol I of the same 

energy and they are then referred to as "rotational isomers". Depending .:,,n the 

magnitude of the energy barriers between rotational isomers, three situations can 

aris~: 

(i) barrier >> thermal energy; this allows the isolation of individual, 

kinetically stable isomers, e.g., 2,21 -dicarboxy-6,61 -dinitrobiphenyl; 

(ii) barrier ~ thermal energy; there exists a dynamic equilibrium hetween 

the isomers; individual isomers cannot be isolat·ed, e.g., 6-aryi-· and 6-aralkyl­

phenanthridinium 5-vinyloxides;
2 

and, 

(iii) barrier << thermal energy; rotation is restricted only at very low 

temperaiures: 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 bef·ween non-bonded atoms, and changes in 
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e le.ctron distribution and mo1ecu lar distortion, during rotation. The theories 

which have been proposed to explain, and the methods which arc used to measure 

energy barriers have been reviewed by Dale, 
3 

Lowe, 
4 

and Pe~hrick and Wyn-

5 
Jones. 

The existence of rotational isomers (or "rotamers") may have a significant 

effect upon ~he· infra red (i. r. ), Raman, microwave, and nuclear magnetic 

resonance (n.m.r.) spectra of a molecule. Thus, in molecules whicn are capable 

of existing in two rotameric forms and which contain carbonyl groups in close 

proximity to other polar atoms or groups (usually oxygen or halogen), the i. r. 

carbonyl 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 rot(lmeric equil!briurn i~. 

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

temperature, a single time-averaged parameter 11 p 11 given by: 

p = + (I) 

is usually observed, where p A and pB are the isomeric parameters (chemical shifts 

or coup I ing constants) and c A and c B are concentration fractions. In favourable 

cases, p A and pB may be measured from low-temperature spectra. 
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An early example 617 of the use of the i. r. method is provided by 

ch loroac~tone (I), in carbon tetrachloride solution, in which the two carbonyl 

stretching bands n1ay be assigned to rotamers {la) and (lb). 

{la) (lb) 

Table 1 ii lustrates 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-A I koxyesters 15 

a-Hyd roxyesters l 1 

G lye id ic esters 10 

a-Ha loam ides 8 

a-Ke toe the rs 9 

Kef·oa I coho ls 11, 16 

a-Haloacid chlorides 20 

Table l 
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There exists, however, a range of molecules, all of which display 

carbonyl band mu I tip I icity, in which rotationa I isomerism either cannot, or can 

only in part, be the explanation for the observed mu I tip I ic ity. Some examp !es 

are given in Table 2 along with possible explanations for the observed carbonyl-

bands. 

Compound 

Acetic acid 

Acetic anhydride 

Cyclopentanone 

Benzoyl chloride 

p-Benzoqu inone 

Furan-2-carbonyl chloride 

Explanation 

D• f . 21 1mer ormat1on 

Coup I ing between carbonyl 

.b . 22 v1 rations 
. 23 24 

Fermi resonance ' 
. . 25 

Ferm 1 resonance 

F 
• 25 

erm 1 resonance 

Fermi resonance and 

R . I I . 21 otat1ona somerism 

Table 2 

Other, less common, causes of carbonyl band m1,;ltipl icity inc !ude the 

fortuitous occurrence of hot bands, combination bands, and overtcnes in the 

carbonyl region. In a particular case, it is straightforward to distinguish band 

multiplicity due to dimer formation, hot bands, and coupling between carbonyl 

yibrations from that due to Fermi resonance and rotational isomerism, but f'o 

distinguish between the last two phenomena is much more difficult. 

Fermi resonance
26 

occurs when two molecular vibrations of the s01n:; 

symmetry type are of approximately the same energy. A mixing of eigen-fonciions 
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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 ~olvent 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. 

Furthermore, it has been reported
27 

that Fermi resonance does not occur in the . 
carbonyl overtone region and that. if a doublet in the carbonyl 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 

28 
by the work of the present author and co-workers. The most re I icble method 

for diagnosing Fermi resonance in a particular case involves i"he synthesis r)f 

functional and isof·opic analogues and a comparison of their carbonyl absorptions 

wit}. those of the parent compound. Because of the synthci'ic difficulties inherent 

in specific isotopic labelling, this method, though powerful, has not been widely 

app I ied: it prov ides the theme for much of 1·!1 is Th es is. 

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 thiopl.en which comprise the 

subject matter of much of 1·his Thesis. 

Twin i. r. bands in the carbonyl region of the furan-2-carbaldehyde 

spectrum were first observed by Mirone
29 

who noted that the relative intensities 

of the two bands were concentration-dependent. Glusker and Thompson30 

observed thaf· a I inear relationship existed between the logarithm of the dielectric 

constant of the solvent and the ratio of ~he optical densities of the bands, and 
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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 I iqu id was much greater than that observed for other bands, 

1.ed these authors to believe that some form of intermolecular interaction existed 

in solution; early cryoscopic work by Getman
31 

was cited in support of this 

conclusion. Allen and Bernstein
32 

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 carbonyl; i·hus, they deduced that a 

rotameric equ ii ibrium existed [(I !a) p (I lb)]. Claverie et al. 
33 

re-examined 

n-11. AO 
'-'~c~ 

I 
H 

Anti {I la) 

CJlc/H 
11 
0 

Syn (llb) 

the cryoscopic behaviour of fur:m-2-carbaldehyde, in dilute carbon tetrachloride 

solution, and found th(lt Raoult's law was obeyed to within the limits of experi-

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

. -1 
and solvent studies, these authors assigned the weaker carbonyl band at 1682 cm 

to the syn rotamer (I lb). Gus-phase, microwave studies support th is assignmeni·
34 

whereas dipole moment measurements eifher oppose the assignrnent
35 

or are 

. I . 36 inconc us1ve. 

Chiorboli and Drusiani
37 

were the first workers to observe twin carbonyl 

bands in the thiophen-2-carbaldehyde Ramon spectrum, and explained their 
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observations in terms of intermolecular association. Andrieu et al. 
38 

have 

prepared th iophen-2-deuteriocarbaldehyde and th iophen-2-carbaldehyde enriched 

with 
18

0 and have observed (in both compounds) alterations {but not simplifications) 

in the carbonyl band envelopes; although unable 1'o rationalise completely the 

complexities of the carbonyl absorption in th iophen-2-carbaldehyde, they are led 

to the conclusion that Fermi resonance is responsible, at least in part, for the band . 
multiplicity. Dipole moment measurements suggest that the predominant form is 

~in benzene, dioxan, and carbon tetrachloride solutions, whereas gas-phase, 

. d. 34 h. . microwave stu 1es oppose t rs assignment. 

Both furan- and thiophen-2-carbaldehydes have been studied intensively 

by n. m. r. Below -90°C, the aldehydic proton resonance in furan-·2-carb,.Jldehyde 

appears as two doublets of intensity ratio 8:1 which observation, along with spin-

de~oupling 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 hydrogen in the other rotamer. The rr:oin 

point of discord concerns the nature of this coupling. Thus, Dahlqvist and Forsen 4-0 

originally considered that the main aldehydic coup I ing was to the 4-H in the syn 

rotamer and to f·he 5-H in the anti rotamer leading them to 1he conclusion that 

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

by them 
41 

was inconclusive and recent observations by others
42 

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 rof'americ forms may exist, the molecule 

exists almost exclusively in the syn conformation. 
41 

The nuclear Overhauser effect (an enhancement of the absorption intensities 
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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 

methyl ketone and the 4, 5-dibromo-, 4-bromo-5-deuterio·-, and 4, 5-dideuterio­

derivatives, 
44 

4-bromofuran-2-carba ldehyde, 4-bromoth iophen-2-carba ldehyde, 

and of 2-(4, 5-dibromothienyl) methyl ketone, and apparently unequivocal 

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

D 
,D 

D 

Br. 

Br: 

Compound 

s 

s 

COCH3 

CHO 

CHO 

Solvent 

CDCl
3 

and 

T. H.F. -D 
8 

T. H. F .-D
8 

Conclusion 

At -120°C, mixture 

of syn and anti, 

with former 

predominating 

At ambient 

temperature, single 

(syn) rotamer 

At -90°, mixture 

of syn and anti, 

former predominating 

___ ...._ .... ~_ ....... ,_...,_ . .....__.. __ ~----....------------
Table 3 
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Fina I ly, X-ray crysto I structure investigations of 4-bromoth iophen-2-

carbaldehyde, 2-(5-bromothienyl) methyl ketone, and 4-bromofuran-2-carbaldehyde 
45 

suggest that in the sol id 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-carb.aldehyde; 

(ii) to investigate, generally, the occurrence of rotationa I 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 studies; 

(iii) to devise synthetic routes to spec ifical ly-deuterated furans and th iophens 

with a view to aim (ii); 

(iv) to investigate, in 2-oxo-furans known [from (ii)] 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 r.ompare 

the results so-obtained with those from analogul:~ and oth'.2'r mei·hods; 

(vi) to examine the theoretical basis of ·i·he i. r. mei·hod for the determination 

of the energy and entropy differences between rotamers, and 

(vii) to devise computer programs for dai·a processing based upon the results 

of investigations into aims (v) and (vi}. 

The theory of i. r. band shapes and curve· resolui·icn, and of previous workers' 

approaches to data processing, is described in the fol lo\'/i(;g section. The ways in 

which the aims listed above have been achieved are descrrhed in the 11 Expcrimental" 

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 "natura I 11 I ine width; (ii), the Dopp !er effect; 

(iii) col Us ion broadening, and (iv) instrumeni·al effects. 
46 

The natural I ine width arises from i·he 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 th is 

-6 -1 
mechanism is extremely sma II (< 10 cm ) and can be neg lectc::~d in the 

present work. 

Doppler broadening arises from the thermal motion of the molecules 

and, because of the ,\~axwe II ion velocity distribution, produces a Gaussian 

band profile. Broadening by th is mechanism _is sma 11 (< l 0-
3 

cm - l) and, 

although observable in vapour phase spectra, it is relatively unimportani· for 

condensed state systems. 

Collision broadening, the principal factor influe11cing the shl.~pes of 

i.r. bands of liquids, results from the perturbation of the energy !~vels of the 

absorbing molecules caused by the close approach of other molecules. In the 

original treatment, Lorentz 
47 

assumed that a molecule absorbs at a discrete 

.frequency, that radiation stops abruptly on col I is ion, 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 durai"ion of collis_ion. Lorentz also assumed thaf· after 
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col I is ion the molecules were randomly oriented with respect to the radiation 

field, but Van Vleck and Weisskopf
48 

have sugge:;ted that the molecules would 

tend to retain a low-energ}' orientation with respect to the field. A detailed 

mathematical treatment leads to the equation: 

a 
v 

~6v1 
k-1 [ 2 

'IT (v - v )2 
+ 

0 ,­,. 
'-~ ..... 

(II) 

where "k" is a constant for a particular band, 11 a " is the absorption coefficient 
v 

at wavenumber "v", "v " is the natural wavenumber, and "6v 1 " is the full width 
0 2 

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

generally, Cauchy) form: 

a 
(111) y 

• The observed i. r. band shape may be regarded os a \,.:onvolution of the 

"true" shape with an "instrument function", K(v) where 

T - K(v) I 
v v 

(IV) 

I and T being the true and apparent band intensities when the spectrometer is 
v v 

set at wavenumber v. The instrument function is a mathematical representai'ion 

of the instrumental factors which can distort the true band shap2 including 

diffraction at the slits, the effect of using finite slit v.:idths, aberrot!ons in, and 

misalignment of, the optical system, and the effects of t·he fin if(·: time constant 

of the amplifier, mechanical distortion, and radiation scatf'ering. H· is usually 
., 

d
49 h h . f • . G . . I I l h I assume t at t e instrument unction 1s auss1an or triangu ar, 01~;1oug1 ·;·ne 
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amp! i fier time constant component can introduce an asymmetric element. The 

contribution of radiation at wavenumber v to the measured intensity at v. is 
I 

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

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

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

contribui·ed from v will be given by: 

= g (v). kc v - v.) . ~ v 
I 

(y) 

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

6v. Account is ·taken of contributions from all v by constructing a folding 

integral known as the Voigt convolution: 

f(v.) 
I 

(yl) 

Thus, isolated i. r. absorption bands of condensed phase systems are of 

Lorentz ion profile upon which physical and instrumental factors impose a Gaussian 

perturbation: this is represented mathematically by the Voigt cor.volution. 

Davies and Vaughan, SO using such a convolution, have consiTucted tobles giving 

the ratios of the widths of Voigt profiles at specific height fractio11s 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 disfTibutions. 

Curve Analysis 

Because the i. r. bands of rota me rs 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) analogu~ computer 

separation (as in the Du Pont 310 Curve Resolver), and (iii) digital computer 

separation. 

(i) Graphical Methods. Because of their simplicify, these mei·hods have been 

widely used. Sl · 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 subject!ve estimate 

of the contribution made by a small band to a wing of a large band situati~:J some 

distance away. The method becomes highly inaccurate when the band separation 

is ~111011 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 between, or from a point mid-way betv1een, 

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 compe!!sating errors, 

and can be used to a precision of± 4°/o. 

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 

respc:ctive band areas, has been shown to produce large errors for overlapping 

Lorentzian bands with peak separations less than two to three half band wiqths: 

the errors for Gaussian curves, however, approach zero at a peak separation of 

only 1 ! ha! f band widths. As the peak separation decreases, the errors become 

very large in a negative sense and measured enf·halpies tend to zero. The use of 
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apparent optical densities (peak heights) as quantities proportional to band areas 

gives res1,.1lts similar to those from the outer halves method. 

(ii) 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 res~lving contours consisting of up to ten overlapping bands. Each of these 

bands is synthesised in a distinct "function generator channel 11 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 

the fit of the synthesised and experimental contours is optimised, the areas 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-I inear base-I ines. 

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 11 breakpoint 11 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 controls 11 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 distribuf"ion functions. The seti'ings for the various 

controls are determined by fitting a curve generated, in turn, by each channel 

to a specimen experimental curve known, by measurement of half widths, to be 

sing le and undistorted: thus, it is not necessary to know the ma the ma ti ca I forms 

of the component bands. The precision of fit to a band conh:>ur and of curve areu 
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measurement is judged to be ± 1 % in favourable cases (e.g., the carbony I 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 i·he application 

of least squares analysis to non-I inear functions, using iteration to achieve an 

acceptable fit. The Lorentzian and Gaussian shape functi~ns are commonly 

expressed
52 

in the form: 
I' 

(VII) 

and 

(VIII) 

in which v is the position of the band centre, 2b is the width of the band at half 
0 

maximum, and a/b
2 

is the peak height. For the least squares analysis, th?. 

variables are genera I ised as x
1
, x2, ... xn where x

1 
is identified with the peak 

height.r x
2 

with the position of the peak cer.tre, and x
3 

and. x
4 

wit·h band width 

. -1 2 -2 . 
parameters. Putting x3 =bl and x

4 
~-= ln2.bG , equations (VII) and (VIII) 

transform to: 

(IX) 

and 

(X) 

and the Voigt product convolution becomes: 

A (v )p Is usua fly expressed in absorbance uni ts. Howev~r, because the': s igna I to 
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noise ratio is approximately constant f·hroughout· the transmiHance scale whereas 

on an absorbance scale it increases at high absorLance values, f·he optimisai ion 

program uses the transmittance function: 

(T/T ) 
ov 

= 
( M 2 2 -1 

exp -2. 30258 l ~ + ~ x1 (P/1 + x3(P) (v - x2(P)) ] 

exp [-x i(P/v -xJ(r))] 1 (XI I) 

11 f> 11 is a baseline displacement measured in absorbance units and 11 M 11 is the 

number of component bands. The values of (x
1 

... x
4

)p and pare varied to 

minimise 11 w11 where: 

(Xiii) 

and 

(XIV) 

The n;athematica I approaches to th is minimisation have been reviewed by Pitha 

and Jones
52 

who conclude that it is pc-esible to generate analytical expressions 

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

that of the statistical uncertainty ~f the data measurements. 

Thermodynamic Treatment of Results 

Part of the present work involves the determination of thermodynamic 

parameters for an equilibrium between two rotai"ional isomers 11~11 and 11 .!_:1 (the 

barrier to rotation being assumed to be small compared with kT). If the proportions 

of the isomers are of the same order of magnitude and if h and I each has a 

characteristic i. r. absorption band, ~giving a band at higher wavenumber than I, 
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the following treatment is usually applied.
53 

Let Ah = band area of rotamer h, 

ah - inte~rated absorption coefficient of .!2_, 

ch = •. ,- 1 fh concentration in g o , 

p = cell path length in cm, 

K - equilibrium constant for!:~!_, 

tiH
0 

= enthalpy change for .!2_ p !_, 

65° = entropy change for ~ ~ !_, and 

D.Go = free energy change for .!2, p !_. 

Then: 

and: 

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

-6H 0 1 
2.303R . T 

11';J.o 
+ 2. 303R (XV) 

and a plot of log
10 

(Ai/ Ah) agains~· l/T has .a slope -D.H
0
/2. 303R, if the ratio 

a
1
/ ah is independent of temperature. In order to measure entropy and free 

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

6G
0 A1 ah 

= -RT In [( A - ) . (--=- )] (XVI) 
h al 

and 

1).$0 = (!).Ho 6G
0

)/T (XVII) 
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It is often assumed that ah = a
1 

. However, Hal I and Wilson 
54 

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 equatoritJI C-CI stretching 

vibration in 4-t-butylcyclohexyl chloride is reported to be 47o/o greater than 

the coefficient of f·he axial vibration. 

An alternative approach is to use the equation: 

= (XVI i I) 

which follows from: 

c - ch + cl 

and 
Ah Al 

+ c -
ahp alp 

when~. "c" is the tof·al concentration of compound in gl-l. If each of the a 

values is independent of temperature, c plot of Ah against A
1 

should be linear 

- 21 55 56 
with a s!ope -ah/a

1
. It has b~en suggested, however, ' ' that the 

generally observed decrease in ex:inction coefficient of bands wi1·h 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 (XVIII) may lead 

to serious errors in !J.G
0 

and t:.S
0

, but as long as the a-rai'io is ind':.pendent of 

temperature, the calculated 6H
0 

value will be valid. (This problem is consic!ei-·:·d 

further in the "Discussion" section of this Thesis.) It follows that the use of 

extinction coefficients as measures of band areas and hence of c:c.ncentrations 
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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 

ah is not, in general, equal to a
1 

. 

Karabatsos et al. 
57 

have-noted that ~H0 values for rotameric equilibria 

are unreliable when obtained from the temperature variation of n.m.r. coupling 

constants ir. 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 6H
0 

value. To do th is, 
21 

the ratios of band areas at a constant 
. -

temperature are measured using as solvents mixtures of carbon tetrachloride and 

aceronitrile for which Kalliorinne
58 

has determined the dielectric constants. 

The assumption is then made that: 

1 
me + c + m'(T) + c' (XIX) 

where 11 e 11 is the dielectric constant, 11 m, m'" are slopes and "c, c' 11 are constants. 

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

l/T gives: 

E 17 5. 27 (l/T) + 1 . 64 

with a correlation coefficient of 0. 996, and thus to a good approximotion: 

= m [17 5. 27 ( ~ ) + 1. 64] + c + m' (-~ ) + c' (XX) 

Thus, when In (A
1
/Ah) is plotted againsf· 1/T, ihe measurE-~d slope is g!vc·n by 
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(175.27m + m'). The value of mis determined by plotting In (A
1
/Ah) against e, 

and hence m', the corrected slope for 6H
0 

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 daf·a is good then it would appear that the assumptions inheren·t 

in Equation (XX) are justified. The conclusion from such studies is that the 

dielectric variation effect is negligible for carbon tetrachloride solutions in 

the temperature range l:JSed in th is work. 

Statistical tv~cthods and Errors 

All linear plots listed in the "Experimental-Spectroscopic" section were 

estimCJted by I inear regression 
59 

using an I. C. L. 1906A computer {_yide 

11 Discussion 11
), the best fit being determined by minimising the sum of the squares 

of the deviations of the data points from the I ines. 

If, for a particL:~ar measurement of the independent variable, x
1
, the 

corre~ponding measurement of f·he dependen.t variable (or response) is y l' then 

the function to be minimised is: 

n 
2= (y. - a -
• l I 

2 
bx.) 

I 
1= -

where 11 n 11 is the number of pairs of observations, 11 b 11 is a slope and "a 11 is an 

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

a 
n n 
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where: 

n 
[ = ~ (x - x )(y - y )] 

In order to assess the precision of the esi"imates, an Analysis of Variance Table 

is constructed; the total vadai-ion in the response can i·hen be broken down 
' '- ' 

into two components: (i) the variation in y which is left unexplained when the 

best I ine has been fitted, and (ii) the variation in y which can be attributed to 

its dependence on x. A measure of the to ta I variai"ion in the response is given 

by the Total Sum of Squ1Jres: 

The R~sidual Sum of Squares is obtained by r:alculating the '.'ertical deviation 

of each point from the best straight I ine, squaring these deviations, and then 

summing the squared deviations~ 

2 
- a - bx.) 

I 

The proportion of the Tota I 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) 

f·hat is: 

'°(y.-y)2 
- ~(y.-a-bx.)2 = 

LI I I 
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The Analysis o.f Va~iance Table is then constructed as shown: 

Source of 
Variation· 

Due to 
regression 

Degrees of 
Freedom 

1 

Sum of Squares 

n 
A - b L (y. - y )(x. - x) 

• _ 1 I I 
1-

Mean Square 

M =A 
0 

------------~~~~~--~--~--~----=---·-~m~--~-~~--------------

About n 2 
M = B . 

n - 2 B L (y. - a - bx.) regression -

(residua I) 
. _ l I I 1 n - 2 
1- . 

~w.a-

n 2 
Total n - 1 c - ~ (y. - y) 

• - 1 I 1-

M
1 

is th_e best estimate of the residual variance, and 4M
1 

is called the Residual 

Standard Deviation. If x is having no effect upon y, then M wi 11 also be an 
. 0 

estimate of the residual ,_~ariance, bu·t if y really is affected by x, M will be much 
0 

larger than M
1

. Thus, if the true slope of t_he I ine equals zero, then the ratio 

M
0
/M

1 
wi! I be comparatively smal I. 

For linear plots in which both variables ore subject to similar errors (e.g., 

Ah against A1 ), the least squares fit- is not ahvays the besL In these cases, the 

plots were repeated using the method of means. 
61 

Thus, the n plotted points are 

divided into three groups, the equal numbers in the i"wo extreme groups being 

chosen to be as near n/3 as possible. The i(;in of the mean coordinates x
1

, y
1 

and 

x
3

, y
3 

for the extreme groups provides the siTaish·t line. 
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The errors in each of the thermodynamic quantities were calculated 

assuming that the error in _!5,, the equ i I ibrium constant, is random and can be 

described by the Gauss err~r function. If the error in K is ±q, it follows
60 

that 

the error in 6H
0 

is ±Rt q/K, the error in !J.G
0 

at temperature T. is ±RT. q/K, 
- - - -1 -l-

and that in 65° at Ti is± RKq (1 + ;. ), where: 
-I 

1 
t 

,-( 1 ) - ..!.. (~-1 )2 L T.2 n LT. 
-1 -1 
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EXPERIMENTAL - SPECTROSCOPIC 

A. Infra Red Investigations 

All the infra red spectra, the results of which are presented in this 

section, were recorded by the author using a Perkin-Elmer 521 grating zj:)ectro­

photometer fitted with a I inear absorbance attachment and purged continuously 

with dry air. The instrument was operated in the absorbance mode (scale I inear 

to within 1°/o) at a spectral slit width of 1.7 cm -l and a scanning rate of 

5 cm-1/min. The calibration, which was to 0.5 cm-
1

, 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 ~ven parity, using a Stogate Data Logger. Th is p:-ovides 

a four-digit record, in units of transmittance x 1O,000, at a punch rate of one 

record per second or slower. The input d.c. voltage was eighty millivolts 

maximum, and the I inearity was to 0. 005%. The input voltage is derived from 

a read-out potenf'iometer which is clamped mechanically on to the trcinsmittir.g 

potentiometer of the spectrophotometer: there is thus a mechanical I ink between 

the read-out potentiometer and the optical attenuator. [Th is mode of operation 

is preferred to an alternative approach in which the a.c. signal from the pen 

fol low-up potentiometer is used since (i) the low impedance of the Data Logger 

tends to cause a perturbation of the signal; (ii) recording is then in the absorbance 

mode and the I inearity of the spectrophotometer absorbance attachment becomes 

the I imiting error, and (iii) there is r:io ~priori reason 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 VL T-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 into 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 eel I windows during low temperature operation, tJnd prevents 

rap id bo ii ing of the refrigerant. The temperature of the i. r. ce 11 is recor~ed on 

the TEM-1 via a chromel-alumel thermocouple. The current supplied to heaters 

loc0ted on either side of 1·he 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° to +75°C), was checked by comparing the tempc1·atures 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, sodium 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 windo'NS was used, silver chloride having the advanf·ages 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 regir.>n 1800 to 1600 cm -l, and the low variation of its 

dielectric constant with temperature (cf. i·heoref-ica I section). For very low 

temperature sf·udies, carbon d isu lph ide was used. Gross variations in solvent 

dielectric constant were achieved by using chloroform, brpmoform, or methyl 

cyanide as solvents; the ethanol added as a stabiliser to chloroform and L...;mo­

form was removed by passage of the solvents through alumina. The relative 

efficiencies of desiccants (phosphorus pentoxide, anhydrous potassium carbonate, 

anhydrous magnesium sulphaf·e, anhydrous calcium chloride, and B. D. H. 

molecular sieves iypes 3A and 4A) in curbon tetrachlo:-ide were investigated by 

monitoring the magnitude of the i. r. water band at 3720 cm - l. The most 

efficient desiccant was found to be B.D.H. molecular sieve type 3A (l/~6 11 

pellets) and all solvents (of analytical purity) were dried in this way for 24 h 

before use. The compounds examined in this section were 0ither distilled in vacuo 

(I iquids) or sublimed in vacuo (sol ids) im~!1ediately before use; their purity was 

checked, where appropriate, Ly t. I. c. and g. I. c. 

In the tables be low, the same conventions that are described in the 

Discuss ion section are used. Thus, 11 A 11 represents the area of an i. r. band, 11 D 11 

represents the optical densify of a band, 11 T11 represenls ~·he absolute temperature, 

and the subscripts "I" and "h 11 refer to the lower- and higher-frequency bands in 

a rotamer carbonyl doublet. 
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Optimisation of spectrophotometer settings 

Experiment l. The hydroxyl stre·tch ing band of t-butanol was examined at 303°K 

in carbon tetrachloride solution (0. 500 mg/ g solvent). The amp I ifier gain and 

attenuator speed settings were varied to find the optimum working conditions 

consistent wi1·h the production of a symmetrical OH band (v OH 3616. 0 cm - l). 

A constaf!t slit program setting of 1000 was used with the slit width set at twice 

the programmed value. The various settings were investigated by measuring the 

ratios of the leading to trailing half-widths at various fractions of the band 

height. The settings which gave minimum overa 11 distortion of the band were 

chosen as the optimum settings. 

~f­

Fur an - 2 - car b a Ide h yd e C=O band assignment 

Experiment 2. The carbonyl region of furan-2-carbaldehyde in carbon tetra-

chloride solutions was examined at various concentrations at 20°C and thci areas 

-1 
of the bands at 1700 and 1681 cm were measured (vide Table 4). 

-1 
Concentration (g I ) 

8.59 

1. 72 

0.86 

0.43 

0.09 

A 0/o h 

71 .5 

71. 5 

71.5 

71 .5 

72.0 

Table 4 

A% I 

28.5 

28.5 

28.5 

29.0 

28.0 

0.3Q9 

0.399 

0.399 

0.409 

0.389 

~f- Tables 4 and 5 involve a re-examinai"ion of previous work by 1·he author. 21 
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Figure 2 

I 

1681 cm 
-1 
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The aldehyde was then exam·ined as a thin film, the optical density ratio 

0 1690.0/01672•5 being measured as 0.874. 

The aldehyde was next examined in carbon i"etrach loride solution (3. 915 mg 

0 0 -1 
in 7. 904955 g solvent) from -20 to 70 C, and the bands at 1700 and 1681 cm 

were recorded. A specimen analogue curve resolution is included as Figure 2, a 

digital CtJrve resolution (for program details see later) as Figure 3, and a specimen 

spectrum as Figure 4. For complete curve resolution, it was necessary to include 

a small contribution fro~ a third band between the major bands: its contribution 

has been removed from the areas quoted in Table 5. 

T Total Area 

253 100.0 65.5 34.5 

263 96.5 64.5 32.0 

277 92.5 63.0 29.5 

283 91.0 63.0 28.0 

293 90.0 64.5 25o5 

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 
. I f 

and carbon disulphide, and the last solution was examined at temperature below 

ambient down to -110°C. In chloroform, two bands were observed in the carb:")rivl 
I 
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region at 1693 (D 0.52) and 1676 cm-l (D 0.73) with a slight shoulder at 

1696 cm-
1
; in bromoform, two bands were again i:>bservcd at 1692 (D 0.39) and 

1674 cm-l (D 0.62) with a slight shoulder at 1698 cm-
1
; in carbon disulphide 

below o0 c, three distinct bands could be observed at 1696.5 (D 0.39), 1692.0 

(D 0.63), and 1676. 4 cm -l (D 0. 53). 

The aldehyde was next examined in a 5 cm silica cell, as a carbon tetra~· 

chloride solution, in the reg ion 3450 to 3300 cm - l {the carbonyl overtont .·egion). 

-1 
Three bands were observed 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 Industrial Instruments Corporation 9 cm heated ga::- cell. Spectra in the 

carbonyl region were recorded in the temperature range 75° to 185°C. At all 

temperatures, a complex band envelope, which had the oppearance of a fJOir of 

heavily overlapped doublets centred at 1719. 5 and 1710. 0 cm - l, was obtained. 

Experiment 3. The carbonyl reg ion of 4-· isopropyl furan-2-carba ldehyde (I II), in 

carbon tetrachloride solution, was examined from -20° to +75°C. At all 

temperatures, one major band was observed {1688. 5 cm -l at 30°C) with a smal I 

shoulder to higher wavenumber {1706 cm -l at 30°C). Small frequency shifts f·o 

higher values and small decreases in optical density for the major band with 

increasing temperature were observed. 

The carbonyl re.gion of the aldehyde was also examined (at 30°C) using 

a chloroform solution. One major band was again observed (at 1677 cm-l) along 

with a very minor band at 1705 cm-
1

. 
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Experiment 4. The carbonyl region of 3-isopropylfuran-2-carbaldehyde (VI I) in 

carbon tetrachloride solution was examined at 30°C. A single, major band was 

-1 -1 
observed at 1686 cm with a very slight shoulder at 1698 cm . 

The carbonyl 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 - l {D 0. 44). 

Experiment 5. The carbonyl regions of 5-isopropylfuran-2-carbaldehyde (XVI[) 

and of 4, 5-diisopropylfuran-2-carbaldehyde (XI) in carbon tetra ch lcride soiut!c>i ,s 

we.re examined at 30°C. A single band was observed in each case, centred at 

-1 
1686 cm in the mono-alkylated aldehyde and at 1685 cm -l in the di-alkyloL:>d 

aldehyde. 

-1 

. -1 
Single bunds centred at 1672.5 cm {mono-alkylated oldehyde) an~~ 

1672 cm (di-alkylated aldehyde) were also observed when chloroform was u~~cJ 

as solvent. 

Experiment 6. The carbonyl regions of 2-furyl methyl ke·tone (XI II), ethyl 2-·11 .. ny! 

ketone;; (XIV), and ethyl 2-(3-methyl)furyl ketone (XIX) were examined in carb:1t·1 

totrachloride and chloroform solutions at 30°C. The observations are summarised 

in Table 6. 

Compound 

Methyl ketone 

E thy I ketone 

Ethyl 2-(3-methyl) 
ketone 

Band in CC 1
4 

at: 
-1 

{cm ) 

1683. 5 and 

1711 {very minor) 

1685 

1678.5 

Table 6 

Band in CHC 1
3 

ot: 
-1 ... 

(cm ) 

1674 

1674 

1667.5 
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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. 

{nm) 

. 
Fur~n-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-chl.orofuran-2-carbaldehyde {XVI), 

5-bromofuran-2-carbaldehyde (XLlll), 2-(5-chlorofuryl) methyl ketone (XXX), 

2-(5-bromofury I) (4-·methoxyphenyl) ketone (XXXV), and 2-fuiy I (2, 4, 6-trimethyl-

phenyl) ketone (XVIII) were examined in carbon tetrach!oride soluti.')ns and i:i the 

sol id state, using potassium bromide discs. The observations are s;;mmarised in 

Table 8, where the positions of major bands are underlined and those of minor 

bands are bracketted. 



Compound 

(XVI) 

. (XL 111) 

(XXX) 

(XXXV) 

(XVIII) 
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-1 
CCl

4 
(cm ) 

1690.5 

(1718) 

1689 

(1713.5) 

1685.5 

1643 

(broadened to high v) 

1663 

Table 8 

-1 
KBr (cm ) 

1677. 5; 1668.5 

(1712. 5) 

1674.5; 1663.5 

(1707. 5) 

1656 

1626 --
(1639) 

1643 

(1659) 

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

5-(4-ch l::>rophenyl)furan-·2-carbaldehyde (XXI 11), 5-(4-bromophenyl )furan-2-

carbuidehyde (XXV), 5-(1-naphthyl)furan-2-carbaldehyde (XXVll), and 5-(2-

naphthyl)furan-2:-carbaldehyde (XXIX) were examined in carbon tetrachloride 

solutions, and (excepting 5-phenylfuran-2-carbaldehyde and 5-(l-naphthyl)furan-

2-carba ldehyde) in the sol id state using potassium bromide discs. The observations 

are summarised in Table 9 using the convention of Table 8. 



Compound 

Fermi Resonance Studies 
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-1 
CCl

4 
(cm ) 

-1 
KBr (cm ) 

Experiment 9. The carbonyl region of furan-2-carbonyi ch lo ride (XXX 11) was 

examined, in carbon te~rachloride, solution, over the temperature range -15° 

to 75°. Four bands were observed, at 1797 (D 0.17), 1780 (D 0.37), 1756 

(D 0.25), and 1744 cm-l (D 0.44); the intensify of the band at 1756 cm-l 

increased greai·ly 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 carbonyl 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 
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The acid chloride was next examined in a 5 cm silica cell, as a carbon 

tetrachloride solution, in the carbonyl overtone region. Three distinct maxima 

. -1 
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 150°C, 

using a 9 cm heated gas eel I. A complex band envelope was observed in the 

· carbonyl region having two distinct maxima, of approximately equal intensity, 

1 -1 
at 1794 and 1767 cm - , and shoulders at 1807, 1775, and 1756 cm . 

Experiment l 0. The carbonyl regions of furan-2-carbonyl bromide {XXXI 11) and 

furan-2-carbonyl fluoride (XXXIV), as carbon tetrachloride solutions, were 

examine~ at 30°C. In the fo:-mer case, two major bands [at 1780 (D 0.45) and 

1769 cm -l (D 0.31)] were observed, with ·a broad, mir.or band at 1746 cm -l 

-1 
{D 0.09). In the latter case, iwo major bands [at 1828.5 (D 0.70) and 1816 cm 

. -1 
(D 0.42)] were observed, with a shoulder at 1807 cm {D 0. 20). 

Exper~ment 11. The curbonyl regions of th!ophen-2-carbo.,yl chloride {XXXVI) 

and th iophen-2-carbonyl fluoride (XXXVI I) as carbon tetra ch lo ride solutions were 

examined at 30°C. In 1·he fernier case, a single band was observed at '1751.5 cm ~l 
l / 

with a slight shoulder at 1760 cm~·j; in the. latter case, a single band was observed 

at 1807.5 cm-l with a slight ~houlder at 1813 cm-1. 

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

{XLVI 11) 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-l {D 0.51), and the acid fluoride two bands at 

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

obseived. 

The carbonyl region of the acid chloride, as a carbon tetrachloride 

solution, was also examined in the temperature range -15° to 75°C. An 

inf·ens.ification of the higher frequency band relative to that at lower frequency 

was obseived with decrease in temperature. 

Experiment 13. The carbonyl reg ion of th iophen-2-carbaldehyde (L 111), as a 

carbon tetrachloride solution, was examined over the temperature range -15° to 

759C. Three distinct maxima were obseived at 1687.5 (D 0.61), 1677 (D 0.30), 

and 1659.5 cm -l (D 0. 04) (at 30°C). With increase in temperature, the intensify 

-1 -1 
of the band at 1677 cm decreased relative to that of the 1687. 5 cm band. 

A specimen analogue cuive resolution is included as Figure 6; for complete cuive 

resolution, it was found necessary to include a small contribution from a fourth 

band. t'-Jo gro.ss alterations in the appearance of the band envelope were observed 

over u hundred-fold change in concentration. 

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

at 1687 (D 0.33), 1675 (D 0.65) and 1663.5 cm-l (D 0.43). 

The ald::hyde was finally examined in a 5 cm silica cell, as a carbon 

tef-rachloride solution, in the carbonyl overtone region. Two distinct maxima, at 

3355 (D 0.59) and 3343 cm -l (D 0.68), were observed. 

Experimeni· 14. The carbony I reg ion of 5-·cleuterioth iophen-2-carba ldehyde (XL), 

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

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

(D 0. 07). With increase in .temperature, the intensity of the band at 1672 cm -l 
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-1 
decreased relative to that of the 1688 cm band. 

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

-1 
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-trideLJteriofuran-2-carbaldehyde {LXX I), and 3, 4-d ideuteriofuran-2-

carbaldehyde (LXXVI), as carbon tetrachloridt; solutions, were examined at 30°C. 

The mono- and tri-deu·i·erated aldehydes showed singlets at 1694 cm -l, and the 

di-deuterated aldehyde a doublet {with the components having approximately 

equal intensities) at 1696 and 1690 cm -l. 

In chloroform solutior", the mono-deuterated aldehyde showed a singlet 

at 1682 cm -l; in acetonitrile solution, the tri-deuterated aldehyde showed a 

singlet at 1682 cm-
1
, and the di-deuterated aldehyde a doublet at 1681.5 and 

1688 cm -l. 

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, 0t 1718, 1711, and 1705 cm -l, the di-deuterated 

aldehyde two maxima, of approximately equal in1·ensities, at 1722 and 1707 cm -l, 

and the tri-deuterated aldehyde three maxima, of approximately equal intensities, 

-1 
at 1720, 1710, and 1704 cm . 

In the C-H stretching and bending reg ions, the mono-deuterated aldehyde 

showed five maxima between 2700 and 2900 cm - l and three max.ima between 

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

and 2900 cm-land four dislinct maxima between 1350''and 1400 cm -l, and the 
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tri-deuterated aldehyde four distinct maxima between 2700 and 2900 cm -l and 

two distinct maxima between 1350 and 1400 cm-
1

. 

Experiment 16. The carbonyl regions of 3-bromofuran-2-carbaldehyde (LVI I), 

4-bromo fu ran - 2-ca rba Id eh yd e (LX I), and 4-bromo-5-d eu ter i of u ran-2-ca rba Ide hyd e 

(LXVll), as carbon tetrachloride and acetonitrile solutions, were examined al· 30°C. 

Single, major bands, broadened to high waven•Jmber, were observed for the 3-

brorno-aldehyde at 1691 cm- l (carbon tetrachloride) and 1681 cm - l (ace ton !trile). 

For the 4-bromo-aldehyde, two bands were observed in each solvent, at 1705. 5 

(D·0.57) and 1690.5 cm -l (D 0.42) (carbon tetrachloride), and 1701 (D 0.21) 

and 1686 cm-l (D 0.43) (acetonitrile): the acetonitrile spectrum showed a distinct 

shou Ider at ·1708 cm - l . Sing le bands were observed for the 4-bromo-5-dcui"erio­

aldehyde at 1697 cm -l (carbon tetrachloride) and 1689.5 cm-l (acetonitrile). 

The carbonyl regbns of 4-bromofuran-2-carbaldehyde and 4-brcmo-5-

deui·eriofurc.n-·2-carbaldehyde were examined in the sol id state, using potassium 

brorr. !de discs. For the 4-bromo-a ldehyde, a broad band centred at 1675 cm - l 

with a d isHnct shou Ider at 1700 cm -l was obse1ved. For the 4-brorno-5-deu1·erio-

-1 
a ldehyc!e, a broad band centred at 167 6 cm was obseived. 

Digital Computer Studies 

Experiment 17. A copy of a digital computer program for the decomposi"iion 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 i·he IB/v\ 

Systerr(360, and al I of the input, output, and format statements were thcrf::f ore 

re-written in the Egdon system for an English Electric KDF-9 computer. [ lt was 

known that a changeover wou Id eventually have i·o be made fr~.m the KD F-9 to 



-43-

an International Computers Limited (ICL) l 906A computer, and the seven hundred 

program steps were therefore punched on to cards using ICL 1900 code .J The 

program as used initially required data points encoded as transmittance x 1000 

and wavenumber in cm -l 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 IB/'v1 3f.0 (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
1 

to x 
4

) from the band decomposHion program.- end for the ir1tegradon 

of a band using Simpsori's 1/3 rule. Using integration steps of 0.1 cm -l, inf·egra1ron 

of a single band by this method was observed to tcike approximately ten rr:inutes. 

An increase in the width of the integration step to 0. 2 cm -l produced no change 

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

time. 

-1 
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 results are compared with those from the 

analogue curve resolver in Table 10. 
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Position Absorbance A(%) 

Digital 1698. 1 0.54 64.2 
0.56 

-20° 1680.4 0.26 35.8 

Analogue 1698.4 0.54 65.5 
0.53 

-20° 1680.6 0.26 34.5 

Dig ital 1700.0 0.50 71. 4 
0.40 (' 

! 

+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 wriHen using the graphical output subroutines 

of the KD F-9 and the computed cuives, their sum, and the input data fo:- furan-

2-·carbaldehyde were plotted. The plot is fihown earlier in th is section as Figure 3. 

Experiment 20. The pr·::>gram-terminaf'ir1g checks of the iterative loops of the curve-

fitting program, which are basGd upon the rate of convergence to optimum fit 

between synf-hesised and experimei"1tal date;, were removed. No improvement in 

cuive-fitting was obtained by ·thus a If owing more ii·~rations, and the checks were 

re-introduced. 

Experiment 21 . With ~he advent of an ICL 1906A computer, the l<D F-9 contro I 

commands were replaced by their 1906A equivalcr1ts. Because of the availability 

of disc storage, it then became possible to store il:,-:} curve-fitting program as card 

images and as a binary, compiled program; storage in the fatter format al lowed ., 

a considerable reduction in computing lime for a porticular curve resolution. 
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The input statements and control commands of the curve-fitting program 

were then a!1ered to allow the input data to be preseni·ed in unit·s of transmittance x 

10,000 on punched paper tape. The program was also modified so that the positions 

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

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

al lowing different common differences: the area ratios so obtained were identical 

in a 11 cases. 

Experirn~:nt 22. The times (in seconds) for successive 100 cm-l scans (from 1700 

~1 
to ·1600 err, ) of the 521 i. r. spec'lrophotometer were measured: the results are 

summarisc:d in Table 11. 

Run Ti me (~.(;cs) Comment 
""""-"':.OO<:"J-~'· 

1 1207.3 Runs recorded on 

2 1206. 9 same day withc.ut 

3 1205.8 chart drum 

4 1207.0 connected. 

5 1204. 9 

6 1204.0 

7 1203. 6 Wif-h drum conneci·ed. 

8 1206. 5 Runs recorded on 

9 1205.5 fol lowing day with 

10 1202. 6 cirum collnected. 

11 1202.0 
...... .:r..i..-·.-_, ___ -· ., .... ,..~ 

---~ ~"~-

Table 11 



-46-

Experiment 23. The carbonyl bands of me thy I ~-ch lorobenzoate (C IV), methy I 

3-methyl-2-furyl ketone (CV), and 5a-androstan-17-one-3~-yl th iophen-2'-

carboxylate (CVI), were rP.corded, as carbon tetrachloride solutions, in the 

tempera.ture range -15° to 75°C, with digital encoding of transmittance x l 0, 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 Simpson's rule, assuming 

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

([Jl 
.s. co2 

(CVI) 

The r~su I ts are summarised in Tables 12, 13, and 14. 

/\~ef·hyl m-chlorobenzoLJte {O. 835 mg in 1. 287980 g carbon tetrachloride), 

-1 
v30o( 1731 Cm . 

Temperature ('c) 

-15 

0 

15 

30 

45 

60 

75 

A A0/o No. of points 

441 

450 

441 

441 

441 

441 

441 
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Methyl 3-methyl-2-fuiyl kei·one (1.310 mg in 1.223505 g carbon tetrachloride), 

-1 
v

30
o( 1676.5 Cm . 

Temperature (°C) A Ao/o 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-~-3P-yl th iophen-2' -carboxylate (2. 730 mg in l. 484980 g 

-1 
carSon tetrachloride), v30oC 1741.5 and 1710.5 cm . 

Temperature (°C) 

-15 

0 

15 

30 

45 

60 

75 
-------~· 

A 

8.78229 

8.33938 

8. 13236 

7.89358 

7.51294 

7.25734 

6.87244 

Table 14 

A% 

100. 0 

95.0 

92.5 

90.0 

85.5 

82.6 

78.2 

No. of po in ts 

702 

702 

720 

729 

693 

693 

720 

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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Figure 9 (dummy v-values) 

Figure l 0 (dummy v-values) 
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from a program written for tbe ICL l 906A ploHing sub;outines: 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 i·o be unreliable; this was replaced by a sub-

routine based on the program origina 1 ly written for the integration of band 

envelopes (Appendix A). The results are summari~--'d in Tables 15, 16, and 17. 

Methyl m-ch lo.robenzoah: 

Temperature (°C) A A% 
[ X3J 

Shape ( 1x3j + l x4I) 
-~--

-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. 8210,1. 85.9 0.792 

75 2.73759 83.4 0.8i5 
~-~ .. =i- ... ~i.r~- -· ---....-. .... ~ .. 

Table 15 

Methyl 3-methyl-2-furyl ki~f·one 

---------~-·------------- --
Temperature (°C) A Ao/o Shape 

~-~._,......_, __ ~ __ ,_...,...._...., 

-15 A ('()706 +. -·-!1 l.• 100. 0 0.714 

0 3.92344 97.2 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 i'')r22 ..... o._,..) 90.0 0.791 

75 3.58295 88.7 0.826 
_._ ... ""'7'--, ~ 

-- ... .,.,,... ______ 
T t-.1 a,~-ie 16 
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5a-Androstan- l 7-one-3~-yl th iophen-2' -carboxylate 

Temperature (°C) A
17 41

. 
5 

A0/o Shape Al710. 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 :-e·solver, from which the band areas were 

read directly. The results are listed in Table 18. 

Temperature (°C) (CIV) (CV) (CVI) 

-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-3~-yl 5
1
-bromo-2

1

-

furoate (CV! I), the 51 -chloro-compound (CVI 11), and the 51 -phenyl-compound 

(C IX), were recorded, as carbon tetrachloride solutions, in the temperature 

range -15° to 75°C, with digital encoding of transmittance x 10, 000. 

x 

X =Br (CVll) 

=Cl (CVlll) 

= c
6

H
5 

(CIX) 

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

the digital method. The results are listed in Tables 19, 20, and 21, and computer 

plots are included as Fi9ures 10, 11, and 12. 

5a-/~.ndrostan-17-~-3~-2:! 51 -bromo-21 -furoa1·e (2.289 mg in 1.000 g carbon 

tetrachloride), v _
15

oC 1739.5, 1727, and 1709.5 cm-
1

. 

Temperature ('c) A. I 
ISO • 

A.% 
I 

-15 3.2265 100. 0 1 . 9105 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 l. 8359 2.6560 

45 2. 8501 88.3 1. 7823 2.5364 

60 2. 6212 81. 2 1. 8663 2. 4032 

75 2.4864 77. l 1. 8099 2.2272 
.-,.._._~ 

Table 19 
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Figure 11 {dummy v-values) 

Figure 12 {dummy v-values) 
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5a-Androstan- l 7-one-3~-yl· 5' -ch loro-2' -furoate (1 . 863 mg in 1 . 000 g carbon - - -· 
-1 

tetrachloride), v _
15

oC 1739, 1723, and 1708 cm . 

Temperah.ire (°C) A. I A.o/o Ah Al 
ISO • I -

-15 4.9267 100. 0 3.2393 2.9876 

0 4.9665 l 00. 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 79.7 1. 9278 3.8581 

75 3.5988 73. 1 2. 1583 3.8208 

Table 20 

5a-_:6ndrostan-17-~-3~-l_i_ 5'-phenyl-2'-furoate (2.115 mg in 1.000 g carbon 

tetrachloride), v _
15

oC ·1739, 1717.5, and 1703 cm 
-1 . 

~----

Temperature (°C) A. I A. 0/o Ah Al ISO • I - -

-15 5.2986 100.0 4.0370 3.9012 

0 5. 1692 97.6 3.9312 3./244 

15 4.9087 92.6 3.7913 3.5957 

30 4. 8062 90.7 3.8128 3.2820 

45 4.7749 90. l 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 

(CXI I) furan-2-carboxylates were recorded, as carbon f·ei'rach loride solutions, 

in the temperature range -15° to 75°C, with digital encoding of transmittance x 

l 0, 000. The band envelopes were resolved and the individual bands were integrated 

by bofh c:inalogue and digital methods. Specimen resolutions are included as 

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

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

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

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

Methyl furan-2-carboxylate (2. 100 mg in 2. 643210 g caroon tetra ch loric~. ), 

-1 
v
30

oC 1740 and 1725 cm 

Temperature ~C) 

-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 



0 -8 -

I 'I 
_) ~ {_ .. 

1 r· r-; r· 
,) ._I l) 

1 I('(~ 
..I. I u ,_l 1720· 

-56-
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Figure 13 (dummy v-values) 
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1 ':'J'.] l'·~:J l?SO 

Figure 14 (dummy v-volues) 

Figure 15 (dummy v-vclues) · 
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Ethyl furan-2-carboxylate (0.725 mg in 0.901475 g carbon tetrachloride), 

-1 
v30oC 1734 and 1718 cm . 

Temperature ('c) Ah 
- ---

-15 45.0 

0 42.0 

15 40.5 

30 39.0 

45 37.0 

60 35.0 

75 34.0 

Table 23 

-1 
t-Butyl furan-2-carboxylate, v

30
oC 1729 and 171_ 1 cm . 

Temperature ('c) Ah 
.. 

-15 40.0 

0 40.5 

15 4C.5 

30 40.5 

45 41.0 

60 41.0 

75 41.5 

Table 24 

Al 
-

55.0 

54.0 

54.5 

53.5 

53.0 

52.5 

52.5 

Al 
-

60. 0 

57.0 

53.5 

52.0 

48.0 

47.5 

46.5 
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Methyl ester 

Temperature (°C) Ah Shape Al Shape 
-

-15 7. 3301 0.652 11.5167 0.972 

0 7.3759 0.691 l 0. 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 

E thy I ester 

Temperah1re (°C) Shape Shape 
• 

-15 7.0964 0.824 8.0844 0.995 

0 6.8957 0.817 7.5674 0.987 

15 6.723? 0.799 7. 1600 0.978 

30 6.6366 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 
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t-Butyl ester 

Temperature (°C) Shape Shape 

-15 3.2586 0.559 5.5695 0.819 

0 3. 1420 0.638 5.0008 0.716 

15 3. 1247 0.689 4.8210 0.753 

30 3. 1177 0.696 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 

Table 27 

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

1725 (methyl), 1716 (ethyl), and 1708 cm-l (t-butyl), with shoulders to higher 

-1 
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 carLon teiTa-

chloride solutions, in the carbonyl overtone region. Th0 positions of bands, 

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

Compound 

Me thy I ester 

E thy I ester 

t-Buty I ester 

-1 
Bands at (cm ) 

-------~· 

3469 (l. 1 ), 3437 (1. 1 ), 3424 (1) 

3453 (1 ) F 3422 (l • 2) 

3440 (l)' 3408 (1 . 2) 
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Figure 16 
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Experiment 26. The carbonyl regions of methyl (LXXXll), ethyl (LXXXlll), 

and t-butyl (LXXXIV) 5-bromofuran-2-carboxylates were recorded, as carbon 

te1-rach loride solutions, in the temperature range -15° to 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 

1120 cm - l (D 0. 58) (at 30°C); the intensity of the band at 1720 cm - l showed 

a marked increase with decrease in temperature. The ethyl and t-butyl esters 

shov:cd doublets in the carbonyl regions at 1735, 1719 and 1731, 1712.5 cm-l 

respe:ctively, and the band envelopes were resolved and the individual bands 

integrated using the digital method. Specimen resolutions are included as 

Figures 17 and 18, and the results are listed in Tables 29 and 30. 

E thy I 5-bromofuran-2-carboxy late 

Temperature ('c) Shape 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 (°C) Shape 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 3.9990 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 relui·ive optical densities (in brackets) are 

given in Table 31. 

Compound 

Methyl ester 

Ethyl ester 

t-Butyl ester 

-1 
. Bands at (cm ) 

1731 • 5 (1 • 5) I 1719 • 5 (1. 0) 

17 26 • 5 ( 1. 2) I 171 6 • Q ( 1. 0) 

1721 . 5 (1 . l ), 1710. 5 (1. O) 

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 bands, 

and their relative optical densities (in brackets) are given in Table 32. 



Compound 

Methyl ester 

Ethyl ester 

t-Bufyl ester 
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Table 32 

-1 
Bands at (cm ) 

3466 (1) 1 3431 {l. 4) 

3455 (1 ) 1 3423 (1. 6) 

3446 {l ) 1 3409 (1 . 7) 

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

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 transmittance x l 0, 000. The qand envelopes were resolved 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 I isted 

in Tables 33, 34, and 35. 

-1 
Methyl 4-bromofuran-2-carboxylate, v

30
oC 1746 and 1728. 5 cm . 

Temperature ('c) Shape Shupe 

-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. 1.235 0.961 5.0278 0.808 

75 5.9653 0.961 4.8431 0.815 

Table 33 
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-1 Ethyl 4-bromofuran-2-carboxylate, v
30

oC 1739. 5 and 1724 cm . 

Temperature (°C) Shape 

-15 6.7263 0.689 8.2474 

0 6.5788 0.710 8. 1109 

15 6.5196 0.771 7 .3232 

30 6.3205 0.779 6.6378 

45 6.0215 0.786 7.4817 

60 5.9124 0.793 7.0257 

75 5.7518 0.803 6.7682 

TablP 34 

-1 t-Bufyl 4-bromofuran-2-carboxylate, v
30

oC 1734 and 1718 cm . 

Temperature (°C) Shape 

-15 3.8389 0.539 6.4051 

0 3.8281 0.585 5.8092 

15 3.6179 0._620 5.6794 

30 3.6036 0.653 5.5997 

45 3.5847 0.709 5.3052 

60 3.5595 0.720 5. 1147 

75 3.5371 0.739 4.8690 
-·--· ..,. ... ..,.,~_,..,..·~¢-· -~ 

Table 35 

Shape 

0.935 

0.935 

0.879 

0.792 

0.947 

0.937 

0.929 

Shape 

0.994 

0.999 

0.996 

0.997 

0.999 

0.999 

0.993 

In acetonitrile solution;, the ·fr.:-·~e es'fers showed doublets at 1738 {D 0. 55) 

and 1727.5 cm-l (D 0.65) (methyl e::h.:r), l730 (D 0.56) and 1722 cm-l (D 0.46) 
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-1 
{ethyl ester), and 1724 {D 0.76) and 1717 cm {D 0.58) (t-butyl ester). 

Experiment 28. The carbonyl regions of methyl {XCll), ethyl (XClll), and t-butyl 

(XCIV) 3-bromofuran-2-carboxylates, as carbon tetrachloride solutions, were 

recorded at 30°C. The methyl ester showed a single band centred at 1733 cm-l 

w!th a slight shoulder at 1712 cm-
1

, and the ethyl and t-butyl esters single bands 

-1 
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 

. -1 -1 -1 
at 1727. 5 cm with a shoulder at 1720 cm , the ethyl ester a band at· 1721 cm , 

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

-1 
1713. 5 cm . 

Experim.ent 29. The carbonyl regions of methyl (LXXVll), ethyl (LXXVlll), and 

t-butyl (LXXIX) 5-dcuteriofuran-2-carboxylates, as carbon tetrachloride solutions, 

were recorded at 30°C. Doublets wer~ observed for each of the esters at 17 40. 5 

-1 -1 
(D 0. 87) and 1725. 5 cm {D 0. 81) {methyl ester), 1734 (D 0. 50) and 1718 cm 

-1 
(!) 0 . .54) {e1'hyl ester), and 1729 {D 0.40) and 1711 cm (D 0.41) (t-butyl ester). 

Experiment 30. The carbonyl regions of methyl (XCVll), ethyl (LXXlll), and 

t-butyl (XCVI II) 5-bromo-3, 4-d ideuteriofuran-2-carboxylates, as carbon tetra-

chloride solutions, were recorded at 30°C. Doublets were observed for each of 

-1 
the esters at 1743 {D 0.30) and 1729.5 cm {D 0.38) (methyl ester), 1736 

-1 -1 
(D 0. 54) and 1719 cm {D 0. 84) {ethyl ester), and 1731 {D 0. 44) and 1712. 5 cm 

(D 0. 67) (t-butyl ester). 

In acetonitrile solut.ions, the methyl ester showed a single band centred 
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-1 
at 1731 cm , broadened to· low frequency, and the ethyl and t-buiyl esters 

-1 -1 
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 (Cll) and t-buiyl (Clll) N-methyl-

pyrrole-2-carboxylates, as carbon tetrachloride and chloroform solutior.5, were 

recorded.at 30~C. Single bands were observed in all cases, in ccrbon tetrachloride 

-1 
at 1709 (methyl ester) and 1702 cm (t-butyl ester) and in chlorofc.·m at 1700 and 

-1 
1693 cm , respectively. 

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

bromofuran-2-carbonyl ch I or ides, and of 5-bromo-3, 4-dideuteriofuran--2-~arbonyl 

ch lo ride (XC IX), as carbon te'trach loride and ace ton itrile solutions, were recorded 

at 30°C. The resul1s are summarised in Table 36, in which the positions of distinct 

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

Compound 

(LXXXV) 

( II ) 

(XC) 

( II ) 

(XCV) 

( II ) 

{XCIX) 

( II ) 

Solvent 

Carbon tetra ch lo ride 

Aceton itrile 

Carbon tetrachloride 

Ace ton i tri le 

Carbon tetrachloride 

Acetonitrile 

Carbon tefTachloride 

Acetonitrile 

-1 
Bands at (cm ) 

1761.5 (1.4), 1745 (1) 

1756 {shoulder), 17 47. 5 

1795 (1), 1764 (3. 9), 1/46.5 (2.5) 

1793 (1), 1756 (7), 1748 {shoulder) 

1755.5 

1749.5 

1774 (shoulder), 1761 (1.4), 1747 (1) 

1756 (shoulder), 1747.5 

Table 36 
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The acid chlorides were also examined, as carbon tetrachloride solutions, in the 

carbonyl .overtone region. The results are summarised in Table 37 using the 

conventions of Table 36. 

Compound 

(LXXXV) 

(XC) 

(XCV) 

{XCIX) 

-1 
Bands at {cm ) 

3555 (1 ), 3505 (3. 9), 3475 (2. 2) 

3516 {l • 5) I 3478 (1) 

3495 {1.4), 3473 (1) 

3530 (1.6), 3509 {1.7), 3475 (1) 

Table 37 

Approaches to Data Processing: 11 All-Purpose 11 Digii·al Computer Program 

Experim~nf· 33. A program was written for the ICL 1906A computer which, given 

as input data values of Ah and A
1 

at stoted temperatures for a rotameric equilibrium; 

carries out al I of the mainematica I operations required for the evaluation of thermo-

dynam;c parameters (and of their errors) correcting, where possible, for 1·he 

"natura I decreas~ 11 (v ide 11 Dis cuss ion") and for the plotting of the I inear graphs 

involved. 

The program{ which is included as Appendix C, has five segments. 

Statements l to 15 of the main segment {the 11 Master" segment) are concerned with 

data input. Statements '16 to 23 allow the calculation of the least squares straight 

I ine fit for the Ah' A
1 

plot and the graphical presentation of the plot, by invoking 

two other segments of the program {subroutines 'leastsq 11 and 11 Plotitout"). 

Depending on whether the a-ratio so-obtained is positive or negative, the 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 a I lows the 

calculation and printing of the straight line fit for the Ah' A
1 

plot by the "means" 

method (vide "Theoretical Considerations") using subroutine "Means". If the 

a-ratio is still negative, the program continues with the calculation and printing 

of the least squares fit for the log
10

(A
1 
/Ah) ~· 1/T plot by once more invoking 

the subroutines Leastsq and Plo-Htout. The thermodynamic parameters (LlH, LlG, 

and 6~) are then ca I cu lated by a ca 11 of the subroutine 11 De ltah 11
• If the a-ratio 

is originally positive, the program allows the calculation of the least squares fit 

for the logl 0(ah A
1
/ a

1 
Ah) vs. 1/T plot and the evaluation of the thermodynamic 

parameters by call~ of the subroutines Leas'.sq and Deltah. The Ah, A
1 

ploi is 

then re-examined by the "means" method (by a call of subroutine Means), and, 

if the a-:-ratio is stil I positive, a furthc1 set of a·-corrected thermodynamic 

paramet~rs is ~valuated (by a call of subroutine Deltah). It is to this step that 

branchir1g occurs, from :arl ier in the program, if the a-ratio is negative in the 

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

if the band aieas have been 11 corrected 11 for the 11 nature I decrease 11 (v ide 

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 hes been m-:lde 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 program terminates with the evaluation of errors. 

Subroutine P!otitout, which is cal led 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 I imits 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 whenever 

· thermod}'namic parameters are to be calculated, is entirely straightforward and 

requires no further comment. 

Subroutine Leastsq, which is called from the master segment whenever a 

least squares linear plot is to be evaluated, is based upon the theory described 

in 11 Theoretical Considerations". The subroutine is responsible for the printing 

not only of slopes and intercepts but al!:v of Analysis cf Variance tables. 

Subroutine Means, which is cal led from the master segment whenever a 

linear plot is to be made by the method of means,. is straightforward and !"r~quires 

no further comment. 

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

as input data the intensities of f'wo single i. r. bands recorded as 1-ransrnittance x 

10, 000 values punched at regular !ntervals, wil I 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 dot-a points 

for each curve. The program produces two graphs for each overlap, the lorger 

being suitable for use with an analogue curve resolver: the overlapped profile, 

but not the ind iv idua I curves are recorded thus. A paper tape record of 1 he 

profiles, suitable for subsequent digital curve resolution, is also produced. The 

program, which invokes the graphical output subroutines of 1·he !CL l 906A 1 is 
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straightforward, and requires no discussion: it is included as Appendix D. 

Using this program, the carbonyl bands of methyl ~-chlorobenzoate and 

methyl 3-methyl-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. MeH1ods (3) to (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/ A
1
, except in column 6 where 

the figures correspond to Dh/D I . 

Methods 

Overlap (1) (2) (3) (4) (5) (6) 

1 0.57 0.40 Methods cannot be opp I ied 

2 0.59 0.56 0.72 0.62 0.76 0.75 

3 0.60 0.65 0.64 0.74 0.73 0.74 

4 0.66 0.70 0.65 0.71 0.74 0.74 

5 0.75 0.72 0.77 0.76 0.76 0.74 

6 0.72 0.74 0.66 0.75 0.76 0.74 

7 0.74 0.75 0.76 0.79 0.77 0.75 

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 Rl 0 (60 MHz) or Rl4 (100 MHz) spectrometer; the results are listed, 

compound by compound, in the Experimenta I-Preparative section. 

Variable temperature proton n. m. r. spectra were recorded on a Perkin-

E I mer R l 0 spectrometer fitted with a variable i·~mperature probe. The temperature 

calibration was accurate to ±1°C, and the stability to ±J°C. Variable 

temperature C-13 n. m. r. spectra were recorded for the author on a BrlJcker 90 MHz 

Fourier-transform spectrometer with wide band decoupling. 

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

at 30°C with carbon tetrachloride as solvent and over a range of _temperatures 

betweer:1 -70°C and 30°C using 1, 2-dich loroethane as solvent. 

At 30~C, the ring protons appear as three groups of signals, each consisting 

of eight lines, at T 2.2~ (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 (' C) 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 

-70 < 0 • 2, 1 • 61 3.5 
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Experiment 36. The carbon..:.13 n. m. r. spectra of furan·-2-carba ldehyde and of 

methyl furan-2-carboxylate, as deuterioch loroform solutions, were recorded 

at 30°C ond -45°C. Photographs of the spectra are included as Figure 37. The 

chemical shifts of major resonances in p.p.m. from the centre resonance of the 

deuterioch loroform trip let are summarised below: 

Compound t (°C) Sh if ts (p . p . m . ) 
-·-

Furan-2-carbaldehyde 30 0. l 0 x 1 o3 
(C=O) 

0. 71 x 1 o2 
(5-C) 

0. 44 x 1 o2 
(3-C) 

0. 35 x l o2 
(4-C) 

Furan-2-carba ldehyde -45 0. l 0 x l o3 
(C=O) 

0. 71 x l o2 
(5-C) 

0. 47 x l o2 
(3-C) 

0. 36 x l o2 
(4-C) 

Methyl furan-2-carboxylate 30 0. 69 x l o2 
(5-C) 

0.41x10
2 

(3-C) 

0. 35 x 1 o2 
(,+-C) 

-0. 2fi x 1 o2 
(CH

3
) 

Methyl furan-2-carboxylate -45 0. 82 x l o2 
(C=O) 

0.69 x l o2 
(5-C) 

2 
0.41x10 (3-C) 

0.35x 10
2 

(4-C) 
2 

-0. 25 x 10 (CH
3

) 

Col lapse and broadening of the signals cssigned to the carbonyl carbon atom and 
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to the carbon atom at the 3-position is observed, with decrease in temperature, 

for furan-2-carbaldehyde, but a similar phenomenon is not observed for methyl 

furan-2-carboxylate. 
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EXPERJMENiAL - PREPARATIVE 

General Directions 

All products were checked for purity by gas-liquid chromatography (g. I. c.) 

or th in-layer chromatography (t. I. c.). G. I. c. was carried out on a Pye Argon 

Chromatograph using a 1-metre column of 10% polypropylene adipate on 11 Embacel 11 

with a ga!i press~re of 10 p. s. i. For t. I. c., 20 x 5 cm glass plates coated with a 

0. 1 mm layer of unbaked Kieselgei HF
254

+
366 

were eluted with acetone-petrol 

mixtures (unless otherwise stated) and viewed under u.v. light. 

Preparative th in-layer chromatography (p. t. I. c.) was carried out on 

. . 
20 x 20 cm glass plates coated with a l mm layer of Kieselgel PF 

254
+

366
: the 

plates were eluted once with mGthanol before use. The mixture to be separated 

{up to l 00 mg) was applied, in chloroform solution, by continum:s flow from a 

syringe, mounted in a moving carriage above the plate. "fhe flow rate was 

regulated (by varying the air pressure above the solution) so thal· th:.; band forn:-:;d 

by the solution was~· 5 mm wide. The plate was maintained at 50°C during the 

application, and the carriage rate so adjusted that 1-he solvent frorn one pass of 

the syringe was evaporated before more solution was applied. After rep~ated 

development of the plates with standard solvent system:;, the bands ~f separated 

materia Is were located by inspection of the p I ates under u. v. I ighL The appropriate 

sections were scraped from the plates and extracted with ef·her (_:;:·ethyl acetate, 

usually using a Soxh let apparatus. 

Column chromatography was carried out using silica (H.B. L. 60 mesh) or 

alumina (Laporte "Type H") as adsorbents. 11 Light peholeum 11 refers fo the fraciion 

boiling in the range 40-60°C (column chromatography) or in the iein·y·_- 60- C.0°C 

(t.1. c. and p. t. I. c. ), unless stated ot·hcrwise: both hc:.::tions v:.~-:·:= disi·illed prior 
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to their use for chromatographic purposes. 

Melting points were determined on a Kofler hot stage using polarised 

I ight, and are corrected. Temperatures are expressC;d as degrees Ce Is ius. 

fv'\icroana lyses were performed under the supervision of Dr. Strauss. 

Routine infra red (i. r.) spec1Ta were recorded with a Perkin-EI mer 257 

·grating spectrophotometer using dilute carbon tetrachloride or chloroform solutions 

in sodium chloride cells of path lengths 1 mm and 0. 1 mm. Ultra violet(" v.) 

spectra were measured on a Cary 14 spectrophotometer using hexane or ethanol 

solutions in 1 mm or 1 cm s i I ica eel Is. Nuclear magnetic resonance (n. m. r.) 

spectra were recorded on either a Perkin-Elmer RlO (60 MHz) or a Perkin-Elmer Rl4 

(100 MHz) spectrometef using carbon t~trachloride as solvent, unless otherwise 

stated, with tetramethylsilane as internal standard. Mass spectra (m.s.) were 

recorded on an A.E. I. MS9 or a Varian CH7 spectrometer, the six most intense 

peaks being reported . 
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4-lsopropylfuran-2-carbaldehyde (Ill). 
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 hat 25° to a stirred slurry of firiely-powdered, 

anhydrous aluminium chloride (160.2 g) and carbon disulphide (analytical quality, 

dried over anhydrous magnesium sulphate; 200 ml). After stirring at 2.5° for l h, 

the mixtu_re was poured, with vigorous stirring, on to crushed ice (1 kg) and the 

organic layer was separated and washed with water (200 ml) and saturated, aqueous 

sodium acetate solution (200 ml). The organic solution was mixed with saturated, 

aqueous sodium acetate solution (200 ml) and the mixture was distilled in steam 

for 6 h. The distillate was extracted with dichloromethane (3 x 250 ml) and the 

combined organic extracts were washed with water (250 ml), saturated aql'~ous 

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 dichloro:11ethane (250 ml) and the extract was washed 

and dried as above. T. I. c. (20o/o acetone in light petroleum) en the dis ti I late 

extract showed three components RF's 0.30 (major), 0.43,. and 0.63 (rninor) (cf. 

furan-2-carbaldehyde RF 0.30). Removal of solvent gave a red cil which was 

distil led in vacuo; the fraction boiling in the range l 06-110°/30 mm was collected 

as crude 4-isopropylfuran-2-aldehyde (16. 0 g). A small sample was further 

purified by p. t. I. c. (4 x 5% acetone in I ight petroleum); g. I. c. (column at l 00°) 

of th is material showed two minor impurities (about 5% of totai peak area), and 

the material was examined again by p.t.l.c. (6 x 5°/o acetone in light petroleum); 

g. I. c. (column at l 00°) 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°/o ether in I ight petroleum); th is gave a sample which was pure by g. I. c. 
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A 284 nm (e 4774); 
max. 

-1 
v 1692, 2974, and 1145 cm ; T 0.34 (singlet; 

mG:JX. 

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

(septet, J 7. 0 Hz; CH (CH
3

)
2

), and 8. 75 (doublet, :!_ 7. 0 Hz; CH (CH
3

)
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; 

T 0.52 (singlet; CHO), 3.00 (singlet; 3-H), 7._03 {septet,;!_ 7.0 Hz; CH{CH
3

)
2

), 

and 8.79 {doubfet, :!_7.0 Hz; CH_(CH
3

)
2

). 

The preparation was repeated using dichloromethane instead of carbon 

disulphide as solvent: very I ittle product could be detected. 

4-lsopropylfuran-2-carboxylic acid (IV). Attemp1·ed preparation. 
63 

-

Copper {I) oxide {l .O g} was suspended in a 2.5% aqueous sodiu111 hydroxirfe 

solution {25 ml) and a solutioQ of silver nitrate (0.05 g} in water (2 ml} was added 

with rap id stirring. The brown slurry was heated to 55°, oxygen 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 th.at the temperature of the mixtuie was maintuine"' at 55° 
I 

without external heating. Vigorous stirring and passage of oxygen were continued 

until the temperature of the mixture had dropped to belo·v·1 40°. The r.;atalyst was 

removed by filtration and the aqueous solution extracted with ethci" (2 x 10 ml). 

Removal of ether gave a black oil (9.0 g) which t. l.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 aqueous solutions from the two experiments were 

acidified with 30% aqueous sulphuric acid and extracted with ethyl acetate 
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continuously for 8 h. Removal of solvent gave a black oil (0.5 g), t. l.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. 

4-lsopropylfuran-2-carboxylic acid (IV). 
62 

- 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 solu-Hon (density 0. 88 g ml- l) was 

added until the solution just cleared. 4-lsopropylfuran-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 extraction with ethyl 

acetate for 12 h, and removal of solveni' gave 4-isopropylfuran-2-carboxylic acid 

(3.5 g) as a golden oil which crystallised on standing. Recrysfoliisai"ion of a 

portion from ethanol/water gave white crysta Is, m. p. 73-75° (I H·. 
62 

76-77°); 

-1 
'A 257 nm (e 8844); v 1700, 2970, and 1292 crn ; T (deui·eroch!oroform) 

max. . max. 

-2.24 (sii1glet; OH), 2.54 (multiplet; 5-H), 2.70 (multiplet; 3-H), 7.16 (septef·, 

J 7. 0 Hz; CH(CH
3

)
2

), and 8. 77 {doublet, ~ 7. 0 Hz; CH(CH
3

)
2

). 

3-lsopropylfuran (VI). 
62 

- Quinoline (dried by disi'illation from anhydrous 

barium oxide; 20. 0 g), 4-isopropyl furan-2-carboxyl ic 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 receiver flask 

being cooled in ice/salt. The mixture was maintained at 250° for 2. 5 h, using 

a V../ood'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 distilkd and fractionated, 
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the fraction distilling in the.range 110-112° being collected as 3-isopropylfuran 

(5.5g) (lit.
62

b.p. 111-112°), pure byg.l.c. (colurnnat50°);).. 230nm 
max. 

-1 
(e 1335); v 2975 and 874 cm ; T 2.73 (multiplet; 5-H), 2.88 (multiplet; max. 

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

CH(CH
3

)
2

), and 8. 82 (doublet, ~ 7. 0 Hz; CH(CH
3

)
2
). 

3-lsopropylfuran-2-carbaldehyde (VII). - Dimethylformamide (5. l g) . . 

was added with stirring io phospho1yl chloride (10.7 g), cooled in ice/salt, at a 

rate such that the temperature of the mixf·ure did not rise above 10°. 3-isupropyl-

furan (5. 5 g) 'Nos then added, keeping the temperature of the mixi"ure b2low 20°. 

The mixture was.stirred at 0° for 1 h, warmed to 40°, and poured o:,, to ice (60 g). 

After neuhalisation wHh sodium carbonate (18 g) and extraction with ct·h,,r 

(2 x 100 ml), g. I. c. (column at 75°) demonstrnk·d the presence~ of a mojor and 

two minor componeni·s. lhese 1.vern separoted by p.t.l.c. (15 x 2°/o acei'cme in 

I ight petroleum) to g iv~.·. 3-.isopropy I ~~~!·a~-2-c.:~rb9..!.?ehyde (Found: C, 69. 8; 

H, 7.3. C
8

H
10

o
2 

requires C, 69.5; 1-1, 7.3%); vmax. 1686, 1468, and 

-1 
1090 cm ; T 0. 30 (doublet, ~ O'. 5 Hz; CHO), 2. 55 (quarfet, ~ 1. 8 and 0. 5 rlz; 

5-H ), 3. 53 (mu I tip let; 4-H), 6. 42 (septet, .:!_ 7. 0 Hz; CH (CH
3

)
2

), and 8. 76 

+ 
(doublet,~ 7.0 Hz; CH(CH

3
)
2

); rn.s. peaks at m/e 138 (M , 98), 123 (iOO), 

41 (43), 43 (35), 67 (34), and 109 (28). The product formed a 2, 4-d in i ~.··opheny I-

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

C, 52.6; H, 4.5; N, 17.4. c
14

H
14

N
4
o

5 
requires C, 52.8; H, 4.4; N, 17.61)~>). 

Attempted ff1ono-isopropylation of methyl-2-furoate. 
62 

4, 5-Diisopropl'.i:-
---·-· ~-

me~·hyl-2-furoate (VIII). - ~/\ethyl-2-furoate (freshly distilled in vacuo; 18. 9 g) 

and isopropyl chloride (11.9 g) were added, with stirring, separately bui· 

simultaneously, during 0.5 h, 1-0 a slurry of finely-powdered: anhydrut 1s cduminium 
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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) wii·h vigorous stirring. The organic layer wos separated, the 

aqueous layer extracted with ether (2 x 100 mi), and i·he combined organic layers 

were washed (\voter and saturated aqueous sodium carbonate solution) and dried 

(anhydrous sodium sulphate). Removal of solvent gave a red oil (20 ml) which . 
g. I. c. (column ot 125°) and t. I. G. (20°/o acetone in I ight petroleum) showed to 

contain at least four components RF's 0.74 (major), 0.48, 0.43, and 0.31 (starting 

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

78-81:
0

, 84·-86°, and 118-124° (major). The third fraction was rec!!stilled in vacuo 

and a port-ion purified further by p. t. I. c. (firstly, using 5 x 2% acetone i"" I ight 

petroleum; secondly, using 4·x 10°/o acetone in light petroleum). The product so 

obt1Jined was 4, 5-diisopropylmethyl-2-furoate; v 1731 and 1720 cm -l; 
max. 

'T 3. 10 (singlet; 3-H), 6. 24 (singlet; CH
3

), 7. 09 (septet, }_ 7. 0 Hz; CH(CH:i)
2

), 

and 8.67, 8.78 and 8.89 (overlapped doublets, .:!_7.0 Hz; CH(CH
3

)
2

); cf. 

T (benzene) 8.82, 8.93, 8.97, and 9.08. N.m.r. analysis of other fractions 

demonstrated the presence of only ve1y sma II amounts of mono-isci~1ropy lated 

materia I. 

The reoction was repeated using conditions similar to the above wif-h the 

alterations thot only half of the required amount of isopropyl chlcride was added 

and, in the v1ork-up, the mix tu re was not heated. G. I. c. anu lys is of the products 

showed that, as before, ve1y little rnono-isopropylated material had been formed. 

The reaction was therefore abandoned. 

4,5-D!isopropylfuran-2-carboxylic acid (IX). - 4,5-Diisoprcpylmeihyl-
----

2-furoate (9. 5 g) was heated at 80° for 0. 5 h with a 20°/o solution of potassium 



-88-

hydroxide (3. 2 g) in methanol. After pouring on to ice (300 g), acidifying with 

50o/o aqu~ous sulphuric acid, continuously extracf'ing 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; v 2972 cm -l; 'f -2. 10 (singlet; OH), 2. 91 
. max. -

(singlet; 3-H), 7.10 {septet, J 7.0 Hz; CH(CH
3

)
2

), and 8.64, 8.75, 8.86 

(overlapped doublets, :!_ 7. 0 Hz; CH (CH
3

)
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. Redistillation gave a product shown by g. l.c. 

(column at 75°) and n. m. r. to be maii-·ily 2,3-diisopropylfuran (2. 5 g); T 2. 92 

{doublet, :!_ 2. 5 Hz; 5-H), 3. 91 (doublet, ~ 2. 5 Hz; 4-H), 7. 14 (septet, 

J 7. 0 Hz; C!j_(CH
3

)
2

), 1.1nd 8. 73, 8. 84, and 8. 95 (overlapped doublets, J 7. 0 Hz; 

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

similar to that described for 3-isopropy I furan-2-carba ldehyde (v ide supra). 

Dimethylformamide (1. 1 g) and phospho1yl chloride (2. 2 g) were mixed at 0°, 

and 2,3-diisopropyf furan (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 i·he extracts ovet" 

anhydrous magnesium sulphate] gave, after removal of solvent, a golden o;I of 

which g. I. c. (column at loo°) demonstrated the presence of di me thy lfor:1wm ide' 

quinoline, three further minor components, and one major component. l.l.c. 
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(20o/o acetone in light petroleum) indicated at least five components R 's 0. 23 
F 

(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-diisopropyl-

furan-2-carbaldehyde (Found: C, 73. 03; H, 8. 95. c
1 
l H 16o~ requires 

-1 
C, 73.30; H, 8. 95°/o); v 1685 cm i T 0.56 (singlet; CHO), 3.01 (singlet; 

max. 

3-H), 7.03 (septet, ~7.0 Hz; C!i_{CH
3

)
2

), and 8.63, 8.74, and 8.86 (overlapped 

doublets, -~ 7. 0 Hz; CH (CH
3

)
2

). The minor componeni·s from the p. t. I. c. were 

identified by n.m.r. as 3-isopropylfuran-2-carbaldehyde and 5-isopropylfuran-2-

carbaldehyde (vide infra). 

2-lsopropylfuran (XII). Attemp1·ed preparation. (a) - Lithium (exf-ruded 

into wire; 1.54 g) was cut into small pieces and stiired, under dry nitrogen, with 

ether (dried over sodium; 15 ml). n-Butyl 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 ml) at a rate such that 

the ether boiled gently u:1der reflux. After addition was complete, the mixture 

was boiled under reflux for 1 h. The solution of n-butyl lithium in ether so 

prepared was filtered through a canula plugged wilh glass wool into furan (purified 

by passing through an alumina column; 6.8 g), the mix1ure was boiled under reflux 

for 3 h and then a I lowed to stand at 25° for 12 h. To the resu I ting orange solution 

of 2-fury I I ith ium in ether was added isopropyl ch lo ride (I. 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 i·he organic extracts with water (100 ml), dilute sulphuric acid (100 ml), 

and brine (l 00 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 materia I (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 passi!'lg 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 hat -15°, isopropyl 

ch lo ride (14. 8 g) in tetrahydrofuran (puri fled and dried as above; 15 ml) was then 

added, and, after stirring for a further 1 hat -15°, the mixture was left at 25° 

for 12 h. Work-up as before [ice, ether extraction {2 x 100 ml), washin~, drying, 

and removal of solvent at 50°] gave a yellow liquid which did not contain any 

furan material (n. m. r. ). 

A solution of n-butyl lithium in ether was prepared by Gilman's method
65 

using conditions similar to those described above except that (i) after the initbl 

addition of n-butyl bromide (40 drops), the mixture 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 al lowed i·o warm 1·0 10° during 2 h. From 

this, a solution of 2-furyl lithium in ether was then prepared by the method of 

Ramanathan and Levine
66 

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-furyl lithium in ether was poured on to 

a slurry of solid carbon dioxide and ether and, after 0.5 h, enough water was 

odded to dissolve the solid materia!. Acidification of the aqueous layer with 

2~-hydrochlodc acid, continuous extraction v.rith elher for 24 h, drying of the 
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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-~therate. 67 - 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) at 46°/10 mm yielding 

peroxide-free boron trifluoride-etherate as a colourless I iquid. 

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

alumina column; 17. 0 g) was added f·o a mixture (31. 0 g) of 95°/o acetic anhydride 

(freshly distilled) and 5°/o acetic acid (v/v), and 1·he resulting solution was cooled 

to 0° in ice/salt. Peroxide-free boror trifluoride-etherate (4. 0 g) was quickfy 

added, with vigorous stirring, whereupon the solution went black. After stirring 

for l h, water (200 ml) was added, the aqueous l~yer was extracted with chloroform 

(3 x 200 ml) and the combin.ed extrac1·s were dried over anhydrous magnesium 

sulphcHe. After removal of solvent, the black residue was distilled _in v~~ 

through a Vigreux column, the fraction boiling at 63. 5°/20 mm being collected 

as 2-furyl methyl ketone (17. ·~ g) which solidified, on standing, to give colourless 

crystals, m.p. 30-31° (lit.,
69 33~, 29°), pure by g.l.c. (column at 100°); 

n
0
20 1.5016 (lit., 1.5017); 'A. 269 nm (e 13,430); v 1688, 1470, and 

max. max. 

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

3.5 Hz; 3-H), 3.50 (~uartet, :!_ 1.8 cmd 3.5 Hz; 4-H), and 7.57 (singlet, 

6L1 
2-(2-Furyl)propan-2-~ (XIV). · - /\~ethyl iodide (27. 8 g) was added to 

magnesium turnings (4. 7 g) in ether (dried over sod iumi 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 whh glass wool, into a 

dropping funnel, and was added slowly to a solution of 2-furyl methyl ketone 

(freshly distilled in vacu_~; 20. 0 g) in el·her (dried over sodium; 50 ml), cooled 

in ice/salt. After standing for 12 h at 25°, the slurry was poured on to ice 

(200 g), potassium carbonafe was added, and the mixi·ure was distil led in steam 

for 3 h. Extraction of the dis ti I late with ether (3 x 200 ml) 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 i·he mixture was extracted with ether 

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

removal of solvent by distillation gave a yellow oil. Distiilation in vacu0 gave 

2-(2-furyl)propan-2-ol as a colourless liqu.id, b.p. 65°/15 mm (lit., 64 62°/11 mm); 

-1 
v 2980, 3480, and 3620 cm ; 'T 2. 80 (quartet, J 1. 0 and 2. 0 Hz; 5-H), 

max. -

3.85 (quartet, J 2.0 and 3.5 Hz; 4~-H), 3.95 (quartet,~ 1.0 and 3.5 Hz; 3-H), 

7.04 (singlet; OH), and 8.55 (singlet; CH
3

). 

2-lsopropylfuran (XII). Attempted preparation. - 2-(2-Furyl)prcpan-2-ol 

(3.0 g) in dichloromethane (50 ml) was mixed with ether which hod previously been 

shaken with concentrated hydrochloric acid (5 drops) and Adams' catalyst (0. 5 g) 1 

and the mixture was hydrogenated at 760 mm until 600 ml 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 material: 

the preparation was thus abandoned. 

2-!sopropylfuran (Xll).
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 neutrcilised wii'h saturated aqueous poiussium carbcnate solution, and 
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distilled until the distilling liquid ceased to contain oily drops. After extraction 

of the di~tillate with ether (2 x 75 ml) and drying of the extracts over anhydrous 

potassium carbor.ate, 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-isopropylfuran; T 2.83 (complex; 5-H), 3.86 (complex; 

3-H), 4. 16 (complex; 4-H), 6. 98 (complex; CH(CH
3

)
2

), and 8.80 (doublet, 

::!_ 7.0 Hz; CH(CH
3

)
2

)._ M.s. of the residue indicated the presence of dimers, 

tri me rs, and tetra me rs of 2-(2-fury I )propene. 

5-lsopropylfuran-2-carbaldehyde (XVII). Attempted preparation. -

Fur1J11-2-carbaldchyde (freshly distilled in vacuo; 19.2 g), benzene (dried over 

so.dium; 200 ml), and isopropyl chloride (15.8 g) were cooled 1·0 0° in ice/sali·, 

and tin(IV) chloride (78.3 g) was add;;.d, with stirring, during 30 min. The mixture 

was heated to 60° and then stirred at 25° for 8 h, during which time nc evolul ion 

of hydrogen chloride WO;~ detected. Benzene was removed, nitrobenzene (150 ml) 

and isopropyl 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-lsopropylfuran-2-carbaldehyde (XVII).- The method used was similar 

to that described for 4,5-diisopropylfuran-2-carbaldehyde. 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 at 0° for 1 h cff~c; 

warming to 25° during 0. 5 h, the mixture was worked up as before. P. t. I. c. 

(8 x 5% acetone in light petroleum) gave ten bands, 1-he major being ideni'ifi~-:-J 

by n. m. r. as 5-isopropy I furan-2-carba !dehyde. Th is was puri fic~d further by 
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p. t. I. c. (10 x 5o/o acetone in I ight petroleum) to give the aldehyde as a colourless 

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

'1" 0.47 (singlet; CHO), 2.98 {doublet, J 3.8 Hz; 3-H), 3.86 (doublet, J 3.8 Hz; - - -
4-H), 6. 97 (septet, J 7. 0 Hz; C~(CH3 )2), and 8. 68 (doublet, ~ 7. 0 Hz; 

CH(CH
3

)
2

). 

Ethyl 2-(3-methyl)furyl kef·one O<rx). 70 
- The method used was similar to 

that described for 2-furyl methyl ketone. Boron trifluoride-etherate (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°/o acetone in I ight petroleum gave a yellow oil 

(250 mg), t. l.c. of which indicated the presence of two components, RF 1
:: 0.50 

(major) and 0. 42. Further pudfi cation by p. t. I. c. (4 x 5% acetone in I ight 

petroleum) gave ethyl 2-(3-methyl)furyl ketone as a yellow oil (230 mg), pure by 

0 . 
g.l.c. (columnat75 ); A 263nm (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 dc11blet, 

J 1. 6 Hz; 4-H), 7. 21 (quartet, J 7. 8 Hz; CH
3

CH 
2
), 7. 62 (complex; 3-CH

3
), 

and 8.85 (triplet,~ 7.8 Hz; CH
3

CH
2

). 

2-Phenylfuran (XX).
71 

- Sodium nitrite (7.6 g) in waf'er (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 

temperature of the mixture did not rise above 10°. The resu I ting solution was 

filtered into furan (purified as befort-:; 150 ml) and 5U_--aqueous sodium hydroxide 

solution (60 ml) was added, with vigorous stirririg, at 5-10°, during l h. Stirring 

was continued for 5 h at 5°, and for 43 h at 25°. T. I. c. of the organic layer 

[after washing (water) and drying (anhydrous scrnu:d 5ulphah} )] demonsirai·ed the 
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presence of seven components; g. I. c. of the mixture (column at 125°) indicated 

that all b_ut one of the components were present in very small amounts. Removal 

of excess of furor. gave a black liquid (7.5 g), distillation of which (15 mm/100°) 

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; 
_, 

A 280 nm (e 14,325) and 219 nm (e 7539); v 1158, 1478, and 2980 cm 1
; 

ma~. . max. 

T 2.65 (complex; phenyl-Hand 5-H), 3.48 (quartet,~ 0.8 and 3.2 Hz; 3-H), 

and 3.69 (quartet,~ 1.9 and 3.2 Hz; 4-H). 

5-Phenylfuran-2-carbaldehyde (XX"I). 72
- The method used was similar 

to. that described for 4, 5-d i isopropy I furan-2-carba ldehyde. A mix tu re of phosphory I 

chloride (3. 7 g) and dime thy I formamiJe (1. 8 g) was al lowed to stand at 25° for 

0. 5 h, cooled to 0° in ice/salt, and 2-phenylfuran (3. 0 g) was added .. The 

mixture was heated on~ steam bath for 1 hand worked up as before. T. l.c. (1016 

acerone in I ight petroleum) demonstrated the presence of one major component 

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

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

elute any aromatic materia I. 

The preparation was repeated under similar conditions except that 

purification of a sma II sample was achieved by p. t. I. c. (2 x 1 Oo/o acetone in I ight 

petroleum). This gave 5-phenylfuran-2-carbaldehyde as a golden oil, pure by 

g. I. c. (colum:1 at 150°); A 310 nm {e 28,667) and 221 nm (€ 12, 11 O); 
max. 

v 
mox. 

1682, 1450, and 1025 cm - l; T 0. 43 {singlet; CHO), 2. 50 (complex; 

pheny 1-H), 2. 84 (doublet, .~ 3. 8 Hz; 3-H), and 3. 27 {doublet, J 3. 8 Hz; 4-H). 
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2-(4-Chlorophenyl)furan (XX'll).7
3

- 4-Chloroaniline (25.6 g) in 

concentrated hydrochloric acid (50 ml) and wot-er (300 ml) was diazotised as 

described in the preparation of 2-phenylfuran using :5odium nitrite (13.8 g) in 

water (20 ml). After 0.5 h, zinc chloride (27.2 g) in water (100 ml) was added, 

the solution was cooled to 0° and saturated with salt. The diazonium salt was 

filtered at the pump, dried by suction foi· 2 h, and suspended in furan (300 ml). 

Powdered sodium hydroxide (2. 0 g) and sodium acetate (freshly roasted; ?0. 0 g) 

were added, wif-h vigorous stirring, and f·he reaction mixture was maintained al 

25°, with stirring, for 24 h. Distillation in s1·eam 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°/o acetone in 

light petroleum) demonstrated the presence of two components RF 1s 0.49 (major) 

and 0. 09. Recrystal I isation of a portion from met~anol/water gave 2-(4·-chloro­

phenyl)furan as white plates, pure by Ll.c., m.p. 66-66.5° (lit.,
73 

66°); 

-1 
A r 284 nm (e 14,538); v 1100, li63, and 1480 C111 i T 2.60 (complex,; 

max. max. 

phenyl-Hand 5-H), 3.46 (quartet, J G.8 and 3.2 Hz; 3-H), and 3.63 (quartet, 

J 1 . 8 and 3. 2 Hz; 4-H). 

5-(4-Chlorophenyl)furan-2-·carbaldchyde (XXl!I).- The method used was 

similar to that described for 5-phenylfuran-carbaldehyde. 2-(4-Chlorophenyl)-

furan (3. 0 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 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-c~lorophenyl)furan-2-carbal?ehyd~ 
•; 

as white needles, m.p. 128.5-129° (Found: C, 63.73; H, 3.73; Cl, 16.9. 
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c11 H
7
CI02 requires: C, 63.9; H, 3.4; Cl, 17.2o/o); 'A 315 nm (e 30,000) 

max. 
-1 

and 223 nm (e 13,300); v 1686, 1474, and 1096 cm ; T (acetone) 0.39 
max. 

(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-Bromophenyl)furan (XXIV).- The method used was similar to that 

described foi 2-(4-chlorophenyl)furan. 4-Bromoaniline (34. 2 g) in conce.: trated 

hydrochloric acid (50 ml) and wai·er (300 ml) was diazotiscd using sodium nitrite 

(13.8 g) in water (20 ml). The zinc salt [isolat·ed by the addition of zinc chloride 

(27.2 g) in wa1·er (100 ml), as before] was suspended in furan (300 ml) with 

powdered sodium hydroxide (2. 0 g) and anhydrous sodium acetate (20. 0 g). After 

stirring the mixture at 25° for 24 h, disi'illation in steam for 7 hand extraction 

of the distillate with ether (5 x 200 ml) gave, aft~r drying (anhydrous ma9nesium 

sulphate) and removal of solvent, a yellow solid (12.0 g), t. l.c. of which (20% 

acetone in I ight petroleum) demonstrated tl1e presence of tn:ee components RF's 

0.54 (major), 0.24 and 0.12. Sublimation in vacuo of a portion gave 2-(4-

bromophenyl)furan as a white s.)lid, pure by t.l.c., m.p. 80-83° (lit., 71 85°); 

).. 287 nm (e 23,744), 227 nm (e 7196), and 221 nm (e 7972); v 1396, 
max. max. 

-1 
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-Bromophenyl)furan-2-carbaldehyde ()(XV). - The method used was 

similar 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 phospho1yl 

chloride (3.6 g) and dimef·hylformamide (l .8 g). The mixture was heated on a 
., 

steam bath for l hand worked up as before. Removal of solvent gave a yellow 
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solid (5.0 g). A small portion was sublimed in vacuo to give 5-(4-bromophenyl)­

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

H, 3.01; Br, 31.41. c
11

H7Br0
2 

requires C, 52.60; H, 2.81; Br, 31.8%); 

-1 A 242 nm (e 9214 ); v 1684, 1468, and l 023 cm ; ,. (deuterioch loroform) 
max. max. 

0.21 (singlet; CHO), 2.27 (complex; phenyl-H), 2.60 (doublet, J 3.8 Hz; 3-H), 

and 3. 06 (doublet, .:!_ 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). 

71 
2-(l-Naphthyl)furan (XXVI). - The method used was similar to that 

described for 2-(4-chlorophenyl)furan. 1-Naphthylamine (14.3 g) in concentrated 

hydrochloric ucid (25 rnl) and water (150 ml) was diazotised using sodium nitrite 

(6.Y 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 (l. 0 g) and anhydrous sodium acetate (10. 0 g). After stirring 

the mixture at 25° for 24 h, distillation in steam for 10 hand extraction of the 

· distillatt- with ether (6 :>< 200 ml) gave, after drying (anhydrous magnesium sulphate) 

and removal of solvent, a red oil (4.5 g). Distillation in vacuo gave 2-(1-

naph1·hyl)furan, b.p. 160° (bath)/l mm (lit., 71 90.91°/0.02 mm), as a yellow 

liquid, pure by t. l.c.; A 318 nm (e 8050), 227 nm (e 26,564), and 222 nm 
max. 

-1 
(e 26,564); v 904, 1157, 1390, and 3060cm ; T 1.68and 2.53 (complex; 

max. 

naphthy 1-H and 5-H), 3. 42 (quartet, J 0. 8 and 3. 3 Hz; 3-H), and 3. 59 (quarte1·, 

J 1.8 and 3.3 Hz; 4-H). 

5-(1-t"1aphthyl)furon-2-carbaldehyde (XXVU). -The method used was 

similar to tha: described for 5-phenylfuran-2-·carbaldehyde. 2-(1-Naphthyl)furan 

(l .6 g) in dimethylformarnide (5 ml) was added to a mixture of phospho1yl chloride 

(l .8 g) and dimethylfo;·momide (0.9 g). After heating i'he mixture on a steam bath 



-99-

for l h, work-up and remova I of so I vent gave a go Iden o i I (l . 5 g), a portion 

of which.was purified by p.t. l.c. (8 x 5°/o acetone in light petroleum) to give 

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

C, 80.95; H, 4.66. c
15

H
10

o2 requires: C, 81.06; H, 4.54o/o); A 
max. 

337 nm (e 9903), 277 nm (e 4539), and 222 nm (e 20, 137); v 1687, 1386, 
max. 

-1 
and l 020 cm ; '1" 0. 25 (singlet; CHO), 1 . 62 and 2. 39 (comp lex; naphthy 1-H), 

2.70 (doublet,~ 3.8 Hz; 3-H), and 3.19 (doublet, J 3.8 Hz; 4-H). 

2-(2-Naphthyl)furan (XXVllO.- The method used was similar to that 

described for 2-(4-chlorophenyl)furan. 2-Naphthylamine (14.3 g) in concentrated 

hydrochloric acid (25 ml) and water (i50 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 before] was suspended in furan (150 ml) with 

powdered sodium hydroxide (l. 0 g) an~ anhydrous sodium acef·ate (10. 0 g). After 

stirring the mixture at 25° for 24 h, distil !ation in steam for 9 h and ext:·acti0n 

of the distillate with etl'l-':r (6 x 200 ml) gave, after drying (anhydrous r1-:c~gnesium 

sulphate) and removal of solvent, a red solid (3.5 g). P.Ll.c. (3 x 2°/o acetone 

in I ight petroleum) and recrystallisation from methanol gave 2-(2-naph~2Y l)furan 

as colourless plates, m.p. 70-72° (Found: C, 86.27; H, 5.36. c
14

H
10

o 

requires: C, 86. 57; H, 5. 19°/o); A 314 nm (e 19, 233), 301 nm (,_ '17, 560), 
max. 

269 nm (e 29,769), 261 nm (e 27,093), and 212 nm(€ 22,912); v 1158, 
1nax. 

1631, and 3060 cm-l; 'f 2.40 (complex; naphthyl-H and 5·-i-:)~ 3.43 (qu:,;·12t, 

J 0.8 and 3.2 Hz; 3-H), and 3.67 (quartet,:!_ 1.8 and 3.2 Hz; 4-H); r·1.s. 

peaks at m/e 194 (M, 85), 165 (100), 166 (35), 164 (~J), 16:; (22), ar.d 139 (14). 

5-(2-Naphthyl )furan-2-~baldehyde (XXX). A tk~~·~:_-~1·e~r-~p~:~~:..T.i_c:?_~· 7 4 
-

2-Naphthylamine (9. 3 g) in conccniTafed hychuchloric oc id (16. 5 ml) ·:-,n·J v:C1ter 
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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) chlorid~ (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 hand the 

residue extracted with ether (3 x 150 ml) and chloroform (100 ml). T. l.c. (50% 

acetone in I ight petroleum) of the extracts [after washing (saturated, aqueous 

sodium bicarbonate solution, brine) and drying (anhydrous magnesium su!p' 1te)] 

show~d at least f-hree components RF's 0.68 (major), 0. 59, and 0.49 (cf. furan-

2-carbaldehyde RF 0. 59 and 2-naphthylamine RF 0. 52). The crude material 

could not be induced to crystalli:>e nor was its colour removed on treatment with 

animal charcoal. A portion (1 g) was c:.Jsorbed on to 8 silica column (250 ml), 

elution of which with ether/I ight petroleum mixtures gave two, major (brilliant 

red) componenf's, neither of which was the required product: the preparci'ion was 

th0s abandoned. 

' 5-(2-Naphthyl)furan-2-carbaldchyde (Xxrx). - Tht=• method used was 

similar to that described for 5-pheriylfuran-2-carbaldehyde. 2-(2-Naphthyl)furan 

(l .O g) in dimethylformamide (.3.5 ml) was added to a mixture of phosphoryl 

chloride (1.1 g) and c.iimethylformamide (0.6 g). After heating the mixture on 

a steam bath for l 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 20o/o acetone in lighf' petroleum gave an orange solid (pure by t.l.c.) which 

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

pale yellow plates, m.p. 106-107° (Found: C, 81.04; H, 4.48. c
15

H
10

o
2 

requires: C, 81.06; H, 4.54°/o); A 347 nm (e 26,217), 330 nm (e 35,309), 
max. ., 

286 nm (e 22,623), 273 nm (c 17,929), and 226 nm (e 34,251); v 1684, 
max. 
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-1 
1026, and 1496 cm ; 'f 0.29 (singlet; CHO), 2.17 (complex; naphthyl-H), 

2.76 (doublet, .:!_3.8 Hz; 3-H), and 3.13 (doublet, .:!_3.8 Hz; 4-H); m.s. peaks 

at m/e 222 (M, 100), 165 (52), 164 (12), 166 (12), '194 (12), and 221 (ll). 

Furan-2-carboxyl ic acid (Xxxo.75
- Potassium permanganate (110 g) in 

water (2 I) was added during l h f·o a stirred mixture of calcium hydroxide (150 g), 

·water (500 ml) and furan-2-carbaldehyde (freshly distil led in vacuo; l 00 g); ice 

was added from time to time to keep the temperature of the mixture below ?0°. 

After heating on a steam bath for 0. 5 h, the hot I iqu id was fi I tered at the pump 

and the filtrate acidified to pH 1 wi1·h 50°/o aqueous hydrochloric acid. Concentration 

of the filtrate, extraction with e~·her (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 recrystal I isation from water and sub I imation in vacuo to give 

furan-2-carboxylic acid, m.p. 129-130° (lit., 69.129-130°); v 1700, 1476, 
max. 

1018, and 3040 cm-l; T (deuteriochloroform) -1.96 (singlet; OH), 2.30 (quartet, 

J 0.8'and 1.8 Hz; 5-H), 2.62 (quartet, .:!_ 0.8 and 3. 2 Hz; 3-H), and 3.40 

(quartet, J 1. 8 and 3. 2 Hz; 4-H). 

Furan-2-carbonyl chlor;de (XXX!I) {a).7
6

- 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 blnck liquid which was distilled in vacuo 

to give furan-2-carbonyl chloride (3.0 g) as a colourless liquid; A 273 nm max. 
-1 

(e 8110); v 1786, 1760 cmd 1462 crn ; '1" 2. 26 (quartet, .:!. 0. 9 and 1. 7 Hz; 
max. . 

5-H), 2. 55 (quartet, .:!_ 0. 9 and 3.6 Hz; 3-H), and 3.38 (quartet, .:!. 1.7 and 

3.6 Hz; 4-H). 

(b)77 - Furan-2-carboxylic acid (112 g) ar~d thionyl chloride (freshly distilledi 
"l 

250 g) were boiled under reflux for 0.5 h. Distillation and fractionation of the 
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residue at 176°/760 mm gave furan-2-carbonyl chloride (90 g) (lit. , 78 b.p. 

173°/760 mm) identical (i.r., u.v., etc.) with the product obtained previously. 

Furan-2-carbonyl bromide (XXXl!O. 
79

- Furan-2-ca;-boxylic acid (10.0 g) 

and phosphorus tribromide (15. 0 g) were boiled under ref!ux for l h. Extraci"ion 

of the charred residue with I ight petroleum, washing (saturated aqueous sodium 

bicarbonate solution, water, and brine), and <frying (anhy.drous magnesium sulphate) 

gave, after removal of solvent, a yellow residue which, on distillation iri 1acuo 

(100°/35 mm), afforded furan-2-carbonyl bromide (3. 0 g) as a colourless liquid; 

-1 
v 1770 and 1781 cm ; T 2.16 (quartei·, J 0.8 and 1.8 Hz; 5-H), 2.51 

max. -

(quartet,:!_ 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 (XX.At/). AHempted preparation. - Furan-2-

carbonyl chloride (13. 0 g) and anhydrous zinc fluoride (5. 0 g) were heated to 90° 

whereupon the mixture polymerised. ExfTaction of the residue with benz..;ne 

(dried over sodium; 50 ml) gave, after rerr.oval of solvent, a green semi-solid 

mass which i.r. indicated was mainly furan-2-carboxylic ~~id. 

The preparation was repeated with f·he alteration that zinc fluoride was 

added in sma 11 portions at 60°. A ftt;r ha If of the fluoride had been added, the 

mix tu re had become semi-so I id. An a I iquot 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 oft.he residue was at-tempted but was unsuccessful owing to 

charring. 

The preparaf·ion was rr~r':.~ated under dry nitrogen using zinc fluoride 

which had been roasted at 150° for 0.5 h prior to use ... After all of i·he zinc 

fluoride had· been cdded, dis ti I la ti on ir:_~?C:~'? of the residue was attempted: 
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a few drops, only, of colourl-ess liquid were obtained before 1·he mixture carbonised. 

The preparation was repeated with the alteration that the acid chloride 

was added in light petroleum (b.p. 60-80°, distilled from pho:;phorus 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 m:d i. r. of the fractions indica1·ed that no appreciable reaction had 

occurred. The route was thus abandoned. 

Furan-2-carbonyl fluoride (XXXJ,./).- Furan-2-carbonyl chloride (10. 0 g) 

and potassium hydrogen fluoride (6. 0 g) were heated, under dry nitrogen, at 90°. 

After 2 d, an aliquot was removed, i.r. of which indicated that son1~ of the 

required product had been formed. After 2 d at 120°, the mixture was ex·~~c1ci·ed 

with chloroform. l.r. of this solution indicated that the required product was 

presPnt along with furan-2-carboxylic acid. The experiment was 1-hen repeated 

under altered conditions. 

Furan-2-carbonyl chloride (10. 0 g) and po1·assium hydrogen fluoride (1:2.0 g) 

were heated to 160°, under dry nitrogen, whereupon a vigorous reaction occurred. 

After 45 min, the apparatus was fitted for distillation and a vacui.;•n applied 

whereupon a colourless i iqu id (5 ml) dis ti I led. Red istil lat ion in vacuo [70° (bath)/ 

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

g.l.c.(columnat50°)(Found: C,52.9; H,3.0; F,17.1. C5H3F02 requires: 

C, 52.6; H, 2.6; F, 16.7o/o); A 253 nm (e 10,869); v 1816 and 
max. max. 

l827 cm-l; T 2.26 (octet,.:!_ 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,::!_ 0.8, l .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). 

Th iophen-2-carbony I chloride (XXX\/1).8~ Th iophen-2-carboxy Ii c acid 
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(13.0 g) and thionyl chloride (freshly distilled; 25.0 g) were boiled under reflux 

for 15 min. Distillation and fractionation of the residue at 98°/50 mm gave 

thiophen-2-·carbonyl chloride (8.2 g) as a colourless liquid; v 1755 1410, 
max. ' 

-1 
and 1193 cm ; T 2.10 {quori·et, J 1.2 and 4.0 Hz; 3-H), 2.23 {quartet, J 1.2 - -
and 5. 0 Hz; 5-H), and 2. 85 {quartet, J 4. 0 and 5. 0 Hz; 4-H). 

Th iophen-2-_::arbonyl fluoride (XXXVH1). - Th iophen-2-carbonyl chloride 

(5.1 g) and potassium hydrogen fluoride (6.0 g) were heated to 160°, undr· dry 

nitrogen, '.vhercupon a vigorous reaction occurred. I. r. examination of the sol id 

residue inc~icoted that it consisted mainly of thiophen-2-carboxylic acid with 

only a little of the expeci·ed product. 

The reaction weis repeated with ·~everal modifkations: (i) the apparatus 

was so arranged that volatile products could be removed by distil lotion during 

the course of the reaction; (ii) al I apparatus was ~aked at 250° for 24 h ,._,rior to 

u~~; (iii) aftei introduction of the reactants, the apparatus was repeatedly swept 

with d-:y nitrogen and then evacuated, and (iv) a partial V<J(:uum of 30 cm was 

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

on to a finger cooled with acei:>ne/solid carbon dioxide, thiophen-2-carbonyl 

fluoride being collect~d as white needles which melted on warming to 25°; high 

+ + 
resolution m.s. found M , 129.989273 (C

5
H

3
FOS requires M, 129.989863); 

v max. 
-1 

1811 and 1414 cm ; T 2. 10 and 2. 23 {complex; 3-H and 5-H), and 

2. 80 {oc1-:;t, ~ 2. 2, 4. 0, aild 5. 0 Hz; 4-H); m.s. peaks at m/e 130 (M, 58), 

111 ('I 00), ·102 (72), 59 (40), 45 (30), and 57 (28). 

81 
5-~h ~o~~:nercuri f h iophen-2-carboxy I ic acid ~XXV 111); 5-Deuterioth ior·her:-

2-c.:;; ;·b(:;~/ ! i c acid (XXXIX). - A mixture of thiophen-2-carboxylic acid (1.5 g) in 
--- --·~- ---· ' ., 

ethanol (12 ml), satura1-ed aqueous mercury (11) chloride solution (80 ml), and 
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33°10 aqueous sodium acetate· trihydrate (l 8. 0 g) was left af· 25° for 10 d. The 

resulting white precipitate (l. 8 g) was dissolved in 2N-aqueous ammonia soluf·ion; 

acidification with 2~-hydrochloric acid gave the required praduct as a white 

solid (Found: C, 16.9; H, 0.5; Cl, 8.5; S, 8.1. Cale. for c
5

H
3

CIHg0
2

S: 

C, 16 . 5; H , 0. l ; C I , 9. 8; S, 8 . 8°/o) . 

5-Chloromercurithiophen-2-carboxylic acid (1.8 g) was boiled with 20o/o . 
aqueous hydrochloric 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 a Iteration tho~ the ch lororr.~rcuri-

acid was heated with 20% deuterium chloride in deuterium oxide- Work-up as 

~~ 

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

0 . 
m.p. 129-130 (Found: C, 46.3; [H

2
0+ D

2
0J, 28.8; S, 24.9. C

5
H

3
Do

7
s 

requires: C, 46.5; [H
2
0+ D

2
0J, 28.7; s; 24.8%); v 1682, 1421, end 

max. 

1296 cm -l; T (deuteriochloroform) -0. 2 (singlet; OH), 2. 15 (doublef', J 4. 0 Hz; 

3-H), and 2.89 (doublet,:!_ 4.0 Hz; 4-H); m.s. peaks at ~/e L29 (M, 74), 

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

Reduction of Th iophen-2-_carbony I ch !~ride. 82 
- Th iophen-2-carbonyl 

chloride (0.6 g) in diglyme (2 1111) was cooled, under d1y nitrogen, in ace1·one/solid 

carbon dioxide, to -78°, and lithium aluminium tri-t~·t·_;,.1toxyhydride (l. 1 g) in 

diglyme (4 ml) was added with stirring at a rate such 1ha1· no rise in temperature 

* In th is and subsequent mono-deuteriated compounds, the deuterium I eve I, 

estimated by n.m.r. and m.s., was greater l~1an 95°10. 
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was observed. After warming to 25°, 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, a colourless oil (350 mg), 

t. l.c. of which (20°/o acetone in light petroleum) showed two components RF's 

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

(3 x 10% acef·one in I ight petroleum) gave th iophen-2-carbaldehyde (60 mg) as 

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

5-0euterioth iophen-2-carba ldehyde (XL ) . - 5-0euterioth iophen-2-

carboxylic acid (0.6 g) was boiled under reflux with thionyl chloride (freshly 

distilled; 1 . 2 g) for 6 h. After remova I of excess of fh ionyl ch lo ride by 

d isi"i !lotion, the residue was dissolved :rj dig lyme (2 nil) and reduced with I ith ium 

aluminium tri-t-butoxyhydride (1. 1 g) in diglyme (4 ml) as described for thiophen-

2-carbonyl chloride. Work-up as before gave a yellow oil (0.3 g) which was 

purified by p. t. I. c. (6 x 1 Oo/o acetone in I ight petroleum) to give 5-deuterio-

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

[H
2

0 + o
2
oJ, 32.5; S, 28.6. c

5
H

3
L>OS requires: C, 53.1; [H

2
0 + o

2
oJ, 

32.7; S, 28.3%); ).. 259 11m (e 10,000); v 1688, 1412, 1205, and 
max. max. 

-1 
663 cm ; '1' 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). 

Furan tetrakismercu1iacetate (XLl).78 - Furan (2.6 g) was shaken with 

mercury(! I) acetate (50. 0 g) in water (200 ml) for 6 hand the mixture left standing 

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

by suction. 

Furan tetrakismercurich loride (XLll). 
78 

- 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. 

Cale. for c 4cl 4Hg40: C, 4.8; Cl, 14.0o/o). The compound was heated on a 

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

dis ti lied. 

The experiment was repeated with the alteration that the mercurichloride 

derivative was heated with 20°/o 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. 

83 
5-Bromofurr.n-2-carbaldehyde {XLlll). - 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), 1..md 1,2-dichloroethane (120 ml), boiling 

under reflux, at such a rate that the bromine was immediately consumed. Afiec 

boiling under reflux for 2. 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). Recrystallisat"ion of a portion from 

ethanol/water and sub I imation in vacuo gave 5-bromofuran-2-carba ldehyde as 

white needles, m.p. 81-82° (lit.,
83 

82°); A 283 nm (e 13,750); v 
max. max. 

-1 
1719, 1696, and 1455 cm ; 'f 0.38 {doublet,:!_ 0.5 Hz; CHO), 2.86 {doublet, 

:!_ 4.5 Hz; 3-H), and 3.46 {quartet,:!_ 0.5 and 4.5 Hz; 4-H). 

5-Brornofuran-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 aqueous 
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ammonia solution] at 35°, for 4 h. Work-up [filtration, acidification (30% 

aqueous sulphuric acid), extraction with ether (2 x 100 ml), and drying (anhydrous 

magnesium sulphate)] gave, after removal of solvent, a yellow solid (2.4 g). 

Recrystallisation from water gave 5-bromofuran-2-carboxylic acid as white needles, 

o (I" 78 o o m.p. 190-191 1t., 185, 190 ); ).. 259 (e 11,984); v 1708, 1468, 
max. max. 

and 1017 cm-l; T (acetone) 0.21 (singlet; 0~), 2.80 (doublet,~ 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 mix~re did not exceed 60°. After stirring the mixture for 8 h, work-up 

[filtration, acidification (30% aqueous sulphuric acid), continuous ether extraction 

(24 h), and treatment of the extracts with animal charcoal] gave, after !"'Jmoval 

of solvent, a black residue which could not be induced to crystallise. Unreacted 

aldehyde was removed by distil lat ion in steam for 2 h. Th 0 crystal I ine residue 

was recrystallised from methanol/water to give 5-bromofuran-2-carboxylic acid 

(12.0g) as a white solid identical (i.r., u.v., etc.) with previously-synthesised 

material. 

(c). 85 - Furan-2-carboxylic acid (30. 0 g), bromine (71. 5 g) and chloroform 

(150 ml) 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 (l 1.0 g) as a white solid identical (i.r., u.v., etc.) with previously-

synthesised material. 

5-Bromofuran-2-mercurich loride (XL V)86 and 2-Bromo-5-deuf·eriofuran (XLVO .-
"' 

5-Bromofuran-2-carboxyl ic acid (6. 6 g) and sodium hydroxide (1. 3 g) in water 
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(20 ml) were mixed with mercury(! I) chloride (20. 0 g) in water (200 ml). After 

1 hat 25°, the filtered solution was boiled until evolution of carbon dioxide had 

ceased. Cooling and filtration gave 5-bromofuran-2-mercurich lo ride (1 i . 6 g) as 

0 • 86 0 
a pale yellow solid, m.p. 174-176 (lit., 175-176 ); T (acetone) 3.44 

(complex; 3-H and 4-H). 

The mercurichloride was boiled with excess of 20% deuterium chloride in 

deuterium oxide whereupon 2-bro~o-5-deuteriofuran (3 ml) distilled as a colourl6ss 

0 -1 
liquid, purebyg.l.c. (columnat50 ); v 1442, 1130, 1333, and 1047cm ; 

max. 

T 3.72 (complex; 3-H and 4-H); m.s. peaks at m/e 147 (M, 100), 149 (100), 

117 (30), 119 {30), 148 {19), and 146 (12). 

5-Deuteriofuran-2-carboxylic acid (XLVIO (a). - To a solution or n-butyl-

I ith ium in ether [prepared as ·described for the attempted synthesis of 2-isopropyl-

furcn, using lithium wire (0.45 g) and n-butyl bromide (dried over molecular sieve; 

4. 5 g)] at -30° was added 2-bromo-5-deuteriofuran (2. 7 g) in ether (dried over 

sodium; 15 ml). The mixture was stirred at ~30°for1.5 h, warmed to 10°, c.;nd 

poured on to a slurry of sol id carbon dioxide and ether. After 0. 5 h, water was 

added and the aqueous layer, after separation, was acidified to !-'H 1 with 50°/o 

aqueous hydrochloric acid. Ether extraction, washing (brine), drying (anhydrous 

sodium sulphate), and removal of solvent gave a pale yellow, crystalline solid 

(2. 0 g). Sub I imation of a portion in vacuo gave 5-deuteriofuran-2-carboxyl ic 

acid as white needles, m.p. 129-130° (Found: C, 53.0; [H
2

0 + D
2
0J, 32.6. 

-c
5

H
3
oo

3 
requires: C, 53.1; [H

2
0 + D20J, 32.7°/o); vmax. 1700, 1446, 1019, 

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

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

(M, l 00), 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 [ fi I tration, acidification (30% aqueous sulphuric acid), continuous 

extractio~ with ether (12 h), and drying (anhydrous magnesium sulphate)] gave, 

after removal of solvent, 5-deuter.iofuran-2-carboxyl ic acid (7. 5 g) identical 

(i.r., u.v., etc.) with material synthesised previously. 

5-Deuteriofuran-2-carbony ! ch lo ride (Xl Vfil).-- 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 resiJvs gave 

5-deuteriofuran-2-carbonyl chloride (4. 5 g) as a colourless I iqu id (Found: 

C, 45.3; [H
2

0 + D
2
0J, 21.5; Cl, 27. 2. c

5
H

2
CID0

2 
r':?quires: C, 45.6; 

-1 
EH

2
0 + D

2
0J, 21.3; Cl, 27.0°/o); v 1770, 1423, 1364, and 1026 cm ; 

max. 

'I" 2.59 (doublet,~ 3.8 Hz; 3-H) and 3.41 (doublet, J 3.8 Hz; 4-H); m.s. reaks 

at m/e 131 (M, 28), 43 (100), 96 (98), 58 (42), 68 (20)1 and 42 (13). 

5-Deuteriofuran-2-carbaldehyde (XLIX). Attempte_~ prepc•ation. (a). -

The method used was similar to that described for 5-deutc.:rioth iophen-2-carbaldehyde. 

5-Deuteriofuran-2-carbonyl chloride (l. 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 in~;) vlhich v1as purified by p. t. I. c. 

(11 x 5o/o acetone in I ight petroleum). No a ldehyd ic mat2ria l was detected (n. m. r. 

and i. r.) and the preparation was thus abandoned. 

(b). - Furan-2-carbaldehyde (freshly distilled~~ va~; 9.6 g) in ethanol (40 ml) 

was added to a mixture of mercury(l I) chloride (27. 0 g) r.Jr1d sodium acetate 1:-ihydrafe 
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{54.4 g) in water {600 ml). ·The mixture was allowed to stand at 25° for 3 d, 

boiled under reflux for 2 h, and al lowed to stand for a further 2 d at 25°. 

Filtration gave a yellow powder {5 g) {Found: C, 3.45; H, 0.41. Cale. for 

monomercuriation: C, 18. 1; dimercuriation: C, 10.6; trimercuriation: 

C, 7. 5°/o). The preparation was thus abandoned. 

{c). - Furan-2-carbaldehyde (freshly distilled in vacuo; 32.0 g) was added, . ----
with stirring during 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 

{140°/20 mm) to give furan-2-carbaldehyde diacetate (30. 0 g), m.p. 51-52° 

(lit.,87 52-53°); A 272 nm; v 1760, 1378 and 1200 cm-
1
; T 2.43 

max. max. 

(broad singlet; CH(OAc)
2

), 2.58 (quartet,.:!_ 0.5 and 1.8 Hz; 5-H), 3.64 

{complex; 3-H and 4-H), and 7. 93 (singlet, OCOCH
3

). 

A mixture of furan-2-carbaldehyde diacetate (10. 0 g) in ethanol {100 ml), 

and mercury(! I) ch lo ride (13. 7 g) and sodium 'acetate trihydrate (27. 4 g) in wcter 

(300 ml) was boiled under reflux for 0.5 h. After the mixture had been standing 

for 30 d at 25°, no product was detected. The experiment was rcpeah~d using 

mercury(ll) acetate instead of the chloride, but no product was detected. The 

route was thus abandoned. 

(d). - Dimethylformamide (2. 0 g) in ei·her (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-carboxy I ic acid, from Ii th ium 

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 at 25° for 

2 h and boiling under reflux for 0. 5 h, the mixture was poured on to ice. Work-up 
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[acidification (50o/o aqueous hydrochloric acid), extrac1·ion (ether), washing of 

the extracts (water and brine), and drying (anhydrous magnesium sulphate)] gave, 

after removal of solvent, a red oil (1.0 g) t. l.c. of which (20% acetone in light 

petroleum) indicated the presence of the required product, RF 0.32. Preliminary 

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°/o 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-carbaldehyde (18. 0 g), ethyl orthoformate (dried 

over molecular sievei 20. 0 g), ethanol ·;aturated wii-h dry hydrogen chloride 

(0.6 ml), and ethanol (dried by distillation from magnesium; 120 ml) was boiled 

under reflux for 4 h. T. L c. (20% acetone in I igh.t petroleum) showed two 

components RF's 0.34 (major) and 0.59; ~· starting material RF 0.34. After the 

mixture had been boiled under reflux for 24 h, t. l.c. still ~riowed two components, 

the relative proportions of which were not affected by addition of more ethanol 

saturated with hydrogen chlorid1.: (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 20o/o 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 

aldc;hycle and acetal. Purification by distillation was unsuccessful and the 

preparation was abandoned. 

Furan-2-carbaldehyde diethyl acetal (LI ).
88 

- A mixture of furan-2-
<; 

carbaldehyde (freshly distil!ed in vacuo; 60. 0 g), ethanol (dried by distillation 
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over calcium oxide; 400 ml~, and ethanol saturated with dry hydrogen chloride 

(0.5 ml) was allowed to stand for 3 d at 25°. Work-up as described in the 

attempted preparation of 5-bromofuran-2-carbaldehyde diethyl acetal gave a red 

oil (60 g). Distillation in vacuo (81°/15 mm) gave furan-2-carbaldehyde diethyl 

acetal as a colourless I iquid; v 1056, 1151, 2883, and 2980 cm -l; 'T' 2. 70 
max. 

(quartet'·.::!_ 0. 8 and 1 . 8 Hz; 5-H), 3. 73 (comp I ex; 3-H and 4-H), 4. 57 (sing let; 

CH(OC
2

H
5

)
2

), 6.51 (quartet, J 7 Hz; -C_ij
2

CH
3

), and 8.84 (triplet,.:!_ 7 Hz; 

-CH
2

CH
3

). 

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

carbaldehyde diethyl acetal (60. 0 g) was added at -20° during 10 r11in to a solution 

of n-buty 1-1 ith ium in ether prepared as described for the attempted synthc~is of 

2-isopropy I furan, using Ii th iuin wire (8. 6 g), n-butyl bromide (dried over molecular 

sie'.te; 68. 5 g), and ether (dried over sodium; 300 ml). Removal of coolant was 

accompanied by a rapid rise in temperature. The mixture was boiled under reflux 

for3 hand stirred with deuterium oxide (10 ~I) at 25°for12 h. Washing (wc.iter 

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

a red oil. Distillation in vacuo (19°/20 mm) gave 5-deuteriofurcn-2-carbaldehyde 

diethyl acetal (40.0 g) as a colourless liquid (Found: C, 63.0; [H 20 + D20J, 

74.0. c
9

H
13

Do
3 

requires: C, 63. l; [H 20 + D20J, 74.3°/o); vmax. 1056, 

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

CH(OC
2

H
5

)
2

), 6.53 (quartet,.:!_ 7 Hz; -CH
2
cH

3
), and 8.86 (triplet,.::!_ 7 Hz; 

-CH
2

CH
3

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

and 42 (14). 

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

n-butyl 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-Deuteriofu ran-2-carba ldehyde (XL IX). - 5-Deutericfuran-2-carba ldehyde 

diethyl acetal (32.0 g) in ether (250 ml) was stirred with SN-aqueous hydrochloric 

acid (140 m I) for 2 h at 25°. The ether layer was washed (saturated aqueous 

sodium b~carbonate solution and brine) and dried over anhydrous magnesium 

sulphate. Rem~val of solvent and.distillation in vacuo (58°/15 mm) gave 5-

deuteriofuran-2-carbaldehyde (17. 0 g) as a colourless I iquid (Found: C, 61. 9; 

[H
2

0 + D
2
0J, 38.3. c

5
H

3
Do

2 
requires: C, 61. 9; [H

2
0 + D

2
0J, 38.2%); 

v 1693, 1426, 1018, and 1568 cm-
1
; T 0.37 (broad singlet; CHO), 2.77 

max. -

(doublet, J 3.8 Hz; 3-H), and 3.43 (doublet,.::!_ 3.8 Hz; 4-H); m.s. pe-:-ks at 

m/e 97 (M, 94), 96 (100), 44· (19), 68 (12), 95 (12), and 42 (8); cf. furan-2-

carbl1ldehyde, m.s. peaks at rry'e 96 (M, 100), 95 (90), 43 (26), 67 (17), 50 (16), 

and 42 (15). 

Methyl 4, 5-dibromofuran-2-carboxylate (LIV). 
89 

- Bromine (210 ml) was 

added with stirring during 3 h to a slurry of anhydrous aluminium chlo1 ide (550 g) 

and methyl furan-2-carboxylate (252 g). The mixture was allower-! to stand for 

20 h at 25°, and water was then added during 2 h until evolution of gas had 

ceased. Work-up [extraction with ether (3 I), washing (saturalsd aqueous sodium 

bicarbonate solution and brine), drying {anhydrous magnesium sulphate) and 

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

{105°/l mm) gave methyl 4,5-dibromofuran-2-carboxylate as a white solid (205 g), 

m p 55-56° pure by g. I. c. {column at 150°); A 270 nm (e 8150); v 
• • 1 · max . max . 

-1 
1730, 1746, 1295, and 1155 cm ; 'r 2.88 (singlet; 3-H) and 6.14 (singlet; 
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4,5-Dibromofuran-2-carboxylic acid (LY ).
90 

- Methyl 4,5-dibromofuran-

2-carboxylate (200 g) was boiled under reflux with 20% aqueous sodium hydroxide 

solution (3. 5 I) for 5 h. Ac id ification (50% aqueous hydroch !oric acid), extraction 

(ethyl acetaf·e), washing (brine), drying (anhydrous magnesium sulphate), and 

removal of solvent gave a white sol id (120 g). Sub I imation of a portion in vacuo 

gave 4,5-dibromofuran-2-carboxylic acid, m.p. 168-169°; 'A 278 nm 
. max. 

-1 
(e 11, 536 ); v 1700, 1475, 1.188, and 1286 cm ; ,. (deuterioch loroform) max. 

-0.48 (singlet; OH) and 2.69 (singlet; 3-H). 

2,3-Dibromofuran (LVl).86 - A mixture of 4,5-dibromofuran-2-carboxylic 

acid (120 g), mercu1y(ll) chloride (120 g) and water (2.5 I) was distilled in steam 

for 4 h. Extraction of the dis ti II ate (ether), washing (brine), drying (anh}' Jrous 

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

furcltl (40g)asacolourless liquid, b.p. 55-56° (lit.,
89 

58°); v 1158, 1042, 
max. 

, -1 
959, and 882 cm ; 'I. 2.63 (doublet, J 1. 8 Hz; 5-H) and 3.58 (doublet1 

J 1.8 Hz; 4-H). 

84 
3-Bromofuran-2-carbaldehyde 0-Vll). - 2,3-Dibiomofuran (40.0 g) in 

an equal volume of ether (dried over sodium) was added at -60° i~ a solution of 

n-bufyl-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)]. 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, 1·he mixture was 

hydrolysed and extracted with ether, and the extracts were washed (water and 

brine) and dried (anhydrous magnesium sulphate). Removal of solvent gave a red 

oil (27 g), distillation of which (94°/15 mm) gave 3-bromofuran-2-carbaldehyde 
• 
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( ) 
0 • 89 0 

10.0g I m.p. 31-32 (l1t., 32 ); V 
max. 

1691 
-1 

cm ; T 0. 31 (doublet, 

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

J l. 8 Hz; 4-H). 

3-Bromofuran-2-carbaldehyde diethyl acef·al (LVlll).
89 

- Preparation 

was attempted using a method similar to that described for furan-2-carbaldehyde 

diethyl acetal. 3-Brornofuran-2-carbaldehyde (6. 0 g), et~anol (dried by 

distillation over calcium oxide; 100 ml), and ethanol saturated with dry!., drogen 

chloride (1 ml) were al l_owed 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 (dried as before; 50 ml), ethyl 0rthoformate (..:;.. 0 g) and hydrochloric acid 

(0. 3 ml). After boi I ing under reflux for 2 h and sf·and ing at 0° for 2 d, the mixture 

was worked up as before. Distillation in vacuo (75°/l mm) gave 3-bromcfuran-2-

carbaldehyde diethyl acetal (6.0 g) as a colourless liquid (lit. ,
89 

b.p. 88°/4 mm); 

-1 
v '1058, 1147, and 2968 cm ; T 2.70 (doublet, J 1.8 Hz; 5-H), 3.67 

max. -

{doublet, J 1. 8 Hz; 4-H), 4. 56 (singlet; CH(OC
2

H
5

)
2

), 6.45 (quartet, ~ 7 Hz; 

-CH
2

CH
3

), and 8.84 (triplet, :!_7 Hz; -CH
2

CH
3

). 

3-Deuteriofuran-2-carba ldehyde (LIX). Attempted preparation. -

3-Bromofuran-2-carbaldehyde diethyl ace ta I (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 _ovei molecular sieve; 2. 8 g)J. The mixture was allowed 

to warm to o0 and deuterium oxide (2 ml) was added. After stirring at 25° for l h, 

the mixture was diluted wifh water and extracted with ether; the extracts were 

washed (water and brine) and dried. Removal of so!ve1:t gave a red oil which was 

hydrolysed with 5_bl-aqueous hydrochloric acid as described in the preparation of 
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5-deuteriofuran-2-carba ldehyde. Work-up as before gave, after distil lat ion in 

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

presence of starting material (50o/o). P. t. I. c. (1 x 20% acetone in I ight petroleum) 

gave furan-2-carbaldehyde deuteraf·ed at position 3 to the extent of only 50% 

The experiment was repeated with similar results and the preparation was 

thus abandoned. 

4, 5-D ibromofuran-2-carbaldehyde ( LX ) . 
91 

- Furan-2-carba ldehyde 

(freshly distilled in vacuo; 288 g) was added during l 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 

carbonate were added, and the mixture was disti I led !:1 steam for 12 h. Extraction 

of the distil late with ether, drying (anhydrous magnesium sulphate) and removal 

of solvent gave a yellow oil (400 g) g. l.c. of which {column at 150°) showed 

three components. Distillation and fractic.1ation in vacuo (130°/0. l mm) gave 

4,5-d,ibromofuran-2-carbaldehyde (160 g) as a white solid, m.p. 35-36° (lit.,
91 

36-37°); 'A 288 nm (e 141 660); v 1690, 
max. max. 

'T 0.49 (singlet; CHO) and 2.82 (sii1glet.: 3-H). 

-1 
1456, 1331 , and 11 02 cm ; 

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 extr:acts were washed (saturated aqueous sodium bicarbonate 

solution and brine) and dried (anhydrous magnesium sulphate). Removal of solvent 

gave materia I cons is ting largely (70°/o) of furan-2-carba idehyde (n. m. r.). 

4-Bromofuran-2-carbaldehyde (LXI ). - Powde.red zinc (60 mesh; 0. 4 g) 

was mixed with 4, 5-dibromofuran-2-carbaldehyde (1. 0 g), glacial acetic a•: id 
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(0.33 g), and water (0. 9 g). Work-up as in the de-halogenation of 5-bromofuran-

2-carbaldehyd~ gave a red oil {0.7 g) consisting of the required product (50o/o) 

and material containing hydroxyl groups (n.m.r.). Distillation in vacuo gave an 

intractable residue and 4-bromofuran-2-carbaldehyde (200 mg) as white cubes, 

m. p. 52-53° (I it., 89 
52°), pure by g. I. c. (column at 125°); A 277 nm 

max. 

(e 10,671) and 232 nm {e 4766); v 1690, 1704, 925, and 1472 cm-l; 
max. 

'I" 0.44 (doublet,.:!_ 0.6 Hz; CHO), 2.34 (broad doublet, J 0.9 Hz; 5-H), and 

2. 80 (doublet, .:!_ 0. 9 Hz; 3-H). 

Attempted de-halogenation of 4-Bromofuran-2-carbaldehyde (LXI I). -

Powdered zinc {60 mesh; 0.4 g) was mixed with 4-bromofuran-2-carba!dehyde 

(O.? g), glacial ac.(~tic 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 prep0ratio~ was thus abandoned. 

4,5-Dibromofurc.1-2-carbaldehyde diethyl acetal (LXllO. - The method 

used v.1as similar to that described for 3-bror:nofuran-2-carbaldehyde diethyl acetal. 

A mixture of 4, 5-dibromofuran-2-carbaldehyde (38. 5 g), ethanol (dried by 

distil lotion 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-dibro111ofuran-2-

carbaldehyde diethyl acetal (44. 0 g) as a golden oil; "-max. 288 nm (€ 13! 273) 

and 228 nm (e 4748); v 1058, 1124, 1160, and 2980 cm-
1
; T 3.58 (singlet; 

max. 

3-H), 4.64 {singlet; CH(OC
2

H
5

)
2

), 6.51 (quartet, J 7 Hz; CH 2CH
3

), 01-:rl 8.81 

(trip let, .:!_ 7 Hz; CH 2C H3 ) · 

4-Bromofuran-2-carbaldehyde diethyl acetal (LXIV). - 4, 5-D1bro'~~')ruran-· 
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2-carbaldehyde diethyl acetal (44. 0 g) in an equal volume of ether (dried over 

sodium) was adr:Jed at -60° during 15 min to a solution of n-butyl-lithium in ether 

[prepared as before from I ith ium wire (2. 3 g) and n-butyl bromide (dried over 

molecular sieve; 18. 5 g)]. The mixture was warmed to 25° during 1 ~ h, boiled 

under reflux for l ~ h, and cooled f·o -5°; 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, d1ying over anhydrous magnesium sulphate and removal of solvent) 

gave a black oil. Distil lotion in vacuo (102°/1. 5 mm) gave 4-bromofuran-2-

carbaldehyde diethyl acetal (23.5 g) as a colourless liquid; A 280 nm 
. max. 

-1 
(e 4796) and 224 nm (e 4796); v 1060, 1132, 927, and 2988 cm ; 'f 2.67 

max. 

(douSlet, J 0.8 Hz; 5-H), 3.60 (doublet, J 0.8 Hz; 3-H), 4.61 (singlet; - -

CH(OC
2

H
5

)
2

), 6.50 (quartet,~ 7 Hz; CH
2

CH
3

), and 8.83 (triplet, J 7 Hz; 

CH
2
CH

3
). 

4-Deuteriofuran-2-carbaldehyde (LXV). Attempted preparation. -

4-Bromofuran-2-carbald=nyde diethyl acetal (23. 5 g) in an equal volume of ether 

(dried over sodium) was added at -60° duri~g 15 min to a solution of n-butyi-

lithium in ether [prepared as before from lithium wire (1.64 g) and n-butyl bromide 

(dried over molecular sieve; 16.4 g)J. The mixture was warmed to 25° during 1 ~ h, 

boiled under reflux for 2 h, and cooled to -5°; 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 SN-aqueous hydrochloric 

acid as described in f·he preparation of 5-deuteriofuran-2-carbaldehyde. Work-up 

as before gave furan-2-carbaldehyde deuterated to the extent of only 10°/o at 
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position 4 (n . m . r. ) . 

The preparation was repeated with the alteration that deuterium oxide 

was added in tetrahydrofurcm at -50°. Work-up as before gave furan-2-

carbaldehyde (l. 5 g) deuterated to the extent of 40% at position 4 (n. 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 at -30° for 3 h, warmea to o0 

during 2 h, and then cooled again to -40°, and (ii) a larger excess (20 ml) of 

deuterium oxide in tetrahydrofuran was added. Work-up as before gave partially-

deuterated furan-2-carbaldehyd0 diethyl acetal, unreacted 4-bromofuran-2-

ccrbaldehyde diethyl acetal, and much po.lymer. The preparation was thus 

abandoned. 

4-Bromo-5-deuteriofuran-2-carbaldehyde ·diethyl acetal (LXVI). -

4, 5-D ibromofuran-2-carbaldehyde diethyl acetal (38. 0 g) in an equal volume 

of eth.er (dried over sodium) was added at -60° during 15 min to a solution of 

n-bufyl-lithium in ether [prep~red as before from lithium wire (2.0 g) and 

n-butyl bromide (dried over molecular sieve; 16. 0 g)]. The mixture was warmed 

to 25° during 1 ~ h, boiled under reflux for 1 ~ h, and cooled to -5°; 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) 

as a colourless liquid; .A 276 nm (e 9792); v 1061, 917, 1148, and 
max. max. 

2988 cm -l; T 3.64 (singlet; 3-H), 4.65 (singlet; C_!i(OC
2

H
5

)
2

), 6. 53 (quartet, 

J 7 Hz; CH
2

CH
3

), and 8. 86 (triplet, .:!_ 7 Hz; CH
2

CH
3

); m.s. peaks at m/e 

249 (M, 17), 204 (100), 206 (99), 176 (80), 103 (34),.,and 75 (19). 
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4-Bromo-5-deuteriofuran-2-carbaldehyde (LXVI J). - 4-Bromo-5-deuterio-

furan-2-carbaldehyde diethyl acetal (2. 5 g) was hydrolysed with SN-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; [H
2

0 + o
2
oJ, 15.3; Br, 45.8. 

C
5

H2BrD02 requires: C, 34.1; [H
2

0 + D
2
0J, 15.9; Br, 45.4%); A 276 ~1m 

max. 

(e l 0, 620) and 232 nm (e 4670); v 1700, 1443, 1168, and 919 cm - l; 'J" 0. 39 
max. 

(singlet; CHO) and 2.83 (singlet; 3-H); m.s. peaks at m/e 175 (M, 100), 174 - - - -
(84), 118 (22), 67 (15), 117 (11), and 146 (7). 

3, 4, 5-Trideuteriofuran-2-carboxyl ic acid (LXVI JO.- Furan-2-carboxy I ic 

acid (30. 0 g) was heated at 140° with 30°/o (w/w) sodium deuteroxide in deuterium 

oxide (100 ml). At 2 d interva Is, aliquots were acidified (concentrated hydrochloric 

acid) and extracted with ethyl acetate: n.m.r. was then used to monitor the 

deuteration level. After 5 d, the mixture was acidified (concentrated hydroc1iloric 

acid) and extracted with ethyl acetate, and the extracts were dried over anhydrous 

magnesium sulphate. Removal of solvent gave 3,4,5-trideuterioforan-2-carboxylic 

acid~r (29.0 g), m.p. 129-130° (Found: C, 52.6; [H
2

0 + D
2
0J, 33.4. 

c
5
Ho

3
o

3 
requires: C, 52. 2; [H

2
0 + D

2
0J, 33. 9%); Amax. 255 nm (e 13,500); 

-1 
v 1702, 1190, 1432, and l290cm ; m.s. peaksatm/e 115 (M, 98), 98 

max. 

(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 

~r 

In th is compound, and in derivatives derived from th is compound, the average 

deuterium level, estimated by n. m. r. and m.s., was about 85°/o. 
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sodium hydroxide (1.75 g) in water (20 ml) were mixed with mercury(ll) chloride 

(27.0g) 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-_tefTadeuteriofuran (1. 0 g) distilled as a 

colourless I !quid. 

3,4,5-Trideuteriofuran-2-carbaldehyde (LXXI). ~ The method used was 

similar to that described for 4,5-diisopropylfuran-2-carbaldehyde. Phosphoryl 

ch.loride (2. 2 g) was added at 0° during 15 min to tetradeuteriofuran (0. 7 g) in 

dimethyl formamide (1. 0 g). The mixture was allowed to warm to 25° during 3~ h. 

\Nork-up as before gave 3, 4, 5-trideuteriofuran-2-carba ldehyde {O. 6 g ), pure 

by t.l.c. and g.l.c. (column at 75°) (Found: C, 60.6i [H
2
0+ D

2
0J, 38.0. 

c
5

Ho
3
o

2 
requires: C, 60.6; [H

2
0 + D

2
0J, 39.4°/o); vmax. 1692, 1412, and 

870 cm -l; 'f 0.39 (singlet; CHO); m.s. peaks at m/e 99 (M, 100), 98 (99), 

42 (60), 41 (59), 70 (30), and 51 (15) .. 

Ethyl 3, 4, 5-trideuteriofuran-2-carboxylate (LXXli). - A mixture of 

3,4,5-trideuteri~furan-2-carboxylic acid (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 

mix tu re was neutra I ised (anhydrous sodium carbonai·e) 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-trideuteriofuran-

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
2
0+ D20J, 52.8. C7H5D3o3 requires: 

-1 
C, 58.7; [H

2
0 + D

2
0J, 52.4o/o); v 1724, 1740, 1180, and 1289 cm ; 

max. 
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'f 5.74 {quartet, :!_ 7 Hz; CH
2

CH
3

) and 8.65 {triplet, J 7 Hz; CH
2

CH
3

); 

m.s. peaksatnyle 143 (M, 15), 98 (100), 115 (37), 78 (26), 60 {15), and 

85 (14). 

Ethyl 5-bromo-3, 4-dideuteriofuran-2-carboxylate (LXXI II). - Bromine 

(25.0 g) in 1,2-dichloroethane (10 ml) was added during 1 h to ethyl 3,4,5-

trideutedofuran-2-carboxylate (20. 0 g) in 1, 2-dichloroethane {80 ml) boiling 

under reflux. The solution was boiled under reflux for a further 4 h. Removal 

of solvent and distil lotion of the residue in vacuo f70°/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
2

0 + o
2
oJ, 28.4; Br, 36.6. 

c
7

H
5

Bro
2
o

3 
requires: C, 38.0; [H

2
0 ~ o 2oJ, 29.4; Br, 36.2o/o); vmax. 

-1 
1720, 1737, 1294, and 1452 cm ; 'f 5.74 (quartet, J 7 Hz; CH

2
CH

3
) and 

8.65 {triplet,:!_ 7 Hz; CH
2

CH
3

); m.s. peaks at nyle 220 (M, 35), 175 (100), 

192 (75), 97 (45), 148 (35), and 119 (35). 

3,4-Dideuteriofuran-2-carboxylic acid (LXXIV). - A mixture 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 stir:-ed at 

11 o0 for 3 d. After washing with ether, the mixture was acidified (concentrated 

hydroch f oric acid) and extracted (ethy I 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
2

0 + D
2
0J, 32.9. C5H2D2o3 requires: 

-1 
C, 52.6; [H

2
0 + D

2
0J, 33.4%); v 1701, 1293, 1189, and 1463 cm ; 

max. 

rr (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-D ideuteriofuran f_XXV) and 3, 4-D ideuteriofuran-2-carba ldehyde 

(LXXVO.- The methods used were similar to those described for 3-isopropyl furan 

and 4, 5-diisopropylfuran-2-carba ldehyde. 3, 4-Dideuteriofuran-2-carboxyl ic 

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. 

Phosphoryl chloride {10. 0 g) was added at 0° during 15 min to 3, 4-

dideuteriofuran {1.8 g) in dimethylformamide (5 ml). The mixture was allowed 

to warm to 25° during 2~ h. Work-up as before and purification by preparative 

g. !·c· gave 3,4-dideuteriofuran-2-carbaldehyde (Found: C, 61.3; [H
2

0 + D
2
0l, 

38.6. C5H2D2o2 requires: C, 61.3; EH
2

0 + D
2
0J, 38.8o/o); vmax. 1689, 

-1 
146.5, 1448, and 834 cm ; T 0.38 (doublet,.:!_ 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). 

Mef·hyl 5-deuteriofuran-2-car~oxylate {LXXVIO.- Methyl 5-bromofuran-

2-carboY:y!ate. (preparation, see later) (7. 2 g) was heated at 110° with acetic 

anhydride (freshly distil !.;;d; 3. 0 g), deuterium oxide (1. 5 ml), and powdered 

zinc (00 mesh; 3. 5 g) for 10 h. Ether extrc:iction, drying (anhydrous magnesium 

s1Jlphate), removal of solvent and purification by p.t. l.c. {10 x 2% acetone in 

light petroleum) gave me·i·hy_!_ 5-deuteriofuran-2-carboxylate, pure by g. l.c. 

(column at 100°) (Found: C, 56.8; EH
2

0 + D
2
0J, 43.4. C

6
H

5
D0

3 
requires: 

-1 
C, 56.7; [H

2
0 + D

2
0l, 43.3%); v 1728, 1742, 1302, and 1450 cm ; 

max. 

T 2.90 (double1·, J 3.8 Hz; 3-H), 3.53 {doublet, J 3.8 Hz; 4-H), and 6.16 - -
{singlet; CH

3
); m.s. peaks at ~/e 127 (M, 35) and 96 (100). 

E thy I 5-deuteriofuran-2-carboxylate {LXXV" O.- The preparation was 

carried out as for the methyl ester using ethyl 5-bromofuran-2-carboxylate 

(preparation, see later) (0. 77 g), acetic anhydride {O. 3 g), powdered zinc 
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{0.35 g), and deutedum oxide {0.2 ml). Work-up and purification as in the 

preparation of the methyl ester gave ethyl 5-deutcriofuran-2-carboxylate, 

0 
m.p. 34-35 (Found: C, 59.6; [H

2
0 + o

2
oJ, 51.4. C

7
H

7
oo

3 
requires: 

C, 59.6; [H 20 + o2oJ, 51.8°/o); v 1723, 1739, 1296, and 1137 cm-l; 
max. 

'T 2.93 {doublet, J 3.8 Hz; 3-H), 3.57 (doublet, J 3.8 Hz; 4-H), 5.72 - -
(quart0t, J 7 Hz; CH3CH 2), and 8.66 (triplet: ~ 7 Hz; c;:H

3
CH

2
); m.s. peaks 

at ny'e 141 (/1
/\, 17), 96 (100), 113 {45), 97 (18), 141 (17), and 43 (17). 

t-Butyl 5-deuteriofuran-2-carboxylate (LXXIX).- lsobutene {condensed 

from a C}'linder; 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 vessel, cooled in acetone/solici carbon dioxid~. 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 potassii.;~n 

hydroxide (10 g) in water (200 ml). The etiier layer was washed with water and 

brine and dried over anhydrous magnesium SU lphate. Remo·.- al of solvent and 

distil lotion in vacuo (83°/20 mm) gave t-butyl 5-deuteriofuran-2-carboxylate 

(3. 7 g) as a colourless I iqu id, pure by g. I. c. (column at l 00°) (Found: C, 63. 7; 

[H
2
0+ D

2
0J, 64.8. c

9
H

11
oo

3 
requires: C, 63.9; [H

2
0+ o20J, 64.5%); 

-1 
v 1137, 1308, 1711, and 1729 cm ; 'F 3.03 (doublet, J 3.8 Hz; 3-H), 

max. -

3.62 {doublet, J 3.8 Hz; 4-H), and 8.48 (singlet; t-C
4

H
9

); m.s. peaks at 

m/e 169 (M, 12), 96 (100), 113 (72), 114 (60), 56 (52), and 41 (44). - - . 

2-(5-0euteriofuryl) phenyl keto~ (LXXX). - 5-0euteriofuran-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 distil lotion in vacuo (156°/20 mm), 2-(5-deuteriofuryl) 

pheny I ketone {l . 5 g), pure by g. I. c. (column at 150°); v 1651, 1429, 
max. 

-1 
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-

carbonyl chloride (1. 0 g) was heated to 160° wii-h potassium hydrogen fluoride 

(1 . 2 g). D isti I lotion gave 5~deuteriofuran-2-carbonyi fluoride, pure by g. I. c. 

0 . -1 
(columnat50 ); v 1827, 18i6, 1287, and 1066cm ; T2.65(broad 

max. 

doublet, J 3.8 Hz; 3-H) and 3.41 (broad doublet·, J 3.8 Hz; 4-H). 

Methyl 5-bromofuran-2-carboxylatc (LXXXll).- The method used was 

similar to that described for ethyl 3,4,5-trideuteriofuran-2-carboxylate. A 

mixture of 5-bromofuran-2-carhoxylic 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 gav0 methyl 5-bromofuran-2-carboxylate (4. 0 g) as 

a white solid, m.p. 64-65° {lit.,
78 

59°), pure by g.l.c. (column at 125°; 

-1 
A 261 nm (e 11,370); v 1468, 1299, 1732, and 1113 cm ; 'T 2.99 

max. max. 

{doublet, J 3.6 Hz; 3.:..H), 3.64 {doublet, :! 3.6 Hz; 4-H), and 6. 19 {singlet; 

Ethyl 5-bromofuran-2-carboxylale (LXXXllO.-The method used was similar -- -· .. --

to f·hat described for ethyl 3, 4, 5-tridcuteriofuran-2-ccfrboxy late. A mix tu re of 

5-bromofuran-·2-carb::)xylic acid (5.0 g), ethanol (dried as before; 25 ml), and 
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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 (lit.,78 133-134°/31 mm), pure by g. l.c. (column at 125°); 

A 261 nm (e 14,979); v 1718, 1733, 1467, and 1291 cm -l; T 2.97 
max. max. 

(doublet, J 3.6 Hz; 3-H), 3.61 (doublet·, J 3.6 Hz; 4-H), 5.72 (quartet, - -

J 7 Hz; CH
3

CH
2

), and 8.63 (triplet, .:!_ 7 Hz; CH
3

cH
2

). 

t-Bui-yl 5-bromofuran-2-carboxylaf·e (LXXXIV).- The method used was 

similar to that described for t-butyl 5-deuteriofuran-2-carboxylate. lsobutene 

(2.? 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 distil lotion 

in vacuo, t-butyl 5 ·bromofuran-2-carboxylate (6. 0 g) as a colourless I iquid, 

pure by g.l.c. (column at 125°); A 259 nm (e 13,873); v 1713, 1731, 
max. max. 

-1 
14681 and 1311 cm ; T 3. 06 (doublet, .:!_ 3.6 Hz; 3-H), 3.63 (doublet1 

J 3.61-i·:; 4~H), and 8.47 (singlet; t~C4H9). 

5-Bromofuran-2-carbonyl chloride (LXXXV).-The method used was similar 

to that described for furan-2-carbonyl chloride. 5-Bromofuran-2-carboxylic 

I 

acid (8. 0 g) and thionyl 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° 

(lit.,
78 

54-56°); A 281 nm (e 7322); v 1758, 1452, 1350, and 
max. max. 

1020 cm- l; T 2. 66 (doublef·, J 3. 8 Hz; 3-H) and 3. 46 (doublet, J 3. 8 Hz; 4-H). - -

Methyl 4-bromofuran-2-carboxylate (LXXXVO.-The method used was 

similar to that described for 4-bromofuran-2-carbaldehyde. Powdered zinc 

(60 mesh; 3. 3 g), methyl 4, 5-d ibromofuran-2-carboxylate (10. 0 g), glacial 

acetic acid (2. 9 g), and water (1. 7 g) were heated at 100° for 2~ h. Work-up 

as before gave a golden oil (6. 0 g), t. I. c. of which (l 0% acetone in I ight 
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petroleum) showed the presence of two components, RF's 0.40 (major) and 0.42 

{minor), cf. starting material RF 0. 42. P. t. I. c. (5 x 2% acetone in I ight 

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. C
6

H
5

Br0
3 

requires: 

C, 35. 1; H, 2. 5; Br, 39. 0°/o); Amax. 255 nm (e 7923) and 220 nm (e 5348); 

v 130G, 1727, 1744, and 1196 cm-l; T 2.49 (doublet, J 0. 9 Hz; 5-H), max. -

2. 92 (doublet, _:!_ 0. 9 Hz; 3-H), and 6. 17 {singlet; CH
3

); rn.s. peaks at 

m/e 204 (M, 39), 173 {100), 149 {35), 58 (28), 117 (25), and 66 (25). 

4-Bromofuran-2-carboxylic acid (LXXXVll).7~The method used was similar 

to that described for 4, 5-dibromofuran-2-carboxyl ic acid. Methyl 4-bromofuran-

2-carboxylate (9. Cg) 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-

I imation of a portion in vacuo gave 4-bromofuran-2-carboxyl ic acid, m. p. 

0 • 78 0 . 
127-128 (lit .. , 128-129 ); A 255 nm {e 6708) and 218 (e 4845); v 

max. max. 

1710, 929, 1487, and '1422 cm - l; T (deuterioch loroform) -1 . 84 (OH), 2. 39 

(doub!et, J 0.7 Hz; 5-H), and 2.70 {doublet, J 0.7 Hz; 3-H). 

I 

Attempted 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 mixture 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 

solution which did not contain any aromatic material (n.m.r.). The aqueous 

layer was acidified {SN-aqueous hydrochloric acid) and extracted with ether 

(3 x 50 ml), and f·he extracts were washed (brine) and dried {anhydrous magnesium 

sulphate). Removal of solvent gave a while solid demonstrated by n. m. r. to be 
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4-bromofuran-2-carboxyl ic ~cid. The preparation was thus abandoned. 

78 
Ethyl 4-bromofuran-2-carboxylate (LXXXVlll)'.- The method used was 

similar to that described for ethyl 3, 4, 5-trideuteriofuran-2-curboxylate. 4-

Bromofuran-2-carboxyl ic acid (1. 0 g), ethanol (dried as before; 7 ml), 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.t.c. (4 x 2% acetone in 

light petroleum) to give ethyl 4-hromofuran-2-carboxylate as a white solid, 

0 ( • 78 0 m. p. 28-29 I 1t., 28-29 ); A 254 nm (e 8840) and 218 nm (e 6429); 
max. 

-1 
v 1296, 1185, 1728, and 1742 cm ; T 2.44 (doublet, J 0.7 Hz; 5-H), max. -

2. 91 (doublet,.:!_ 0.7 Hz; 3-H), 5.70 (quartet, :!_ 7 Hz; CH
2

CH
3

), and 8.64 

(triplet, :!_ 7 Hz; CH
2

CH
3

). 

t-Bufyl 4-bromofuran-2-carboxylate (LXXXl)Q.-The method used was 

similar to that described for t-buiyl 5-deuteriofuran-2-carboxylate. lsobutene 

(20 ml), 4-bromofuran-2-carboxylic acid (l. 0 g), ether (dried over sodium; 

25 ml), and sulphuric acid (3 ml) gave, after work-up as before, a colourless 

oil (4 ml) which contained the required product along with polymerised isobutene 

(n.m.r.). The mixture was adsorbed on to a silica column and the required 

material eluted by 1 Oo/o acetone in I ight petroleum. A portio~ wos further 

purified by p. t. I. c. (4 x 2°/o acetone in I ight pe1"ro1eum) to give t-butyl 4-

bromofuran-2·-carboxylate as a colourless liquid (Found: C, 44.2; H, 4.4; 

Br, 32.0. c
9

H
11

Br0
3 

requires: C, 43.7; H, 4.5; Br, 32.4%); vmax. 1720, 

1736 1307 and 1160 cm-
1
; T 2.49 (doublet, J 0.8 Hz; 5-H), 2.97 (doublet, I I _ 

J 0.8 Hz; 3-H), and 8.46 (singlet; t-C
4

H
9

); m.s. peaks at !_o/e 246 (M, 17), 

190 (100), 56 (93), 173 (60), and 117 (16). 
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4-Bromofuran-2-carbonyl chloride ( XC ). - The method used was 

similar to that described for furan-2-carbonyl chloride. 4-Bromofuran-2-

carboxylic acid (purified by sublimation in vacuo; 0.5 g) and thionyl chloride 

(freshly dis ti I led; 3. 0 g) gave, after work-up as before, 4-bromofuran-2-

carbonyl 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. c
5
H

2
BrCI0

2 
requires: 

C, 28.7; H, 1.0; Br, 38.2; Cl, 17.0o/o); A 278 nm (e 8610) and Lv3 nm 
max. 

-1 
(e 4650); v 1766r 1749, 931, and 953 cm ; T 2. 25 (doublet, J 0. 9 Hz; max. 

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). 

~-Bromofuran-2-carboxylic acid (XCI ). 
84 

- 2,3-Dibromofuran (20.0 g) 

in an equal volume of ether (dried over sodium) was added at -60° to a solution 

of n-buiyl-1 ith ium in ether [prepared as before from I ith ium wire (1. 6 g) and 

n-butyl 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 sol id carbon dioxide in ether. 

After 1 h, the mixture was extr~cted with water and the extracts were washed 

with ether. Acidification (5N-aqut:ous hydrochloric acid), extraction (ethyl 

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°; A 249 nm {e 11, 193); v 1705, 1572, 
max. max. 

1486, and 991 cm-l; .rr {deuf'eriochloroform) -1.06 {singlet; OH), 2.46 

(doublet, J 1. 9 Hz; 5-H), and 3.38 (doublet, J 1. 9 Hz; 4-H). - -

Me thy I 3-bromofuran-2-carboxy late {XC 11). - The method used was 

similar to that described for ethy I 3, 4, 5-trideuteriofur.on-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 (7.5 g). Distillation in vacuo (100° {bath)/ 

0. 2 mm] and purification of a portion by p. t. I. c. (5 x 2°/o ac.;etone in I ight 

petroleum) gave methyl 3-bromofuran-2-carboxylate as a white solid, m.p. 

0 
52.5-53.5 (Found: C, 34.9; H, 2.3; Br, 38.5. c

6
H

5
Br0

3 
requires: C, 35.1; 

H, 2.5; ·Br, 39.0%); A 248 nm {e 12,608); v 1735, 1286, 1124, and 
. max. . max. 

-1 
1387 cm ; T 2. 55 (doublet, J 1. 9 Hz; 5-H), 3.48 (doublet, J 1. 9 Hz; 4-H), - -

and 6. 15 {sing let; CH
3

); m. s. peaks at m/e 204 (M, 52), 173 {l 00), 117 (20), 

66 {14), 146 (11), and 161 (5). 

. 89 
Ethyl 3-bromofuran-2-carboxylate (XCllO. - The methoci used was 

similar to that described for ethyl 3, 4, 5-t~ideuteriofuron-2-carboxylate. A 

mixture of 3-bromofuran-2-carboxyl ic acid {l. 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 sol id (0. 9 g). A portion was purified by p. t. I. c. (4 x '.2o/o 

acetone in light petroleum) to give ethyl 3-bromofuran-2-carboxylate as a white 

solid, m.p. 55-56° (lit.,
89 

57°); A 248 nm {e 9341); v 1730, 1~82, 
max. max. 

-1 . 
1124, and 1178 cm ; 'f 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
2

CH
3

), and 8.62 {triplet, .:!_ 7 Hz; CH
2

CH
3

). 

t-Butyl 3-bromofuran-2-carboxylate O<CIV). - The method used was 

similar to that described for t-butyl 5-deuteriofuran-2-carboxylate. lsobutene 

{25 ml), 3-bromofuran-2-carboxyl ic 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. I. c. (5 x 2% acetone in I ight petroleum) to give 

t-butyl 3-bromofuran-2-carboxylate as a colourless I iquid (Found: C, 43. 7; 
I 

H, 4.6; Br, 32.1. C
9

H
11

Br0
3 

requires: C, 43.7; H, 4.5; Br, 32.4%); 
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-1 
v 1723 cm ; T 2. 56 (doublet, J l. 9 Hz; 5-H), 3. 51 (doublet, J 1. 9 Hz; max. 

4-H), and 8.42 (singlet; t-C 
4

H9); m.s. peaks at m/e 246 (M, 16), 58 (100), 

190 (90), 56 (82), 173 (80), and 117 (32). 

3-Bromofuran-2-carbonyl chloride (XCV). - . The method used was similar 

to that described for furan-2-carbonyl chloride. 3-Bromofuran-2-carboxylic 

acid (0. 7 g) an_d thionyl chloride (freshly distilled; 5 ml) gave, after work~up as 

before, 3-bromofuran-2-carbonyl 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. c
5

H
2

BrCI0
2 

requires: 

C, 28.7; H, 1.0; Br, 38.2; Cl, 17.0%); A 278 (e 14,810) and 268 nm 
max. 

-1 (€ 15,010); v 1757, 1466, 1384, and 1158 cm ; rr 2.36 (doublet, max. 

~ 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-dideui·eriofuran-2-carboxylic acid ~CVI). - The method 

used was similar to that described for 4, 5-dibromofuran-2-carboxyl ic acid. 

E thy I 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 portion in vacuo 

gave 5-bromo-3,4-dideuteriofuran-2-carboxylic acid as white ne~dles, m.p. 

189-190° (Found: C, 31.4; [H
2

0 + D
2
0J, 14.2; Br, 41.5. C

5
HBrD

2
o

3 

requires: C, 31.1; [H
2

0 + D
2
0J, 15.0; Br, 41.5o/o); A 262 nm (e 10,203); 

max. 
-1 

v 1710, 1459, 936, and 1170 cm ; m.s. peaks at m/e 192 (M, 100), 191 
max. - - -

(68), 174 (53), 119 (52), 118 (33), and 173 (32). 

Me thy I 5-bromo-3, 4-d ideuteriofuran-2-carboxy late (XCVl O. - A mix tu re 

of 40°/o aqueous potassium hydroxide solution (15 ml) and ether (50 ml) was cooled 

to o0
, with stirriLg, and finely powdered nitrosomethylurea (5. 0 g) was added 
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during l min. The ethereal solution of diazomethane so prepared was decanted, 

after l h, into .:J solution of 5-bromo-3,4-dideuteriofuran~2-carboxylic acid 

(1. 0 g) in ether {50 ml) 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-dideute1·iofuran-2-carboxylate as white needles, m.p. 63-64° (Found: 

C, 35.1; [H 20 + D
2
0J, 23.0; Br, 38.7. c

6
H

3
BrD

2
o

3 
requires: C, 34.8; 

[H 20 + D20J, 22.7; Br, 38.7°/o); A 261 nm {e 14,634); v 1729, 
max. max. 

17~8, 1456, and 1300 cm -l; T 6.18 (singlet; CH
3

); m.s. peaks at m/e 206 

{Iv\, 43), 176 (100), 175 (65), 205 (25), 150 (15), and 149 (10). 

t-12·.Jtyl 5-br·)mo-3, 4-d ideuteriofuran-2-carboxylate (XCVll O.- The method 

us·~d was similar to that described for t-butyi 5-deuteriofuran-2-carboxy late. 

lsobuter"!e {10 ml), 5-bromo-3,4-dideuieriofuran-2-carboxylic acid (0.5 g), 

ether (dr:ed oycr sodium; 30 ml), and sulphuric acid (l. 0 ml) gave, after work-

up as before, t-buiyl 5-Lromo-3, 4-dideuteriofuran-2-carboxylate (0. 6 g) as a 

colour!ess I iqu id, pure by g. I. c. {column a.t 125°) (Found: C, 43. O; [ H
2

0 + 

D
2

0J. 41. O; Br·, 32.0. c
9
H

9
BrD

2
0

3 
requires: C, 43.4; [H

2
0 + D

2
0J, 40.6; 

-1 
Br, 32.2%); )\ 260 nm (e 14,300); v 1142, 1714, 1733, and 1310 cm ; 

1 nox. max. 

T 8.47 (singlet; t-C
4

H
9

); m.s. peaks at m/e 248 (M, 14), 192 {100), 191 {59), 

175 (44), 170 (26), and 24-7 (10). 

5·- l:romo-3, 4-d idr=:uh::riofuran-2-carbonyl chloride (XC IX). - The method 

used \Vas '.. irn ilar to that described for furan-2-carbonyl chloride. 5-Bromo-3, 4-

dicl2:.:terio~1_1;-0'1-2-carboxy!ic acid (0.5 g) and thionyl chloride (freshly distilled; 

5 ml) gave, ~Aler work-up as before, 5-bromo-3,4-dideuteriofuran-2-carbonyl 

chloric:.-; (0.5 g) as a white solid, m.p. 55-56°; A 281 nm (e 13,890); 
~------- max. 
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. -1 
v 1762, 1447, 1301, and 938 cm ; m.s. peaks at rn/e 210 (M, 19) 175 max. _ _ _ r 

(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-diisopropylfuran-2-carbaldehyde. Phosphoryl chloride 

007.0 g) was added at 0° during~ h to N-mef·hyl pyrrole (freshly distilled; 

42.3 g) ih dime.thylformamide (51.0 g). The mixture was heated at 60° for2 h 

and then worked up as before. D i~ti I lat ion in vacuo (86°/15 mm) gave N-methy l­

pyrro le-2-carbaldehyde (30.0 g) as a colourless oil {lit., 9
3 

b.p. 72-75°/11 mm}; 

A 288 nm (e 17,000); v 1672, 1410, and 1308 cm-1; -r 0.47 (doublet, max. max . 

.:!_ 1. 0 Hz; CHO), 3. 23 (complex; 5-H and 3-H), 3. 89 (complex; 4-H) and 

6.04 (singlet; CH
3

). 

N-fv'\ethylpyrrole-2-carboxyl ic 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-

carba ldehyde (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 fo·r 12 h, work-up as before gave q brown 

"' solid (30. 0 g}. Recrystallisation from water and sublimation of a portion in vacuo 

gave N-mef·hylpyrrole-2-carboxylic acid as white needles, m.p. 134-135.5° 

(lit.,92 135-136°); A 264 nm (e.·12,326); v 1670, 1428, 1262, and 
max. max. . 

1122 cm-1; -r (deuteriochloroform)-2.21 (singlet; O~), 2.92(q~artet,.:!_1.8 

and 4.0 Hz; 3-H), 3.19 (overlapped quartet,:! 1.8 and 2.6 Hz; 5-H), 3.84 

(quartet, .:!_ 2. 6 and 4. 0 Hz; 4-H), and 6. 08 (singlet; C~3 ). 

Methyl N-methylpyrrole-2-carboxylate ( Cll ). - 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 40o/o aqueous potassium 

hydroxide solution (15 ml), nitrosomethylurea (5.0 g), and ether (50 ml)] was 

mixed at 0° with N-methylpyrrole-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-methylpyrrole-2-carboxylate as a colourless liquid, b.p. 95° (bath)/15 mm 

(lit.,
92 

95-98°/28 mm); A 261 nm (e 14,000); v 1709, 1436, and 
max. max. 

-1 
1112 cm ; T 3. 25 (quartet, .::!_ 1 . 8 and 4. 0 Hz; 3-H), 3. 35 (0·1erlapped 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; 

N-CH
3
), and 6.28 (singlet; CH

3
). 

t-Buiyl N-methylpyrrole--2-carboxylate (Clll). - The method used was 

similar to that described fort-butyl 5-deu~eriofuran-2-carboxylate. lsobutene 

(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. t. I. c. (2 x ligl1t petroleum) and distilled in vacuo 

r 

to give t-butyl l'-l-meth_ylpyrrole-2-carboxylate as a colouriess liquid (Found: 

C, 65.9; H, 8.1; N, 7.5. c
10

H
15

No
2 

requires: C, 66.3; H, 8.3; N, 7.7%); 

-1 
).. 262 nm (e 12,549); v 1702, 1113, 1413, and 1326 cm ; T 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,.::!_ 2.6 and 4.0 Hz; 4-H), 6.13 (singlet; CH3), and 8.47 

{singlet; t-C
4

H
9

); m.s. peaks cit m/e 181 (M, 19), 125 (100), 108 (46), 43 (27), 

l 06 (22), and 80 (19) .. 
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DISCUSSION - SPECTROSCOP~C 

A. Infra Red Investigations 

The order of discuss ion of the resu I ts and the numbering of experiments 

in th is section correspond directly to the order and numbering used in the 

"Experim.ental-Spectroscopic" section. Similar conventions are also used; thus, 

"A" represents the area of an i.r .. band, 11 D11 represents the optical density of a 

band, 11 T11 represents the absolute temperature, and the subscripts 11 I11 and "h" 

refer to the lower- and higher-frequency bands in a rotamer carbonyl doublet. 

Furan-2-carbaldehyde C=O 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 (Ila) and syn {llb) 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-isopropylfuran-2-carbaldt:hydes 

with the spectra of furan-2-carbaldehyde and relai·ed aldehydes <..ind ketones, it 

was hoped to resolve the controversy. 

For furan-2-carbaldehyde, the very small va~·iation of carbonyl band 

intensities with concentration of the aldehyde (Table 4) implies that intermolecular 

association is not responsible for the carbonyl band doubling. Also, if a "hot 

transition" (a transition from the first excited vibratic·nal level) were involved, 

then this would correspond to the less intense component of the carbonyl doubiet 

at 1681 cm-1, 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 th is is observed. Furthermore, a hot transition wou Id not be expected 

to display the considerable dependence on solvent dielectric constant which is 

obse1Yed for the furan-2-carbaldehyde carbonyl bands. The possible involvement 

of Fermi-resonance was discounted by the present author21 and others32, 33 

principal)y because band multipliciiy is also observed in the i.r. C-H bending 

and strei·ch ing reg ions. The case for roi·ational isomerism being the correct 

explanation for the observed carbonyl band doubling appeared particularly strong 

when if- was found that f·he variable-temperature data (Table 5) could be analysed 

to give a nor· unreasonable 6H
0 

value for the {supposed) equilibrium of 3200 

±300 J mol- l. 
21 

It 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 

rotwneric equilibrium would be achieved, which could be used to assign the twin 

carbonyl bands to panicular rotamers. 

The 3-, 4- and 5-isopropyl-, and the.4,5-diisopropyl-furan-2-carbak!ehydes 

all show single i. r. carbonyl absorptions, at about 1686 cm-l in carbon tetrachloride 

at 30°C. S!milarly, in chloroform solutions, the 4- and 5-isopropyl-, and the 

4, 5-diisopropyl-furar,-2-carbaldehydes show single carbonyl absorptions at a 

frequency lower by the expected figure of~· 12 cm-l. However, 3-isopropyl­

furan-2-carbaldehyde exhibHs o carbonyl doublet in chloroform at 1678 (D 0.37) 

and 1667 crn~·l (D 0.44). A comparison with the 4- and 5-isopropyl aldehydes 

indicate: that the new band in ch lorofcrm is the band at 1667 cm -l. If th is band 

is a con:_;:-_.:quence of rotaf·ional isomerism, that is if its appearance corresponds to 

the emcr~;2nc.e of a new rotamer in solution, then it must be associated with the 

rotarner vih ic~1 is favour,:.: cl by an increase in steric hindrance at 1·he 3-position and 
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by an increase in solvent polarity. Although it seems reasonably clear that the 

~ rotamer wou Id be favoured compared with the ~ti rotamer by an increase 

in steric hindrance at the 3-position, the question of the effect of solvent polarity 

• I • 1 d D • 1 • • • h 1 • 36 rs ess east y answere . esp1te comp 1cahons mt e 1terature concerning 

the direction of the dipole moment in furan, it appears likely that the balance 

· of inductive and mesomeric moments is a moment directed to\vards 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, 

-1 
therefore, the new band at 1667 cm may be assigned to the syn rota mer. Since 

the positions of the carbonyl bands (in ~arbon tetrach:,')ride) of the three mono-

isopropy lated aldehydes are very similar, it seems uni ikely that the special effects 

observed with the 3-isomer (in chloroform) are inductive in origin. As n:>ted 

ec:rl ier, these arguments assume that the appearance of a second band in chloroform 

for th6 3-isopropyl aldehyde is a consequence of rotationa! isomerism. Alternative 

explanations are, however, available, the most likely being Fermi resonance. 

Two observations suggested thGt Ferrlli resonance may not be involved: firstly, 

70 . 
3-methyl furan-2-carbaldehyde shows the same solvent effects as the isopropyl 

compound, and secondly, Fermi resonance i5 not observed in the i. r. carbonyl 

bands of 3-bromofuran-2-carbaldehyde (see later) and 3-iodofuran-2-carbaldehyde. 
90 

The results with the 2-ketones (Experiment 6) support the above reasoning. 

The ex1·inction coefficients of the u. v. absorptions (Table 7) indicate that non-

planar conformations make little contribution. If the single carbonyl absorptions 

(Tab!e 6) corresponded to syn forms, then severe steric.,hindrance would be expected 

in the efhyl 2-(3-methyl)fur'jl ketone case. The relative positions of the i.r. 
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carbonyl bands for the keton'es suggest that al I 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 pr.::viously by the 

author
21 

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 to be gained {in stability terms) by the change anti to syn than was the 

case for 3-isopropyl furan-2-carbaldehyde. Since, if the twin bands of furan-2-

carbaldehyde {v 1700 and 1681 cm-l) are a consequence of rotationa I isomerism, 
max ~ 

one band of the ·aldehyde must correspond to the anti form of 2-furyl methyl ketone 

{XIII) {v 1683.5 cm-
1
), and since it would be unprecedeni·ed for the conversion 

max 

-CHO to -CO. CH
3 

to increase the C=O frequency, then the aldehyde band 

assignments become apparent. 

Several features, however, are difficult to accommodate on this basis. 

(i) it is not obvious why the alkylfuran-2-carbaldehydes and the unhindered 2-

ketones should show such a marked preference for the anti form; (ii) it is nut 

possible to reconcile the i.r. assignments with those from n.m.r. studit~S (v!de 

"Introduction"); (iii) it is not possible (without the inclusion of a further hypothesis) 

to 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 

o0 c for the aldehyde in carbon disulphide solution; (iv) the synthesis of a range 

of furan-2- and thiophen-2-carbaldehydes shows that carbonyl doublets occur only 

rarely with these compounds, and (v) the observation (Experiment 9) that furan-

2-carbonyl chloride (XXX 11) in carbon tetra ch lo ride soluf·ion has four i. r. carbonyl 

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 th is problem using the 

approaches described as "Solid State Studies" and "Fermi Resonance Studies". 

Sol id State Studies 

Experiments 7, 8, and (in part) 16. As an alternative approach to the problem 

of struct~re assignments, it was intended to use X-ray diffraction analysis. This 

requires that a rigorous correlation can be made between solid- and solution­

phase i. r. spectra and that the compound chosen for analysis must preferably exist 

almost entirely in one form in f·he solid phase. 

The exploratory work of Experiment 7 demonstrates that v,1hile various 

2-oxo-furans show single carbonyl bands in carbon tetrachloride solution, the 

situation becomes more complex in the sol id sf·ate. This is particularly apparent 

for 5-biomo- and 5-chlc;>ro-furan-2-carbaldehydes [{Xllil) and (XVI)] wh!ch have 

single carbonyl bands in carbon tetrachloride solution (because of their positions 

and the observations below, the minor bands at 1713.5 arid 1718 cm-l car1i1ot be 

considered as comprising parts of rotamer carbonyl doublets) whereas in the solid 

state twin carbonyl bands are observed (along with minor bands to higher wave­

number as in the solution cases). It seems reasonable to suppose that the twin 

bands corre')pond to syn and anti forms of the aldehydes both of which must therefore 

exist in the sol id state. The question then arises as to why twin carbonyl bands 

occur in the s::>lid 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 :·he forms produce differ!ng degrees of solvent ordering this leading to 
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an entropy difference which ·causes one form to be preferred compared with the 

other: in the sol id state th is effect wou Id 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 i~ substituted at an a-position with the bulky 2-naphthyl group, a single 

carbonyl band is not observed in the solid state. Comparing Tables 8 and 9, the 

5-halo- and 5-aiyl-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 abso! bing at the 

same frequencies); in the solid state the situation becomes much more co1~i::used 

partly, perhaps, because of the uncertainty in the positions of the band maxima 

arfo~ng out of a general lack of symmetry of the bands. The shifts (in wavenumbers) 

corresponding to the change solution to solid, for the compounds listed in Tables 8 

and 9 are summarised in Table 39 using the conventions of Table 8. 

Compound 

(XVI) 

(XLlll) 

(XXX) 

(XXXV) 

(XVI II) 

(XXI II) 

(XXV) 

(XXIX) 

-1 
Shift (cm ) 

13 i 22; (5. 5) - -
14.5; 25.5; (6) 

29.5 

17; (4) 

20; (4) 

4; (24) 

5.5; (14); (26.5) 

14; 18 

Table 39 
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It is c I ear that no genera I isations can be made about these results, for even 

within a group of compounds of similar structure [e.g., the 5-arylfuran-2-

carbaldehydes, (XXlll), (XXV), and (XXIX)] a regular pattern cannot be 

detected. 

With the publication by other workers
45 

of an X-ray structure for 4-

bromofur~:m-2-carbaldehyde {vide "Introduction") proposing that the compound 

exi5ts, in the solid state, in the syn conformation, the synthesis of this molecule 

was undertaken with a view to comparing the sol id and solution phase i. r. spectra 

(Experiment 16). Whereas, in the sol id state, a broad band cenf-red at 1675 cm - l 

with a shoulder tit 1700 cm -l was observed( in carbon tetrachloride solution two 

bands in the carbonyl region were observed at 1705.5 and 1690.5 cm-l. Since 

these observations are the reverse of the trends noted in Tables 8 and 9 I it is 

app~rent that not al I of the results can be explained by the one hypothesis of 

rotational isomerism. This conclusion led to the experiments described under !~e 

general heading of "Fermi Resonance Studies 11
• 

Fermi Resonance Studies 

Experiments 9 to 16. Since furan-2-carbonyl chloride (XXX 11) in ca1 bon 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 complexify is obtained in the 

carbonyl region. Furthermore, the acid fluoride (XXXIV) and acid bromide 

(XXXlll) exhibit essentially doublet absorptions in the carbonyl region (Experiment 

10), and thiophen-2-carbonyl fluoride {XXXVll) and chloride (XXXVI) essentially 

singlet carbonyl 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 

{XLVlll) 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 d~pendence of the non-deuterated analogue {Experiment 12). Further­

more, in the carbonyl o·-.,ertone region, 5-deuteriofuran-2-carbonyl chloride shows 

only t'.vo main absorptions {at 3516 and 347.2 cm -l in carbon tetrachloride 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 ccrbonyl envelope of 

furan-2-cadJonyl ch [oride. 

The carbonyl band positions and intensities (quoted as relative optical 

densities) of the deuterated acid chloride {XLVlll) are compared, in Table 40, 

with 1·hose of the deuteroted and non-deuterated acid fluorides [{LXXXI) and 

{XXXIV)] and of the 1:1:1n-deuterated acid bromide (XXXlll). 



Compound 

(XLVlll) 

(LXXXI) 

(XXXIV) 

(XXXI 11) 
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-1 
Bands at (cm ) 

1767 (1. 6)' 1756 (1) 

1828. 5 (1. 6)' 1816 (1 ) 

1828. 5 (1 . 7)' 1816 (1 ) 

1780 (1. 5), 1769 (1) 

Table 40 

-1 
D.v (cm ) 

1 1 

12. 5 

12. 5 

l l 

The band relative intensities and separations are al I 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-deuterared furan-2-carbonyl chlorides for, although 

deuterat ion produces obvious simplifications ~nd shifts many of the i. r. vibrations, 

there is ncthing to show that some residual Fermi resonanc·3 is not still involved. 

However, as soon as the comparison of Table 40 is made, it becomes clear that 

the simplification which occurs on deuteration of the acid chloride pi·oduces l1 

spectrum which, in the carbonyl region, is comparable with the spectra of the 

non-deuterated acid fluoride and acid bromide: since it is extremely unlikely 

f·hat Fermi resonance would occur to the same extent in al I of the compounds I isted 

in Table 40, then the conclusion stated previously becomes very likely. If· is 

interesting (and fortunate for the present study) that isotopic substitution at only 

one position in furan-2-carbonyl chloride should produce a total collapse of Fermi 

-1 
resonance; since the bands at 146 ·1, 1388, 1165, and 950 cm in the non-
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deuterated material al I 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 cont~oversy existed concerning 

the origin of the observed carbonyl band multiplicify. Such a system is p ... vided 

by thiophen-2-carbaldehyde {vide "Introduction") where the observation 

{Experiment 13) of three maxima in the carbonyl region {at 1687.5, 1677, and 

1659. 5 cm - l) and also of dramaHc solvent effects on the intensities of the maxima 

suggest that rotational isomerism alone ~annot be the €·xplanation for the carbonyl 

band multiplicity. In support of this conclusion, previous work by the author
21 

has shown that an unexpectedly high enthalpy difference between the supposed 

roi'amers is obtained if the carbonyl band area data is processed in the usual way. 

' The synthesis of 5-deuteriothiophen-2-carbaldehyde. (XL) was therefore 

undertaken with a view to comparing its ! . r. spectrum with that of the non-

deuterated material (Experimer.t 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 

l -1 
1677 cm - is rep laced by a much weaker band at 1672 cm ; the band at 

1687. 5 cm- l 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-l in the non-deuterated 

materia I is viriua l ly unaffected by deuterium substitut~?n, it wou Id appear that 

the "true" carbonyl band envelope would consist of a major component at 
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1687. 5 cm -l with a minor cbmponent 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 cf a new band at 

lower wavenumber. Other workers
38 

have shown that in thiophen-2-deuterio-

carbaldehyde, three carbonyl bands are still observed [at 1686, 1672 (strongest) 

-1 
and 1658. cm ], whereas when the carbonyl oxygen of the non-deuterated 

aldehyde is enriched with 
18

0 two additional carbonyl bands [at 1659 (D 1.43) 

and 1645.5 (D 1.0) cm-l] are observed. Comparing these results with those from 

the 5-deuterio compound, it seems that some Fermi resonance is still to be found 

in both the -CD 0 and the -CH 
18 

0 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 la be II ing in the furan-

2-c:;rbonyl chloride and f·h iophen-2-carba ldehyde cases, it was then resolved to 

apply th is method to the problem of the doublet carbonyl absorption of furan-~-

carbaldehyde, the origin of which was still in doubt despite the studies described 

earlier in th is section. The syntheses of 5-deuteriofuran-2-carba ldehyde (XL IX), 

3, 4, 5-trideuteriofuran-2-carbaldehyde (LXXI), and 3, 4-dideute1 iofurcn-2-

carbaldehyde (LXXVI) were therefore undertaken and their i. r. spectra were 

recorded (Experiment 15). In the mono- and tri-deuterio compounds, sing let 

carbony I absorptions only occur (at 1694 cm - l) whereas in the 3, 4-dideuterio 

-1 
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. O) cm - l]. The doublet carbonyl absorption of furan-2-carbaldehyde is thus 

a consequence of Fermi resonance and not of rotatio~9l 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 spectrum is veiy 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 carl;>onyl band, in the 

carbonyl overtone region, single bands are still obseived {at 3370 cm -l) <..;,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. 

In the C-H stretching and bending regions, an of the deuterated aldehydes 

show absorptions which are as comp lex as those of the non-deuterated compound. 

It is cleai, therefore, tha·t the observation of complexity of absorptions iii these 

regions does not necessarily lend weight to 'lny assignment of observed complexity 

in the' carbony 1 reg ion. 

Finally, it was noted earlier (undGr 11 Sol id 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 (LXI) shows doublet carbonyl absorptions in solution but a 

broad singlet in the sol id state. To clarify th is problem, the syntheses of 3-

bromofuran-2-carbaldebyde (LVI I) and 4-bromo-5-deuteriofuran-2-carbaldehyde 

(LXVI I) were undertaken and a comparison was then made behveen the spectra of 

these compounds and of 4-bromofu ran-2-carba ldehyde (Experiment 16). Once 

again, a dramatic simplification occurs on deuteration Jn that the doubiet carbonyl 

absorption of the 4-bromo compound (1705. 5 and 1690. 5 cm- l in carbon tetra-
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chloride) col lapses to a sing1et (at 1697 cm -l ); I ittle difference can be dei·ected 

between the sol id-phase carbonyl absorptions of the deuterated and non-deuterated 

compounds. Thus Fermi resonance is responsible for the doub! ing of the carbonyl 

absorption of 4-bromofuran-2-carbaldehyde. 

In comparing the relative positions of the carbonyl absorptions of the 

3-bromo-; and 4-bromo-5-deut·erio aldehydes, it is significant that the 3-bromo 

compound abso~bs at lower wavenumber (1691 cm-l in carbon tetrachloride), 

partly because the negative inductive effect of a 3-halogen should be more 

important than that of a 4-halogen substituent, and partly because it has been 

shown 
94 

that a halogen atom adjacent to a carbonyl group raises tr.a group's 

absorption frequency by a dipolar field effect. The answer to 1·his problem is to 

be found in a comparison of the positions of the carbonyl absorptions of the above 

two compounds with that of the carbonyl band of 5-bromofuran-2-carbaldehyde 

{Table 41 ). 

Compound 
-1 

C=O band at (cm in 

CCl
4 

at 303°K) 

5-Bromo fu ran -2-ca rba I dehyd e 1689 

4- Bromo-5-deu te r i o fura n-2-ca rba Id ehyde 1697 

3-BromoflJran-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 carbonyr band at a position several wavenumbers 



-149-

higher than the carbonyl band of 5-deuteriofuran-2-carbaldehyde (1694 cm -l). 

In the 3- and 5-bromo-2-carbaldehydes, the halogen atom is in direct coniugation 

with the carbonyl group and the frequency of the latter is lowered. 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 negative inductive 

effect when the halogen is close to the carbonyl group. 

In conclusion, the problem, which was originally i'o assign the twin 

carbonyl absorption5 of furan-2-carbaldehyde to particular rotational isomers, no 

longer exists because the work discussed above demonstrates that Fermi resonance 

is responsible for the band doubling. Another problem then emerge~, however, 

which is to dee ide whether or not the sing let carbonyl absorptions observed in 

solution (either before or after deuterium substitution) for furan a ldehydes and 

ket0nes imply that one conformation only is adopted in solution. Several factors 

oppose this view: firstly, it is intrin::;ically unlikely that such a wide range of 

compounds would al I adopt one conformation to the total exclusion of the other; 

secondly, it is equally unlikely that if such a single conformation were adoj:'ted, 

it would be retained when the polarity of the solvent is increased (unless the highly 

favo1Jred conformation were always the more polar), and thirdly, there is a wealth 

h ,_ I h • . II 40,42,95 r "d of evidence from ot er pnysica tee n 1ques, espec1a y n. m. r. \v1 e 

11 lntroduc i·!on 11 and later in th is ~ection), in favour of a rotameric equilibrium in 

furan-2-carbaldehyde which is highly solvent-dependent, the energy between the 

~otumers being about zero in a solvent of dielectric consf·ant of about 5. 

The cuf·hor therefore concludes that the sing !e carbonyl absorptions do not 

imply the prE6ence of single conformations, and thal· it is thus not meaningful to 

use the carbonyl band positions as indicating the adoption of a particular 
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conformation. In general it wou Id 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 facilify 

for· the digital recording of i.r. intensity dat-a 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 1906A machine. Since no faciliiy within i·he program 

was provided for the integration of bands, a program was written for a Hewlett-

Packc.:d programmable calculator for the evaluation of the Voigt product convolution 

{given outpL1i· indices from the computer resolution program, xl to x4) and for its 

zubsequent integration by Simpson's rule {Experiment 18). The integration function 

. 
IS: 

"h 11 being the distance between successive abscissa! integration points. The second 

term on the right hand side of the equation {the error term) 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 decimal places) 1·his indicating that the value of h 

chosen was below the threshold required for ignoring the error. Because i'he time 

taken for integrations was comparatively long, the program was re-written for 

the 1906A computer {Experiment 23) and finally included as a subroutine in the 

main curve resoluiion program. Since it was thought desirable to have pictorial 

representations of the computed curve resolutions in order f·haf· the closeness of fit 

could be assessed by eye (in addition to the mathematical assessments made by the 

computer), a program was writte11 for the l 906A plotting subrouHnes in order to 

obtain graph ica I records of the curve resolutions. Many examp !es of the USP, of 

th is program are to be found in the 11 Experimenta I-Spectroscopic 11 section. 

Because the data-logging equipmeni· used in this work is time-based iather 

than frequency-based, it is essential to know that the spectrophotomcta;· scan rate 

is linear: fhat this is so is demonstrated by Experiment 22. ii-should be noi·ed 

tha·i· because of th is time base, the band positions generated by the cul'- (; resolution 

program are dummy pos! t;ons; where necesscny for presentation, they h.:.ve been 

converted to real positions; this does not, <-?f course, have any effect upon bClnd 

area ratios measured consecutively (Experiment 21). 

Having c:;si·abl ished a tested method for data logging cmd for the inte~Fa~ b:·: 

of band envelopes, it was then possible to examine the problem of 11 natu;··::i l 

decrease 11
• Th is was referred to under 11 Theoretica I Cons id~ration'.J 11 in cc>rinect ion 

with the thermodynamic trea1·ment of i. r. dota using Equations (XV)1 (>;\/I) and 

(.XVlll)(which are re-written below for convenience). 

-llH0 1 
+ 2.303R . ~f 

6S_o 

2. 303R 

al 
+ log _:-_ 

10 ah 
(XV) 
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-RT In (XVI) 

(XVII I) 

6H
0 

can be calculated if the ratio a
1
/ah is independent of temperatuie [by 

plotting logi 0 (A1/ Ah) against 1/TJ whereas measurement· of t:i<;; 0 (and hence ~S0) 

requires that the a-ratio be known. This ratio can be evaluated from Equation 

(XVIII) (by plotting Ah against A
1 

), but only if each of the a-values is independent 

of temperature. 

To test the temperature-dependence of a, three compounds, mef·hyl m-

chlo:-vbenzoate (Cl'/), methyl 3-methyl-2···furyl ketone (CV), and 5a-androstan-

17-one-3~-yl th iophen-2' -carboxylate (CVI), the first two of which have 

symmetrical singlet carbonyl absorptior;s the third having two symmetrical 

absorptions (c~rrespond ing to the two carbonyl functions) which are slightly over-

lapped, 'Nere examined ':'.S carbon tetrachforide solutions in the f·emperature range 

-15° to 75°C with digital data logging (Experiment 23). Three sets 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 cu1ves 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 would be 

expected from concentration changes arising from expansion of carbon tetrachloride 
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d. h . 96 accor ing to t e equation: · 

where 11
t 11 is the temperature in °c, and Vt and V 

0 
are volumes at t°C and o0 c, 

respectively. [Previous work by the author
21 

{based upon the measurement of 

interfere.nee 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.] 

Methyl m-chlorobenzoate 

t ('c) A 
envelope Ad. A D Ac,..·1 1g. ana. '-

4 
exp. 

-15 100. 0% 100. 0% l 00. 0°/o l 00. Oo/o 100.0% 

0 90.3 96.0 96.5 97. l 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) A 
envelope Ad. A 1g. ana. 

-15 100. 0% 100. 0% 100. 0% 

0 97.6 97.2 95.0 

15 102. 1 96.3 92.0 

30 96.4 92.3 89.0 

45 98.8 90.5 85.0 

60 95.5 90.0 81. 5 

75 90.8 88.7 76.5 

Table 43 

5a-Androstan- l 7-~-3~~yl th iophen-2 1 -carboxylate 

t (°C). A I enve ope 

Ad. 1g. 
h I 

A 
ana. 

h I 

D A 
CCl

4 
exp. 

100. 0% 100. 0% 

97.3 98.2 

97.8 96.5 

95.0 94.J 

95.5 93.0 

93.3 91. 2 

88.5 89.3 

-----~ 

D 

h l ACCi
4 

exp. 

-15 100. 0°/o l 00. 0% l 00. 0% 100. Oo/o 1Od.0% l 00. 0°/o 100. 0% 100. Oo/o 

0 95.0 97.6 97.C 95.5 95.5 96.3 96.4 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 89.0 89.0 92.9 93.3 94.8 

45 85.5 89.5 88.8 86.5 85.0 89.9 89.4 93.0 
' 

60 82.6 85.9 86.6 81.5 82.0 87.4 88.3 91.2 

75 78.2 83;6 83.5 78.5 79.0 84.4 85.0 89.3 

Table 44 

Comparing the results tabulated above, the natural decrease of a with increose 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 exp~:msion nor is the change in opf"ical density a particularly good 

guide to th~ 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 nature l decrease is structure- rath~ r 1-han group-dependent. The estimated 

extent of natural decrease is also dependent upon the method of observation, the 

digital method proving very marginal!}' superior to the analogue (taking the 

"A I 11 values as being the true values). The "A I 11 and "D" values 
enve ope enve ope 

fluc~uate more widl;~ly f·han the analogue- and digital-derived areas because the 

foTmer are tcken directly from raw experimental data whereas in estimating the 

latrer, a smoothing effect necessarily occurs. 

Who~- ~s clear is that EquaHons (XVI) and (XVill) cannot be used to supply 

free eneigy and hence t;~1tropy estimates unless the band areas are in some way 

:icorrei:ted 11 for the natura I decrease. The fol lowing treatment is proposed: 

assuming that all' carbonyl bands show f·he same fractional natural decrease in 

area with increase in temperature, 11 x 11
, then, comparing the areas of the f\vo 

bands of a rotamer carbonyl doublet at a temperature T and at a higher temperature 

T': 

Ah -·· ah chp 

Al - alclp 

A' - ah (1 h x)(ch + k)p 

A' - al(l x)(c
1 

k)p 
I 
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where "k" is the change in rotamer population with temperature. The value of 

"x" may be obtained either from another isolated, symmetrical carbonyl band in 

the same molecule or, more usually, from the carbonyl band of another molecule. 

For such an isolated carbonyl band: 

A. = a. c. p . 
I I 1-1 

A'. = a. {l x) c. p. 
I I 1-1 

and so: 

A'. 
I (1 x) IC" - -

I 

Th is ratio may then be used to correct A' h. and A 1 I for the temperature dr:1Jench nee 

of a: 

A. 
Ac A' I 

ah{ch + k) p - x ~ = h h A. 
I 

A. 
Ac A' 

I 
al {cl k)p - x A'. 

= I I 
I 

The A~ and A~ values now measure only the variations in rotamer concentral·I:.in 

with temperature and a plot of A~ against A~ should give the true a-ratio. 

It must be stressed that this method is only very approximate since it 

assumes an equal natural decrease for all carbonyl bands. Also, l~ifferent values 

. 
of "x" must be applied depending upon whether the data is derivt::d from t·he 

analogue or the digital method. The genera! validity of the aprnc~c1ch may bG 

seen later in this section when the positive Q..:..:_·, physically un!-~:nab!e) slopes 

of some Ah against A
1 

plots become negative on app~ ic<1tron of the correction. 
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That all carbonyl 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 suspec~. The results obtained with the thiophen steroidal ester 

suggest, however, thaf· with in a parf·icu lar molecule, the assumption of equal 

temperature dependence of carbonyl bands may be valid. The proposed natural 

decrease correction was therefore applied to three steroidal furan esters, all of 

which contain a ketone function at the 17~posiHon [5a-androsi·an-17-one-3~-yl 

5
1
-bromo-2 1 -furoatc· (CVll), the 5'-chloro compound (CVlll), and the 5 1 -phenyl 

compound (CIX), (Experiment 24)]. All the esters show a doublet carbonyl 

abs0.ption which mi:y be ascribed to rof·ational isomerism of 1-he est-er funcfion 

(see later for a general discussion of ester conformations) and a further carbonyl 

band, to higher wavenumber, correspcnding to the isolated keto-group. The 

na1ural rlecrea_se of th is isolated group was then used to correct the doublet ester 

absorpti..m in each parti ~u lar case. Because the extent of overlap between the 

three carbonyl groups is considerable in all.cases (vide Figures 10, 11, and 12), 

clthough the curve resolutions are mathematically valid, their physical validity 

is more open f·o question than would be the case for a simple, well-separated, 

carbonyl doublet. The results for f·he three compounds [calculated using the 

11
0 I l-purpose 11 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 Considerotions 11 section. The symbol 11 c 11 implies that a 

correction hos bc;r;n applied for the naf·ural decrease and 11 m11 indicates that a 

dope ~;as been esf irnated by i·hc method of means. Plots of ·che relevant graphs 

a1c ir;cluded as Fi~Jures 23 to 25. 
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Compound Slope A=M 0 Ml 

Ah vs. Al [1] 0. 129 0.008 0.002 
- -

Ah ~· Al (m) [2] 0.120 0.008 0.002 
-

(CVI I) 
c c 

Ah~· Al [3] -1. 376 0.052 0.022 
- -
c c 

Ah vs. A
1 

(m) [4] -3. 176 0. 121 0.057 
- -

log 10(A
1
/ Ah)~- l/T [5] 105. 4 0.009 0.000 

- -
[1] -1.353 l .664 0.022 

[2] -1.361 1.674 0.032 

(CVI 11) [3] -0. 193 0. 183 0. 162 

[4] -0.206 0.196 0.234 

[5] -360. 9 0. 102 0.004 

(1] 0.529 0.279 0.012 

[2] 0.630 0.333 0.017 

(CIX) [3j 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 b.G0 and D. s0 derived from area ratios which have been corrected neither 

for the a-ratio nor for the natura I decrease are not included: the two values of 

these parameters quoi·ed for each compound arise from the two methods of estimating 

the bes: straight line for the Ah~ A1 plots. The units of ti.H
0 

and b.G
0 

are 

-1 0 0 -1 -1 
J mole and of 65 are J K mole . 
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The values of the parameters wil I be discussed later, when the conformations of 

esters are considered. It should, however, be noted that the inclusion of the 

natural decrease· correction causes t·he slopas of the Ah~· A1 plots to change sign 

in one case (in another case, the slope is already negative and remains so or. 

correction). The differences between the parameters derived from the means ar.d 

lea~t squares methods emphasise the difficulty in estimating the best straight line 

between variables when both variab!es are subject to large errors. 

Conformations of Esters: Analogue and Digital Resolution:.,. 

Experiments 25 to 32 and (in part) 24. With a reliable approach (based upon a 

combination of deuterium label I ing, solvent, temp:::raturs, concentrution 1 and 

overtone studies) for distinguishing between Fermi resonance and rotational isomerism 

as the most likely causes of carbonyl doubling established, and a viable data-

processing approach devised, the time was deemed opportune to apply these 

~pproaches to a large group of compounds all of \v:-,ich e;,:hibit carbonyl band 

doubling. Experiments 25 to 32 are therefore concerned \''/!th a study of the methyl, 

ethyl, and t-buiyl esters of furan-2·-carboxylic acid and oC the este1·~ of the 3-, 4-, 

and 5-bromofuran-2-carboxylic acids. These cc·rnr)ounds pr0v~Jc an opportunity 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 wil I firstly be discussed, a:, 1 a 

comparison of the thermodynamic parameters will then be made. 

The conformations of simple a I iphatic esters are normally considered 
97 

in terms of an equilibrium between two planar rotational isomers, _:-cis and s-trans: 

. 
s-trans s-c1s 

the assumption of planarity relying upon the partial double bond character of 

the C-0 bond arising from mesomerism: 

I + 
R""-.. ~O'-...._ 2 

C R 

I 
o-

(A) .. (B) 
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The observed planarity {or deviation therefrom) is a compromise between an 

increase ~n si'abil isation owing to contributions from canonical (B), and a decrease 

owing to steric repulsions between R
2 

and the carbonyl oxygen or R 
1. There is much 

• t I .d ( d. I d. 98, 99 • experimen a ev1 ence e.g., 1po e moment stu 1es, microwave specf'roscopy 

studies} OO and electron diffraction studies1 Ol) in support of the assumption of 

pianar conformations with f·he s-trans conformation predominating. In th is 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-butyi -- -
fom1.Jte 97 where R 

1 
is smal I and R

2 
is bulky. There are thus four possible planar 

conformations for an ester of furan-2-carboxyl ic acid [(C) to (F)]: 

(C) syn-s-trans (D) 

°'c-:9-o 
I 

0-...........R 

(E) ani"i · s-trans (F) --

R 
I 

/0 c 
II 
0 

°'c-:;::;-o 
I 

R/O 
anti-s-c is ---

In the compounds studied here it is considered that the observed carbonyl band 
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doubling arises from rotational isomerism between the syn-~-trans and the anti-_:>_­

trans forms because the frequency separations of the doublets (15 to 20 cm - l) are 

larger than would be expected for cis-trans isomerism
97 

and because the esters 

do not have any of the special structural features which lead to the adoption of 

s-c is forms. Severa I observations demonstrate that Fermi resonance is not the 

general explanation of the band doubling: (i) of the eighteen furan-2-carboxylat~s 

listed here, fourteen show well separated carbonyl doublets the relative positions 

of which are entirely logical; (ii) replacement of hydroge1) 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 (LXXXll) where the 

4-component absorption col lapses to a doublet; (iii) dramatic solvent and 

temperature effects are observed only for one compound [(LXXX 11), ~-he compound 

hav;ng a 4-component carbonyl absorption]; (iv) where doublets are observed in 

the carbonyl fundamentals, f'hey are also observed in the first overtone region 

where the relative intensities parallel those of the fundamentals, and (v) the 

introduction of a bromine atom at the 3-position has a logkal effPc"i" upon tl-.e 

carbonyl doublets. The positions {at 303°K) of the fundamental carbo:-iyl 

absorptions of al I of the furan esters studied here are compared in Table 47 when: 

relative optica I densities are given in brackets and "s" imp I ies a shou Ider on the 

ma in absorption. 



Compound 

Br0co2R 

Br 

Qco2R 

Br 

OcoR 0 2 

D D 

BrOI co R 0 2 
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Bands at {cm- l) 
R= 

CCl
4 

CH
3

CN 

CH
3 

-1740 (1. l); 1725 (1) 

C
2
H 

5 
1734 (1 ); 1718 (l . 1) 

t 
C 

4 
H 

9 
1729 (1); 1711 {l . 1) 

CH
3 

17 48 {l ) ; 173 8. 5 {1 . 6) 

173 l. 5 (1. 7); 1720 (1. 5) 

C2H5 1735 (1); 1719 (1.5) 

t 
C4H9 1731 (1); 17i2.5 (1.5) 

CH
3 

17 46 (1 ) ; 1728. 5 (0 

C2H5 1739. 5 (1); 1724 (1.1) 

t ' 
C4H9 1734 (1.1); 1718 (1) 

CH
3 

1733; 17125 

C2H5 1727.5 

t 
C4H9 1723.5 

CH 
3 

17 40. 5 (1. 1 ) ; 1725. 5 (1 ) 

C
2

H
5 

1734 {1); 17i8 (1.1) 

.tc
4

H
9 

1729 {1); 17':1 (l) 

174-3 (1); 1?~~9.5 (1.3) 

17" t, {l ) . .. 71 Q ('; 6' 
\.>U I ~ ~ r , \, • )~ 

1731 (1 ) ; 171 ~~. 5 (1. 5) 

1733 (1. 3); 1725 (1) 

1726.5 (1.2); 1717 (1) 

1719 (1. 2); 1710 (1) 

1731. 5 (1. 5); 1719. 5 (1) 

1726.5 (1.2); 1716 (1) 

1721.5 (1.1); 1710.5 (1) 

1738 (l); 1727. 5 (1. 2) 

1730 (1. 2); 1722 (l) 

1724 (1.3); i717 (1) 

1727. 5; 1720
5 

1721 

1713.5 

1731 

1727 (1. 2); 1716. 5 (i) 

1721(1);1711 (1) 
. .,,,~- ~.~----.. ..__..,.,,.._,, ____ _... ...... ---~,._-.__.,.. __ ---
Table 4"? 
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In carbon teiTach loride solutions, with the exception of methyl 5-bromofuran-2-

carboxyla i·e, in which the quartet carbonyl absorpf-ion is clearly a consequence 

of Fermi resonance {cf. mef·hyl 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 carbonyl doublets (the separation with 

the t-butyl esf·ers being a little greater than with the methyl and ethyl esters), 

al I show similar changes in band positions with change of alkyl group (the positions 

of the bands at lower wavenumber in a carbonyl doublet being slightly more 

sensitive to 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 seric;itiviiy of bands af· higher and lower wavenumber being similar 

in. th is respect). When the polarity of the solvent is increased, the positions of 

the bands a·t higher wavenumber are much more sensitive to the change than are 

the pos i 1·ions of the lower wavenumber bands; re lated to th is is the observation 

that the intensif·ies of the bands at higher wavenumber relative to those of the lower 

wavenumb~r bands increase with increase in solvent polarity: both observations 

suggest thai· 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 observed when hydrogen is replaced by bromine are similar 

to those cb:-.srved for 1:!e corresponding a!dehydes (or deuterioaldehydes when 

Fermi rc~-,nance was prc:<:nt in the non-deuterated compounds). Thus, the intro­

duction of u bromine atom at the 4-posii'ion raises the positions of the carbonyl 

absorptio•~i.:; considerably (because mesomerism must necessarily be less important 

than in the 3- and 5-bromo compounds, the inductive effect then becoming 

rela"i"ive!y n·jore irnporJ·ant), ·ini"roducI·ion of bromine at the 5-position raises the 
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carbony I band positions slightly (reflecting the balance between induction and 

mesomerism), and introduction 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 carbonyl absorptions can now be made, since the syn 

conformations of simple furan-2-'"arboxylates will almost certainly have larger 

dipole moments than the anti conformat'.0ns. Two fact~rs strongly support this 

assignment: (i) a syn rotamer would be expected to have a higher carbonyl 

+ -
stretching frequency than an anti rotamer, because the dipolar canonical C-0 

should be disfavoured in the syn rotamer owing to electrostatic repulsion between 

the negatively charged carbonyl oxygen atcm and the ring 0Aygen atom, and 

(ii) if the higher frequency components correspond to anti rotamers, then in the 

3-bromo esters only the anti ro~amers 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: 

th is is the reverse of what is observed. The observation that the 3-bromo esters 

have carbonyl bands of: 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 rr-electron 

donation into the carbonyl group. 

An interesting comparison may be made between the carbonyl absorptions 
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of the furan esters considered above and simple esters of the 2-acids of thiophen 
102 

and N-m~thylpyrrole, for in the latter compounds single carbonyl bands only are 

observed for carbon tetrachloride solutions. There are two possible explanations 

for the single bands: {i) the syn and anti forms are both absorbing at the same 

carbonyl frequencies, or {ii) one form is grossly destabilised compared with the 

other. The first explanation is the less I ikely because it does not explain why 

th iophen-2-esters which are substituted at the 3- and 4-positions show carbonyl 

band doubling
102 

and because it is unlikely ihat the balance of inductive, 

mesomeric, and field effects would be identical in pyrroles and thicphens but 

not in furans. It is, perhaps, a I ittle surprising that such a strong preference for 

one r;onformation s~ould exist in pyrrole and thiophen: the origin of this preference, 

which cannot be steric alone, is not understood. 

Finally, it is clear from the re!-ults of Experiment 32 that in the bromo 

furan-2-carbonyl ch lo rides the situation is comp I icated {as it is in furan-2-carbonyl 

chloride) by the occurrer1ce of Fermi resonance. The general trends {e.g., the 

occurrence of only one carbonyl band for the 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 componenf·s), however, seem to 

parallel those observed with the bromo-esters. 

The results for the esters [calculated using the 11 all-purpose 11 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: 
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Alkyl furan-2-carboxylates; alkyl = methyl : (CX) 

alkyl = ethyl . (CXI) . 
alkyl = t-bufyl: (CX 11) 

Alkyl 5-bromofuran-2-carboxylates; alkyl =ethyl . (LXXXll I) . 
alkyl= t-butyl: (LXXXIV) 

Alkyl ·4-bromofuran-2-carboxylates; a I kyl = methyl : (LXXXVI) 

alkyl = ethyl • (LXXXVI II) . 
alkyl= t-butyl: (LXXXIX) 

Graph of: Ah~--' Al [l] 

Ah vs. Al (m) [2] 

c c [3] . Ah~ Al 
. . . 

- -
c c [4] Ah vs. A

1 
(m) . . 

. log 10(A1/Ah) '!!_· l/T . [5] . . 
- -

A = M
0 

= Mean Square of variation due to regression. 

M1 = Mean Square of reddual regression. 

c - natvral decrease corrected. 

m = slope from method nf means. 

For three compounds [{CX), (CXi), and (CX.11)] the data from both analogue and 

digital resolutions has been analysed; for the remaining compou1Y.Js, only digital 

data was used. The natural decrease correction used \Vas an average of the data 

in Tables 15 to 17 {digital) and Table 18 (analogue). Plots of the graphs are 

included as Figures 26 to 36. 
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Compound Graph Slope A=M 0 Ml 

[l] 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 

[l] 3.856 84.975 1.448 

[2] 4.500 99. 161 2. 138 

(CXI) [3] -0. 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 

[2J 0.730 1. 228 0.029 

(CXI) [3] 0.227 0.019 0.012 

Dig Hal [4] 0.385 0.032 0.018 

C5] 18.385 0.000 0.000 

[l] -0.088 1. 218 0.042 

[2] -0.087 l. 205 0.055 

(CXll) [3] -1.090 11. 760 22.935 

Anak,gue [4] -11.697 126. 194 359.057 

[5] 129.564 0.013 0.000 
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[1} 0. 170 0.038 0.002 

[2] 0. 191 0.043 0.002 

{CXI I) [3] -0.257 0.024 0.010 

Digital [4] -0.720 0. 069 0. 033 . 
[5] 77.471 0.005 0.000 

[l] 0.399 0. 158 0. 030 

[2] 0.538 0.213 0.048 

(LXXXl'll) [3] -0.378 0.034 0.004 

[4] -0.084 0.008 0.011 

[5] 39. 122 0.001 0. 001 

[1] 0. 129 0.046 0.002 

[2] 0. 154 0.055 0.003 

(LXXXIV) [3] -0.059 0.005 0.001 

[4] -0.073 0.006 0.001 

[5] 133.204 0.014 0. 001 

[l] -0.409 0.287 0.012 

[2J -0.430 0.302 0.014 

(LXXXVi) [3] -2.670 2.177 0.021 -
[4] -2.671 2. 178 0.029 

[5] 160. 857 0.020 0.000 

[1] 0.420 0.4i5 0.082 

[2] 0.640 0.632 0. 127 

(LXXXVI II) [3] -0.066 0.005 0.002 

[4] -0. 111 0.008 0.002 

[5] 11. 976 0.000 0. 001 

[1] 0.218 0.073 0.005 

[2] 0.256 0.085 0.007 

(LXXXi)<) [3] -0.493 0.061 0.009 

[4] ~o. 601 0.075 0.013 

[5] 68.498 0.004 0.000 
~.:- ... _.._, J••~- ... -------.. ~·-"-"'T .... ~-,.:-:1>-=--

Table 48 
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The thermodynamic parameters calculated for the compounds are listed in 

Table 49 · Values of AG
0 

and AS
0 

derived from area ratios which have been 

corrected neither for the a-ratio nor for the natural decrease are not included: 

0 0 
no 6G and 6~ values are therefore included for (CX) analogue or for (CXi) 

digital.- The units, conventions and statistical errors are those of Table 46. 

Compound ~Ho 0 
tiG303 

0 
AG303(m) D.So ~S0(m) 

(CX) Analogue -882 

(CX) Dig ital -758 6104 5928 -22.7 -22. 1 

(CXI) Analogue 1907 4535 4509 -8.5 -8.5 

(CXI) Digital -352 

{CX II) Analogue -2481 -847 -6826 -5.5 14.2 

(CXil) Digital -1483 2452 -142 -12.8 -4.2 

(LXXXI 11) -749 2301 6104 -9.3 -21.9 

(LXXXIV) -2551 5458 4924 -26.2 -24.4 

(LXXXVI) -3080 -2364 -2366 ~2.4 -2.4 

{LXXXVi II) -229 6711 5418 -22.9 -17.7 

(LXXXIX) -1312 671 153 -6. 8 -5. 1 

Table 49 

With very few exceptions, the following general conclusions apply: {i) the 

conformer5 responsible for the lower frequency components of carbonyl band 

doublets 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 soluf-ion 

than the higher frequency conformers, and (iii) the introduction of the natural 
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decrease correction causes a distinct improvement in the slopes of the Ah ~· Al 

plots. The extra thermochemical stability of what is presumed to be the anti 

conformation may be a 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 tJ.S
0 

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 to - --
assume that there is a direct correlation between molecular dipole moment and 

degree of solvation, since molecular polarisabil ity must also be involved. As was 

noted in ·Table 46, the differences bet'.A_1een the param~ters derived from the means 

and least squares methods once again emphasise the difficulty in estimating the 

best straight I ine between variables when both variables are subject to la;·ge errors. 

The differences between the analogue- and digital-derived results {which are often 

great~r than the assumed experimental errors), and the poor correlation between 

the data from the steroidal esters (which required three-band resolutions) and the 

data from the simple esters emphasise the general problems associated with all 

methods of curve resoiution. It may well be that these problems provide an 

insuperable sfumbl ing block to the use of i. r. curve areas for the evaluation of 

accurate thermodynamic parameters. The boldness of th is statement is justified 

by the resu I ts of Experiment 34. 

/v~ethods of Curve Resolution: A Comparison 

Experiment 34. Since the analogue and digital methods of curve resolution gave 

appreciably different answers for the thermodynamic parameters for furan-2-
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carboxylates, it was dee ided thaf· an experiment should be devised which wou Id 

provide an accurate assessment of the relative merits 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 iwo single i. r. carbonyl bands, the degree of overlap being controlled by f·he 

programrryer. The extent of overlap was varied from maximal, where the second 

band was only detectable as an inflection on the shoulder of the first, to minimal, 

where iwo virtually independent bands were obtained. 

The results {which are presented in Table 38) show that at minima! 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 cc..-isiderably. 

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 as or greater than 3 (vide 

Table 38 and Figure 22) the digital method can lead to considerable errors, ·vv~ereas 

the analogue method can lead to errors even at the extant of overlap labelied 4. 

Of the "graph ica I 11 methods, the method of outer halves yields U!1predictable 

results and the method of the minimum tends to equalise areas at large overbp; 

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 acGused 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) shou Id a I ways be used, and that for an overlap as great as l {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; i! 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-carbaldehyde, in its proton n. m. r. 

spectrum, shows a coalescence phenomenon at about -90°C {vic!e 11 lntroduci'ion 11
), 

which is a consequence of stereospecific long-range spin-coup I ing between the 

aldehydic hydrogen atom and the ring hydrogen atoms at· positions 4 and 5, it was 

thought desirable to exQmine the proton n. m. r. spectrum, at low temperatures, of 

furan-2-carbonyl fluoride (Experiment 35). ~n th is compound, a 11 of the ring protons 

show long-range coupling to fluorine, which is in accordonce with a rec&1:t re­

examination of the furan-2-carbaldehyde n. m. r. spectrum 
95 

which demonstrates 

the existence of a previously unobserved, small coupling to the hydr0gen at 

position 3. Although a coalescence phenomenon was not observed at f·emperatures 

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 coup I ing, the molecule preferentially ad op ting one 

conformation, as the temperature is lowered, in which there is very I ittle long­

range coup I ing to the hydrogen atom_ of· 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 nbout -45°C, collapse and broadening of the c~·13 

signals assigned to the carbonyl carbon atom and to the carbon atom at f·he 3-

position is obseived (these carbon atoms are the ones that are most I ikely to be 

affected by hindered rotation about the ring-carbonyl car~on bond). It seems 

that the barrier to internal rotation about the ring-carbonyl carbon bond L lower 

in esters and acid halides than in aldehydes. This may be a consequence of 

reduced tr-electron donation from the ring when an atom or group with a positive 

mesomeric effect is attached to the carbonyl carbon atom. 
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DISCUSS I ON - PREPARATIVE 

In order to achieve the aims out I ined 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 specificcil ly deuterated derivatives 

of furan and th iophen. 

The five-membered aromatic heterocycl ic compounds furan, th iopnen, 

and pyrrole are described as consisting of planar arrays of atoms in which the 

sp
2

-hybridised carbon atoms each has one electron in a p -orbital and the hetero­
z 

atoms two such electrons; overlup between the p -orbitals produces "aromatic 
z 

sextets". The experimental evidence upon which this description is based is 

plentiful: i. r., Raman, and microwave spectra indicate that the rings are 

I 
1 03 

I 
1 04 b d I h . d • b h h . . f p anar; on engt s are mterme 1ate etween t ose c aractenst1c o pure 

single bonds and pure double bonds}
05 

the molecular diamagnetic susceptibilities 

are gr~ater than would be predicted from Pascal's constants}
06 

the rings are able 

to sustain an induced ring curre11t as evinced by the deshielding of the ring protons 

• 1 07 d I . d. I . d d m n. m. r., an tne compounds 15p ay, to varying egrees, a ten ency to 

undergo substitution, rather than addition, reactions. 

Compared with benzene, these compounds are highly reactive towards 
1 OB 

electrophiles, this being a consequence of the unsymmetrical charge distributions 

whereby the carbon atoms 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 substi1·ution preferentially occurs will be 

governed by the electron distribution in the ground-staje molecules. Using the 

valence-bond treatment, the five most impori·ant ground-state canonicals are: 
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~o - ~ x 
+ 

0 x 
+ 

{a) (b) {c) {d) (e) 

(a) 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 s~paration in the latt~r and conjugation is through the hetero-atoms. 

Thus, e lectroph i I ic substitution is predicted to occur preferentially at the 2-

and 5- (a-) positions, a conclusion which would also have been reached had the 

stabi I ities of the reaction intermediates been considered. Th is a-preference is 

especially marked in furans where, even when an electron-withdrawing group 

is present at position 2, further substih.:tion is almost always at position 5. 

Possibly the only exception to th is rule is that furan-2-carba ldehyde is a I ky lated 

with isopropyl chloride and anhycfrous aluminium chloride at position 4 to give 

4-isopropylfuran-2-carbaldehyde (vide infra). 

The preparative work, which is discussed below, is grouped under headings 

which al low cross reference between th is section and the spectroscopic sections. 

Furan-2-carbaldehyde C=O band assignment. The approach adopted to th is 

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-carbaldehyde {Ill).· Scheme 1 shows the route adopted to 3-isopropylfuran-

2-carba ldehyde (V 11). 

(VI I) 

Scheme l 

(111) 

;SH7 ;S 
< (iv) 

CHO 

. 
1C H 

(ii) 3 7 
) 

CHO 

(VI) 

COOH 

Reagents: (i) AICl3-i-~3H7Cl-CS2 ; (ii) Ag
2
0-NH

3
-H

2
0; (iii) Cu-br0nze­

quinoline, and (iv) POCl
3

-(CH
3

)
2

N.CHO .. 

The initial isopropylation was also investigated using dichloromethane as so:vent 
' 

but surprisingly I iHle product was obtained. As would be expected, the alkylal'ion 

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. It was 

thought that the subsi"itution of tin(IV) chloride for aluminium chloride might alter 

the orieni·ation of alkylation and thus provide a route to the 5-isomer. No reaction 

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 Wilsmeyei reaction [POCl
3 

and (CH
3

)
2

N .CHO] 

although giving mainly the -2,3-product also gives some 4-isopropylfuran-2-

carbaldehyde: separation was achieved by multiple-elution p. t. I. c. The 

preference for the 2, 3-product is comparable with the preference of cumene to 

undergo electroph i I ic substitution ortho and para rather than meta, since ~·,is 

reaction involves electroph ii ic attack: 

+ 
CH== N(CH'>) 

~ 2. 

CHO 

An apparently straightforward route to the 5-isomer was devised (Scheme 2), the 

route being adopted because previous workers had claimed
62 

that the initial 

alkylation was satisfactory -



-193-

Scheme 2 

(ii) 
-----~ 

< (iv) 

CHO 

Reagents: (i) AICl
3

-i-C
3

H
7

Cl-CS
2

; (ii) NaOH-H
2
0, then HCl-H

2
0; 

(iii) Cu-bronze-quinoline, and (iv) POCl
3

-(CH
3

)
2
N.CHO. 

However, even when orily half of the quantity of halide required for mono~ 

COOH 

alkylation was used, the main product was shown to be 4, 5-diisopropyl methy!-

2-furoate (VI II), very I ittle mono-isopropylated material being detected. Th is 

tendency towards polyalkylation is well known in benzenoid Friedel-Crafts 

alkylations, and reflects the increased reactivity of a substrate to e lectroph i I ic 

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 t~e 4, 5- rather than the 3, 5-isomers are formed. 

Scheme 3 shows the reactions carried out with 4, 5-diisopropyl methyl-2-furoate. 
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Scheme 3 

{VII I) 

ic~ 
{iv) 3 7 

< . 
CH 0 

1
C H.:'.: 3 I 

H 

(X) 

Reagents: (i) AICl3-i-C3H7Cl-CS
2

; . (ii) NaOH-H
2
0, then HCl-H

2
0; 

(iii) Cu-bronze-quinoline, and (iv) POCl
3

-(CH
3

)
2

N.CHO. 

An alternative route to 5-isopropylfuran-2-carbaldehyde was devised (Scheme 4) 

but no 2-isopropylfuran was detected. 

Scheme 4 

0 
(i) 

a:Jlu 
([JlLi 

(ii) 

OHC 

Reagents: (i) n-C
4

H
9

Li-(C
2

H
5

)
2
0; (ii) i-C3H7Cl-(C2H5)20, and (iii) POCl3-

f(H_)_N .CHO. 
~ " 
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Since 2-furyl-lithium is said to react with n-butyl chloride in tetrahydrofuran 

(t.h.f.) but net in ether,
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-fuiyl-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 

reflect the reduced tendency of a secondary alkyl halide to react by an SN2 

mechanism compared with a primary halide. A further route to 5-isopropylfuran-

2-curbaldehyde was therefore devised (Scheme 5). 

0 0 

(i) 
> 

> 

Scheme 5 

rn (ii) 

"-~COCH 
(XII I) 3 

) 

(vi) 
) 

OHC 
(XVII) 

Reagents: (i) (CH3.C0)20-BF3· (C2H5)20; (ii) CH3Mgl-(C2H5)20; 

(iii) (CH
3
.co)

2
0-boil; (iv) H

2
-Pt0i (v) Pt0-(C2H5)20-HCI, and (vi) POCl 3-

(CH3)2N.CHO. 
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In the route initially adoptec:J, 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 resuli·ing product was shown to consist mainly of ring-

reduced mai·erial. The successful approach involved the isolation of 2-(2-furyl)-

propene which was subsequently hydrogenated. Yields are poor owing to extensive 

polymeri~ation of the olefin. 

Solid-state studies. It was originaily intended to synthesise a substil'uted 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 sol id state 

with solution i. r. spectra and hence determine structures of subsqtuted 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 synth~-::sise~ using a modified Gomberg procedure. In all cases, a 

large excess of furan was used since this improves yields, possib!y by reducing the 

tendency of aryl radicals to polymerise. 

For 2-phen)' I furan (XX), Johnson's procedure
71 

{in which (!n aqueous 

benzenediazonium chloride solution is stirred vigorously with furan and an aqueous 

sodium hydroxide soluHon for two days) was adopted. A covalent diazohydroxide 

(which acts as a source of pheny: radicals) is formed: 

+ Na OH + NaCl 

Further aryl furans were synthesised using a modification of this procedure in which 

the stabilised zinc diazoniurri salt is suspended along with powdered sodium 

hydroxide and $Od iui'"n acetale in a la_rge excess of furan. The reaction probably 

proceeds vie: a diazoacetate vvh ich decomposes to aryl radicals: 



-197-

+ -
Ar-N

2 
Cl + ZnCl

2 
~ 

+ ~ 

Ar-N
2 

ZnCl
3 

+ - -
ArN

2 
ZnCl

3 
+ OCOCH

3 
f > Ar-N=N-OCOCH

3 
+ -

Ar-N=N-OCOCH
3 

~ Ar-N= N OCOCH
3 

+ -
Ar-N=N + 0-N=N-Ar --~ Ar-N=N-0-N=N-Ar 

TocoCH3 l 
Ar-N=N-OH < Ar-N=N-0· + N

2 
+ Ar· 

Yields can be improved considerably by using this modificatio:i since the r--ite of 

generation of radicals and hence their tendency to polymerise is reduced. The 

syntheses which were carried out are summarised in Scheme 6. 

Ar 

Ar • C6H5; . 

ArQ . (XX) • 

Ar(JcHo (XXI) 

0 

Scheme 6 

POCl
3 

+ -
Ar-N

2 
Cl 

Ar JO 

p-Cl-C
6

H 
4

; p-Br-C
6 

H 
4

; a-Naphthyl; 

(XXll) (XXIV) (XXVI) 

(XXI II) (XXV) (XXVll) 

~-Naphthyl 

(XXVI 11) 

(XXIX) 
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Owing to the reduced reactivify 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-naphthyl)furan-2-

carbaldehyde, (XXIX)J, 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 heterocyclic compounds. Previous 

work by the author
21 

had demonstrated that furan-2-carbonyl chloride (XXX 11) 

had four i. r. bands in the carbonyl region, and it was felt that this complexit)' 

might be a consequerice of Fermi resonance. In order to exclude the possibilify 

that the band complexify is due to an impurify of the 3-isomer, the acid chloride 

was synthesised from fura!l-2-carbaldehyde known, from g. I. c. and comparison 

of physical constants with well-documented literai1Jre values, to be pure: 

ccocy 
lfll . 
~~COCI 

°'CHO 
KMn04 
Ca(OH)2/H20 

(XX~< 11) 
u:Jlcoc1 
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For comparison purposes, the acid bromide (XXXI II) 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 atfempted orig ina I ly 

(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 Friedel-Crafts 

reactions, catalysed by the zinc chlodde formed in the reaction. The compound 

was finally prepared successfully using potassium hydrogen fluoride, a similar 

method being used for the thiophen analogue (XXXVll). D0i-l-1 acid fluori~0s were 

observed to be much more prone to hydrolysis than the chlorides, th is reflecting 

the greater electronegativity of fluorine over chlorine. Furthermore, the thiophen 

halides are more easily hydrolysed tLan the furan analogues which implies greater 

w-electron donation by the furan ring than by ihiophen. This may be a result of 

poorer orbital overlap between sulphur and carbon than b'":tween oxyg0n and 

carbon. 

As observed previously (v ide 11 Introduction 11
), i·he: rw:.st re I iable method 

for diagnosing Fermi resonance, in a particu!Gr case, involves f·he synthesis of 

functiona I and isotopic analogues. Routes to deuterated furans and th iophens 

were therefore devised. Scheme 7 summarises the successful approach used for 

the synthesis of 5-deuterioth iophon-2-carba ldehyde. 
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Scheme 7 

{i) 

~----
(ii) 

< 
(iv) 

COCI 

cJHgUco2H 
(XXXVlll) 

(iii) 

~ 
~ f!jl 

oMco2H 

(XXXIX) 

oAsRcHo 
(XL) 

Reagents: {i) HgCl
2

-NaOCOCH
3

.3H
2
0-10 d; (ii) 20% HCI in H

2
0-10 min; 

... 
(iii) 20% DCI in D

2
0-10 min; {iv) SOC1

2
, and (v) LiAl(O'Bu)

3
H-diglyme. 

The first approach attempted for the synthesis of dcuterated furans i5 shown 

in Scheme 8. 

Scheme 8 

{i) OAcHg HgOAc 

0 ~ 

OAcHg HgOAc 

(iii 
D D 

Cl Hg HgCI 

< 
(iv) 

D D Cl Hg Hg Cl ., 

Reagents: (i) Hg(OCOCH
3

)
2

-H
2
0- l 2 h; (ii) NaCl-H20; {iii) 20% HCl-H 20, 

and (iv) 20°/o DCl-D 20. 
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The low deuteration level {55°/o) of the furan so-obtained suggests that the initial 

mercuriation produces inhomogeneous material: th is is in accordance with the low 

chlorine analysis obtained for the mercurichloride derivative. That more deui·eration 

occurred at the a- than at the ~-positions is to be expected for e lectroph i I ic attack 

by the: mercury{ll) 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. 

fill {i) 

~CHO 

( 
(vi) 

D 

(vii) 

Scheme 9 

)[-11 < 
Br ~HgCI 

(v) 

(XLV) 

(ix) (viii) )[Jll -~ --
D 

{XLVI I) 

~) 

Br 

OFC 

tc1-1_acMo 
~-y 2 

(LXXIX) 

PhcoMo 
(LXXX) 

(ii) 

{XLIV) 

D 
(LXXXI) 
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Reagents: (i) Br2-Cl{CH
2

)
2

CI; (ii) Br
2
-cHcl

3
; (iii) KMn0

4
-dioxan-H

2
0-Na

2
co

3
; 

(iv) Ag20-NH3; {v) Na-salt-HgCl
2

; (vi) 20% DCl~D20; (vii) n-C
4

H
9

Li­

(C2H5)20, then C0
2

-(C
2

H
5

)
2
0; (viii) SOCl

2
; {ix) KHF

2
; {x) c

6
H

6
-AICl

3
, 

and {xi) isobutene-(C
2

H
5

)
2
o-H

2
so 

4
. 

It was hoped that it wou Id be possible to prepare 5-deuteriofuran-2-carhaldehyde 

(XL IX) from the. acid ch lo ride [using I ith ium aluminium tri-t-butoxyhydride in 

diglyrne {by analogy with the method used for the th iophen derivaHv·e )] . 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 produce some of the required mai'eria I, but because of the need for 

extensive purification, a more satisfactory roui·e was sought. Various, unsatisfactoty 

approaches which were attempted aie summarised in Scheme 10. 
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Scheme 10 

rr-n {i) 

~HO 
) 

I __ --:.-{ii~) --~> ? 

rr---n (iii) > 
Br~'COfl Br 

< 
OHC D 

Br CHO 

oMcHo 

LJll (ii) ) 

~CH(OCOCH~2 

{iv) 

Hg Cl 

(vi) 

Li,JC]lD 

(vii) 

Br 

(viii) 

D 

? 

D 

I I 
CH(OEt)2 

icv) and 
(vi) 

CH(0Et)2 

Reagents: (i) (CH
3
Co)

2
0-H

2
so

4
; (ii) C2H50H-HgCl 2-NaOCOCH3.3H20; 

(iii) Na-saH·-HgCl
2

; (iv) 20°/o DCl-D20; (v) n-C4H9Li-(C2H5)20; 

{vi) (CH
3

)
2
N.CH0 then H

2
0; (vii) (C2H50)3CH-C2H50H-HCI, and 

{viii) HCl-H20. 
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The failure of furan-2-carbaldehyde and of its diacetate to mercuriate is a 

consequence of the reduced 'Ii-electron availability in these compounds compared 

with furan. The reaction of dimethylformamide with 5-deuterio-2-furyl-I ith ium 

is, in principle, a satisfactory route, and further investigation of this reaction 

by co-workers90, l 0ias shown that the yields, though variable, are much improved 

if the reaction is carried out below -30°C: th is presumably reduces the tendency 

for ring-opening side-reactions to occur. The fina I sequence of reactions shown 

109 
in Scheme 10 (which has since been used, in oui·I ine, by co-workers as an 

a I ternative route to 5-deuterioth iophen-2-carbaldehyde) was abandoned partly 

because of the apparently unfavourable position of the acetal-formation equilibrium, 

and :)artly because an alternative (successfu I) route was being investigated 

concurrently. Th is is shown in Scheme 11 . 

Schet11e 11 

(i) 
~ 

°' °' . CHO CH(0Et)
2 (LI) 

(ii) 1 
(iii) 

~ u -----
D CHO D O CH(0Et)

2 
(XLIX) (LI I) 

Reagents: (i) c
2

H
5

0H-HCI; (ii) n-C
4

H9Li-(C2!-1
5

)2o then D20, and 

(iii) HCl-H
2
0. 
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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 wou Id be successfu I: 5-deuterio-

furan-2-carbaldehyde was, however, obtained in good yield. 

Routes to 3- and 4-bromofuran-2-carbaldehydes were successfully explored 

(Scheme 12). 

Br 

OHC· 
(LVll) 
r 

< (v) 

Scheme 12 

Br 

Br 
(LVI) 

. (iv) 
( 

Br 
) 

Br 

Br Br 

(LIV) 

(iii) 

(ii) "rr-t-Jl {vi) I __ ..,,> ·I -~---~> 

CHO Br~ . CHO 0 

(LX) (LXI) 

,. 

CHO 

Reagents: (i) CH
3 

OH-H
2
SO 

4
; (ii) Br 

2
-AICl

3
; (iii) Na0H-H20, then HCl-H 20; 

(iv) HgCl
2

-H
2
0; (v) n-C

4
H

9
Li-(C

2
H

5
)20, then (CH3)2N.CHO and H20, and 

{vi) Zn-CH
3
co

2
H-H

2
0. 
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The key step in both routes is the di-bromination of a substituted furan using 

bromine and or.hydrous aluminium chloride. This reaction has been studied in 

detail by co-workers 
90 

who have found that (i) a Lewis-acid catalyst is essenHa I 

for the introduction of a second bromine atom, and (ii) 4-bromo-5-chloro­

compounds [the amounts (which can be large) depending crit-ically on reaction 

conditions] are formed as by-products. The usefulness of zinc for the removal of 

an a-bromine atom from a 2, 5-d isubstituted or a 2, 4, 5-trisubstituted furan depends 

largely upon the nature of other groups present in the molecule. Prior to using 

this reagent for the preparation of 4-bromofuran-2-carbaldehyde (Scheme 12), 

the reaction between zinc and acetic acid and 5-bromofuran-2-carbaldehyde was 

stud;cd. In both th:~ 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 !he aldehyde groups. A more reliable 

method for the removal of a-bromine atoms from bromofuran-2-carbaldehydes is 

to proce~d via n-butyl-!ahium on the diethylacetal: this approach is adopted in 

later Schemes. However, the use of zinc fc:>r 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 ~-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 

D 

< 
(v) 

CHO 

Br 
(i) 

Br CHO 

D n ((ii) then Qii) then (v) 

~O~CHO 

~ 
([(Br 

I 

0 CH(OEt) 
2 

(ii) then 
(iii) 

D 

CH(OEt)
2 

Br 

I 
Br CH 10Etl 

\: "'2 

l(ii) then 
(iv) 

Br 

lLJlcHtoc.,,) 
\'\,,. t-1. 2 

Reagents: (i) (C
2

H
5
0)

3
CH-C

2
H

5
0H-HCI; (ii) n-C

4
H

9
Li-(C

2
H

5
)
2
0; (iii) D

2
0; 

(iv) H
2
0, and (v) HCl-H

2
0. 

A significant amount of protonated, along with some deuterated, product was 

obtained in both cases. The route to 3-deuteriofuran-2-carbaldehyde has bGen 

reinvestigated by co-workers
90 

who conclude that the deuteration level of the 

product is improved markedly by keeping the ~-furyl-lithium solution Glways 

be low -60°C, and that y ie Ids are better if the deuterio-aceta I is hydrolysed in s i_!~ 
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rather than isolated. These cone I us ions suggest that ~-fury I-I ith ium is much 

more unsf:able than the a-isomer (the former decomposing significantly above 

0 
-60 C; the latter withstanding boi I ing 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 
(i) 
~~ 

I Br CHO Br 0 CH(OEt) 
(LXi II) 2. 

{ii) 

Br 
(iii) 

Br 
~ 

D CHO D CH(OEt)
2 

(LXVll) (LXVI) 

Reag~nts: (i) (C2H5 o)3CH~C2H5 0H-+ICI; (ii) n-C
4
H

9
Li, then D

2
0, and 

(iii) HCl-H
2
0. 

The routes to the ~-mono-deuterated furcns were not pursued further since a 

successfu I preparaf'ion of 3, 4-d i-deuteriofurans had been devised (Scheme 15). 

Th is also prov ides a route to tri-deuf'c ricJurans and to tei-ra-deu teriofuran (LXX). 
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D 0 
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{v) 

D 

D 
(LXXI) 
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D 

D 

D 
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Scheme 15 

D 
(ii) 

D D 
) 

(LXVlll) 
C02H 

(iii) {vi) 

I 

D D D 

Hg Cl Br co
2
c

2
H5 

(LX!X) (LXXI 11) 

(vii) 

D D 

I I ( (viii) 

0 
{LXXV) 

{v) 

D 

CHO 

(LXXVI) 

Reagent-s: (i) 30% l'-!a0D-D
2
0; (ii) c2H50H-H2so4; (iii) Na-salt-HgCl 2-

H20; (iv) 20% DCl-D
2
0; (v) POCl

3
-(CH3)2N.CHO; {vi) Br2-Cl(CH 2)2CI; 

{vii) Zn-CH
3
co

2
H-H

2
0, 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 a- than at the ~-positions. 

The mechanism may involve direct proton abstraction, or addition and elimination: 

r-oo 
oOl-o 

H 

D I D 

~u <_ 
~ H$K ( 

-) . 
oo o co

2 
-co2 H 0 co2 DO 

similarly for a 

or: 

:>~ D '--;. - 'E 

0 
,-co2. 

raH (oo 
-DO 

Because of the reversibility of deui"eration, it is not possible to saponify (with 

aqueous sodium hydroxide solution) a deute :-ated furan ester without reducing the 

level 'of deuterium substitution. To circumvent th is probler11, the conversion of 

ethy I 5-bromo-3, 4-d ideuteriofuran-2-carboxy late (LXX 111) f·o 3, 4-d ideuteriofuran-

2-carboxyl ic 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 affeci'ing the deuterium coni·ent appreciably]. 

Substituent effects on i. r. carbonyl vibraf"ions; 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 
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2. 
R = Me (XCVI I), 

= t Bu (XC\/111) 

D 

COCI 
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2
-CHCl

3
; (ii) CH

3
0H (R = CH3), c2H50H (R = C2H5), 

isobutene (R = t-C
4
H

9
), and H

2
so

4
; (iii) SOCl 2; (iv) Zn-(CH3C0)20-D20; 

(v) 20% Na0D-D
2
0, and {vi) CH 2N 2-(c 2H5)20. 
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Scheme 17 

(XCI) 

{iv) 
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(iii) 

( {vii) 
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---~ 
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2
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3
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3
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2
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2
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3
0H (R = CH

3
), c

2
H

5
0H (R = c2H5), isobutene (R = t-C4H9), 

and H
2

SO 
4

; (vi) HgCl
2
-H

2
0, and (vii) n-C 

4
H9Li, then co2-(C2H5)20. 
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Scheme 18 

u N CHO 
CH3 
{C) 

(ii) 

'V 

(iii) 

0 N~COH 
CH 2 

(Cl) 
3 

(Cll) and {Clll) 

Reagents: (i) POCl
3

-(CH
3

)
2

N-CHO; (ii) KMn0
4

-dioxan-H
2
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2
co

3
; 

{iii) CH
2

N
2

-(C
2

H
5

)
2

0 {R = CH
3

), isol:.~t~ne (R = t-C
4

H
9

)-H
2
so

4
. 

Because of the sensitivity of pyrrole derivatives towards mineral acids, methyl 

N-methylpyrrole-2-carboxylate {Cl I) was prepared by using Jiazomethane on 

the carboxylic acid (Scheme 18), a similar reaclion being used for methyl 
r 

5-bromo-3, 4-d ideuteri0furan-2-carboxy late {XCV 11). The 5-deuteriofuran esters 

[(LXXVll) and (LXXVlll)] were prepared using zinc, acetic anhydride, and 

deuterium oxide, which is a simple modificof·ion of the zinc-acetic acid de-

halogenation discussed earlier. 



-214-

REFERENCES 

1 
J. D. Kemp a0d K. S. Pitzer, J.Chem.Phys., 1936, 4, 749; J.Amer.Chem. 

Soc., 1937, 59, 276. 

2 
. R. M. Acheson and I. A. Selby, J.Chem. Soc. (D), 1970, 62. 

3 
J. Dale, Tetrahedron, 1966, 22, 3373. 

4 
J.P. Lowe, Progr.Phys.Org.Chem., 1968, 6, 1. 

5 
R. A. Pethrickand E. Wyn-Jones, Quart.Rev., 1969, 23, 301. 

6 
L. J. Bellamy and R. Williams, J.Chem.Soc., 1957, 4294. 

7 
S. Mizushima, J.Chem.Phys., 1952, 20, 170. 

8 
l.. Be I la my, 11 Advances in Infrared Group Frequencies", Methuen, Lo~don, 1968. 

9 
. R. Abraham and H. Bernstein, Canad. J. Chem., 1961, 39, 1977. 

10 
H. House and J. Blaker, J. Amer. Chem. Soc., 1958, 80, 6389. 

ll N. Mori, Y. Asano, and Y. Tsuzuki, Bull.Chem.Soc.Japan, 19681. 41, 1871. 

12 M. Oki, H. lwamur<~, J. Aihara, and H. Iida, Bull.Chem.Soc.Japcm, 1968, 

4~, 176. 

13 R. Fraisse-Jullien and N. Thoi-Lai, Bull.Soc.chim. France, 1967, 3904. 
, . 
·
4 G. Oehme and A. Schellenberger, Chem.Ber., 1968, 101, 1499. 

15 D. Lefort, J. Perichon, J. Sorbo, and J. Kavi, Bull.Soc.chim.France, 1968, 

2004. 

16 L. Joris and P. Schleyer, J.Amer.Chem.Soc., 1968, 90, 4599. - -
17 S. /v\izushima, T. Shimanouchi, T. Miyazawa, I. lchishima, K. Kuratani, 

I. Nakagawa, and N. Shido, J.Chem.Phy~, 1953, 21, 815. 

18 G. Crowder and B. Cook, J.Chem.Phys., 1967, 47, 367, 1700. 

19 A. Caristan and H. Bodot, Bull.Soc.chirn.France, 1967, 3227. 



-215-

20 
C. Berney, Specf-roch im. Acta, 1964, 20, 1437. 

21 
D. J. Chadwick, B.Sc. Thesis, Oxford, 1970. 

22 . 
W. G. Dauben and W.W. Epstein, J.Org.Chem., 1959, 24, 1595. 

23 
G. Allen, P. S. Ellington, and G. D. Meakins, J.Chem.Soc., 1960, 1909. 

24 
C. L. Angell, P. J. Krueger, R. Lauzen, L. C. Leitch, K. Noack, R.J.D. 

Smith, and R. N. Jones, Spectroch im. Act~, 1959, 11, 926. 

25 
J. F. Bertran, L. Ballester, L. Dobrihalova, N. Sanchez, and R. Ar11eta, 

Spectrochim.Acta, 1968, 24A, 1765. 

26 
E. Fermi. Z.Physik, 1931, 71, 250. 

27 
C. Goldenberg and F. Binon, Bull.Soc.chim.belges, 1966, 75, 129. 

28 R. Macrae, Part II Th es is, Oxford, 1972. 

29 
P. Mirone and V. Lorenzelli, Ann.Chim.(ltaly), 1958, 48, 72; 1959, 49, 59. 

30 
D. L. G!usker and H. W. Thompson, Spectrochim.Acta, 1954, 6, 434. 

31 
F. Gei·man, J.Phys.Chem., 1925, 29, 395. 

32 I 

G. Allen and H.J. Bernstein, Canad.J.Chem., 1955, 33, 1055. 

33 
N. Claverie, C. Garrigou-Lagrange; and J. Domingues Dos Santos, J.Chim. 

phys., 1962, 59, 1046. 

34 F. tv\~nnig, H. Dreizler, and H. D. Rudolph, Z.Naturforsch., 1965, 20a, 

1323; 1966, _2la, 1633. 

35 K. Kovalenko, V. I. tvHnkin, Z. N. Nazarova, and D. V. Kazachenko, 

.zhur ~b-~c~_:-; i Khim., 1962, 32, 549. 

36 H. Lumbroso, D. M. Bertin, and P. Cagniant, Bull.Soc.chim.France, 1970, 

1720. 

37 P. Chiorboli and A./\~. Drusiani, Atti Accad.na~Lincei, Rend.Classe Sci. 

fis.mat.nGt., 1952, 12, 309. 



-216-

38 
C. Andrieu, R. Pinel, and Y. Mollier, Bull.Soc.chim.France, 1971, 1314. 

39 
H. Lumbroso and P. Pastour, Compt.rend., 1965, 261, 1279. H. Lumbroso, -
D.-M. Bertin, M. Robba, and B. Roques, ibid., 1966, 262(C), 36. 

40 
K.-1. Dahlqvist and S. Forsen, J.Phys.Chem., 1965, 69, 4062. -

41 
L.A. Arlinger, K.-1. Dahlqvist, and S. Forsen, Acta Chem.Scand., 1970, 

24, 662 

42 
M. L. Martin, J. -C. Roze, G. J. Martin, and P. Fournari, Tetrahedron 

Letters, 1970, 3407. 

43 
M. L. Martin, C. Andrieu, and G. J. Martin, Bull.Soc.chim.France, 1968, 

698, 703. 

44 
K.-1. Dahlqvist and A.-B. H8rnfeldt, Tetrahedron Letters, 1971, 3837. 

45 
S. Combrisson, B. Roques, P. Rigny, and J. J. Basselier, Canad.J.Chem., 

1971, 49' 904. 

46 R. l'L Jon.es and K. Seshadri, Spectrochim.Acta, 1963, 19, 1013. 

47 
H. A. Lorentz, Koninkl.Ned.Akad.Wetenschap.Proc., 1906, 8, 591. 

48 J. H. Van Vleck and V. F. Weisskopf, .Rev.Mod.Phys., 1945, .!?_, 227. 

49 I 

R. N. Jones, K. S. Seshadri, and J. W. Hopkins, National Research Council 

of Canada, Bulletin No. 9. 

50 
J. T. Davies and J.M. Vaughan, Astrophysical J., 1963, 137, 1302. 

51 A. W. Baker and M. D. Yeaman, Spectrochim.Acta, 1966, 22, 1773. 

52 J. Pitha and R. N. Jones, Canad.J.Chem., 1966, 44, 3031. 

53 G. Carlson, W. Fateley, K. Hartman, and R. Witkowski, Spectrochim.Acta, 

1968, 24A, 157. 

54 J. R. Hall and M. K. Wilson, Spectrochim.Acta, 1966, 22, 1729. 

55 R. Mierzecki, Acta Physica Pol on ica, 1964 .. 25, 797. 



-217-

56 
P.K.G. Hodgson, Part II Thesis, Oxford, 1972. 

57 
G. J. Karabatsos and D. J. Fenoglio, J.Amer.Chem.Soc., 1969, 91, 1124, 

3572, 3577. 

58 
K. Kalliorinne, Suomen Kem., 1969, 42B, 424. -

59 11 Summer School in Quantitative Treatment of Experimental Data in Chemistry", 

Royal lnstHute of Chemistry, London, 1971. 

60 
L. Farnell, Part II Thesis, Oxford, 1972. 

61 
M. S. Bartlett, Biometrics, 1949, 5, 207. 

62 
H. Gilman and N. 0. Calloway, J.Amer.Chem.Soc., 1933, 55, 4200; 

1935, 57, 906. 

63 
R. J. Harrisson and M. Moyle, O.g.Synth., 195":1, 36, 36. 

64 T. Reichstein, H. Zschokke, R. Gehring, and G. Rona, Helv.Chim.Acta, 

1 93 2, 1 5' 111 8 . 

65 H. Gilman, J. A. Beel, C. G. Brann~n, M. W. Bullock, G. E. Dunn, and 

L: S. Miller, J.Amer.Chem.Soc., 1949, ~' 1499. 

66 V. Ramanai·han and R. Levine, J. Org.Che~., 1962, 27, 1216. 

67 M. and L. Fieser, 11 Reage.;1ts f0r Organic Synthesis 11
, Reinhold, New York, 

1967. 

68 J. Heid and R. Levine, J.Org.Chem., 1948, ~' 409. 

69 b "Dictionary of Organic Compounds 11
, ed. I. Heilbron and H. Bun ury, Eyre 

and Spottiswoode,. London, 1965. 

70 J. Chambers, B.Sc. Thesis, Oxford, 1971. 

71 A. W. Johnson, J.Chem.Soc., 1946, 895. 

72 C. S. Davis and G. S. Lougheed, J.Heterocyclic,Chem., 1967, 4, 153. 

73 D. C. Ayres and J. R. Smith, J.Chem.Soc., 1968, 2737. 



-218-

74 
R. Oda, Mem.Fac.Eng.Kyoto Univ., 1952, ,!i, 195; Chem.Abs., 1954, 

48, 1935g. 

75 
P. F. Frankland and F. W. Aston, J.Chem.Soc., 1901, 79, 511. 

76 
R. Adams and L. H. Ullich, J.Amer.Chem.Soc., 1920, 42, 599. -

77 
I. .Douglass and F. Dains, J.Amer.Chem.Soc., 1934, 56, 720. 

78 
A. Dunlop and F. Peters, "The Furans", Reinhold, New York, 1953. 

79 
T. Reichstein and H.J. Morsman, Helv.Chim.Acta, 1934, 17, 1119. 

80 
R. Nahn3en, Chem.Ber., 1884, 17, 2192. 

81 
W. Steinkopf, Annalen, 1917, 413, 319. 

82 
H. C. Brown and B. C. Subba Rao, J.Amer.Chem.Soc., 1958, 80, 5377. 

83 
Z. Nazarova, Zhur.obschchei Khim., 1954, 24, 575; Chem.Abs., 1955, 

6214. 

84 
M.-C. Zaluski, M. Robba, and/\~. Bonhomme, Bull.Soc.chim.France, 1970, 

1838. 

85 R. !v'1. Whittaker, Rec. Trav.chim.,, 1933, g, 352. 

86 H. Gilman and G. F. Wright, J.Amer.Chem.Soc., 1933, 55, 3302. 

87 H. Gilman and G. Wright, Rec.Trav.chim., 1931, 50, 833. 

88 E.W. Adams and H. Adkins, J.Amer.Chem.Soc., 1925, 47, 1358. 

89 R. Sornay, J.-W\. Meunier, and P. Fournari, Bull.Soc.chim.France, 1971, 

990. 

90 
R. L. Snowden, Private Communication. 

91 J. L. Gold'farb and L. D. Tarasova, lsvest.Akad.Nauk.S.S.S.R., Ser.khim., 

1965, 1079; Chem.Abs., §1, 8291b. 

92 h 20 D. A. Shirley, B. A. Gross, and P. A. Roussel, J. Org. C em., 1955, , 

225. 



-219-

93 
R. M. Silverstein, E. E: Ryshiewicz, C. Willard, and R. C. Koehler, 

J.Org.Chem., 1955, ~, 668. 

94 
P. M. Spiers, Part II Thesis, Oxford, 1970. 

95 
R. J. Abraham and T. M. Siverns, Tetrahedron, 1972, 28, 3015. 

96 
"Handbook of Chemistry and Physics", Chemical Rubber Company, Ohio, 1969. 

97 
M. Qki and H. Nakanishi, Bull.Chem.Soc.Japan, 1970, 43, 2558. 

98 
R.J.B. Marsden and L. E. Sutton, J.Chem.Soc., 1936, 1383. 

99 
S. Mizushima and M. Kubo, Bull.Chem.Soc.Japan, 1938, 13, 174. 

100 
R. F. Curl Jr., J.Chem.Phys., 1959, 30, 1529. 

l 01 
J.M. O'Gorman, W. Shad, and V. Schomaker, J.Amer.Chem.Soc., 1950, 

72, 4222. 

102 
R. L. Snowden, B.Sc. Thesis, Oxford, 1971. 

103 W. Wilcox and J. Goldstein, J.Chem.Phys., 1952, 20, 1656. 

104 . 
H. Kofod, J. Jackson, and L. Sutton, J.Chem.Soc., 1952, 1467. 

105 B. Bak, D. Christensen, L. Hansen, and J. Rastrup-Andersen, J. Chem. Phys., 

1956, 24, 720. 

106 G. Badger, 11 Aroma tic Character and Aromaticity", Cambridge, 1969. 

l07 R. Abraham, R. Sheppard, W. Thomas, and S. Turner, Chem.Comm., 1965, 43. 

108 P. Linda and G. Marino, J.Chem.Soc.(B), 1968, 392. 

1 o9 J. Chambers, Priv<1te Communication. 



Appendix A 



rous 
"'') 'l 6 '- I \.. 

oov·r 
c (\ \.' 8 
ClH.l9 
no10 
0n1i () (l, 2 
(' (i 1 3 
(\()14 
,"'!(}, 5 
(d; 1 6 
(· 01 7 
0013 
0019 
') (! (. 0 
r, 0 t; i 
(' () ~ 2 
0 (J '(. 3 
('. (! {. t,, 
('(Je:5 
,: (1,:'. 6 
()()'(' 

(1 Or: B 
(•n ~9 
(:050 

()()j'i 

0 n .5 2 
nn53 
(l 0 j 4 
Cn55 
()()..)6 

·) () j l 
(°! n 5 (~ 
0()59 

0 {) 4 0 
(' () '• 1 
0 t' (.,_ ·::-
<. I j l _, 

0 (} '~ 3 
rJ o 4 r, 
,'•(J'~5 

MASTEH t/\l> 
D l h l N ~ ! 0 N Y I ( 2 I) 0 0 ) , H !,= A l> 1 C ~ U ) 1 H E /1 f J 2 ~ 7. O ) 

Y CUNTtNUE . 
W K l T t; C ci , 9 Y ) 
R I:: ,, [J < ( t 1 (.) u } ( H E A J l ( l ) ' I = , I , 0 ) 
RtAu(t,1QU}(HEAn2<1>,1=1 ,1V) 
~klT~<o,1vu)(HlA01~I),l;1~10) 
WklTE<o,1uu)(HEAp~\I>,1~1,10> 

Kt:. 1\ l'1 ( l t 1 01 >~;Pt N f' AT A 
RtAD(t1iil,SHIFT 

. !.'. t-. A fl ( ( r i 0 I. ' i,: 3 , :.iJ t 
·~ 1-< I T F. C c1 , 1 u j ) N P 
WKlTC<o,11j)SH1FT 
W ~ 1 T E t o 1 1 U !+ ) W B 
WR~TE(o,1tJ:>)t.JI 
WklT~(r),111) 

Rt: f\ r1 ( t r 1 ti o} ( Y I < I ) , I = , , NP) 
~~lTE(0,1Ub)(Yl(l>tl~1tNP> 
N LI= ~Ip+ 1 
N k:: 14 p + ~ 
y 1 ( ~~ R ) c , 0 u I () 0 0 u 0 
Y l ( ~.' Q ) :: 1 0 U 1 0 0 0 Q 0 
FIMT==V,o 
1=1 

1 c l.Jr ~ T l i ~ u I'! 
J=I+2 
i< = J + , 
lF(YI\J),EQ,100,QUVr.O)uO TU 8 
F J i~ T = f I r J T + ~ ( Y I ~ ; ) + 4 , v * Y I < K } + Y I ~ J > > * 1.1 I I 3 , O ) 
1:::1+z 
Go TtJ 1 

~ C u N T I !~ U r: 
WKlTE<o,11vjfINT 
I ~ ( • J j) 1\ T /, ' r: Ll I 2 ) G () Tu 9 
CA~l. EX1T 

l/ "'I ~ u K r ~ A T ~ / / , .S 1. H C 11 R V t A R E A S li V S 1': P S U l.J ' S 1 I 3 P U l E ) 
1 V V F u R 1 l ,\ T ~ i o f, d ) 
1V1 fU\.<'1AT~(I)/ 

1 V ~ F u '.\ r ~ 1\ T ~ ? F 1 !.i 1 5 ) 
, u ~ Fu RI~ AT ~ 3. n Ii THE r'; u 11 li FR u F 0 AT A pc I ~J T s I s r , 7 5 ) 
1 V '+ Fu Ht 1 AT ~ I I , I. i~ H T ~i F. ~ TAP. T l N IJ WAVE~~ Ur,~ U E R I S : ,4 f ., 5 a 5 ) 

.. - - - .. 



,, ~,,' 4 :_ 
,., 0 4 i. 

.: ' .. '··I- ;3 
, ... (\ "+ 1) 

'~ :.\ ) () 
,·\ ,,_, "l .., 
•.) ') • l 

:'\ () .. ) :~ 

''. ') '~ ·;-. 
"I_ • 

{\ (; '; /) 
. "" ...... ~ I I I) ... ,.,; 

i l' :"' 

·1 ·,; ~·) 

1 v t 

~ v ~~ 
'. 'i v 
1 'I I , ,... " I r. 
, 'l .:i 

r')'"' ()r S'=f.'Jr"-:"" 'r:"'! Tli -.., .. ,,. r t-- ···1-l" 1 / s..,~~tl..J 

:- u" ,' I '~ T ' :' : .'i 5 Ii T H :;: 
F V i \ r i . ~ T r, :- ;< : . i ;, 1 5 .} 
furu1.,·r\/i1.)3H Tilt. 

F u R i 1 1\ T < ~) r "; ' , 5 ~ 
r c "\ r : ,, T ~ l / , .:; o ! 1 T 1 ! r: 
i::: : I · .: ,_ ... 1 i r .: • . , "/ u 
• "'"' , I I\ I ) ) !' i ·, I fl 

r: (j v ' l •' ,_ .. r· • 1, ,- ) 
t , ' · ' I ~ • l ~ ! .) 

111 ~ 

J r' i T i: '' :~ , ·, T : O i ·· l ~.' T t:: i~ V A L ( C M - 1 ) I S : / F 1 5 • !> ) 

D~TA IN A83U~GANC~ UNITS rs.,///) 

v .. ; t u r. u F r ~~ E 1 N r E r. R 1, t, r s : • r- i 5 , s > 
1) /· r A 1 1~ h r~ s u i\ n AN c: r I s ~ , I I ) 

F u :~ i , 1\ T \ I I I .: 3 '. { T l ~ I~ ~) ,\ s E i, I N E ~ H I F i I s : I F , 5 ' 5 I 
STVf' 
f; ND 

2 1 6 r t~ f'. MF. lAD 



Appendix B 



OOU7 
() 1/Ug 
0i1U9 
() I] , i1 

0 ii 11 
G n 1 z 
ri 1.I 1 3 
() i) i I+ 
"'\ ·"\, <:;. \1 :. I .J 

() 1) , () 

001? 
0 () 1 ;:, 
0 (), q 

nn~o 

00i1 
(: 0 I. 2 
0.01.3 
()OC:t'.o 
on,! s 
()I)' fl 

()()~? 

o n I. ~) 
() 0 I.. 9 

on J 0 
0051 
00j·2 
0 l)..S3 
0054 
(l I) j 5 
(l\)j(, 

no.s 7 
00.58 
tJ IJ.) 'i 
;) () 4 l) 

n 1) 41 0,, 4?. 
f') 0 1+ 3 
0 () 4 4 
1'i tl 4 ~) 

(ii) 46 

r i ,,, ::; T E ~ c u ;~ v r 
l~ I f-1 r. r·: ~ .~ C N X V C 3 U C Q i , Y V ( :J o U IJ ) , Z V ( 3 0 O V ) , i Y C 3 0 0 n ) t H E A D 1 ( 2 0 ) , H E A D 2 ( l n ) , 

1XC1tl\JlJ) 

k ~ A L~ C o 1 1 0 ~J ) ( H t A D 1 ( l ) , I = 1 r 1 U ) 
R t A r; ( \;. r i (j 0 ) ( H E 1\ f\ 2 C ~ ) , I = 1 , 1 U ) 
~.J t" I r t; ct· , 1 v o ' c H E r I' 1 ~ r > , 1 = i , 1 r > 
1.: ~: 1 T E C b , 1 V V ) ( H f: l {) ~ ( I ) t I ::: 1 r 1 0 ) 
R t A D ( t· , 1 0 1 .> V l 
Rl::AO(t·r i 01) SpACf.· 
k t ;1, ll ( Ci , , 0 ~ ) ' 1 I N p 
V L:.: v I ... ~ ~: P ... 1 ) ~~ ~ Pl C f; 
c,; A L l. L l r ·: I r s c 3 • u , 6 , :, , 3 , v , 0 , :> > 
v V L = V L ... 1.. , ,1 

VVl:::Vl+4,U 
C"L.L Rtf,IUN(VVL 1 VVX,•U!1t1!0) 
CAl.l t".AFS 
ii \ J , t-. :: 1 , t ~ p 
L V ( tJ ) : IJ 

·1 c u f ·~ T I r ~ u r: 
~:~.IT t. < o, 1 0)) \I I 
k'k 1 TE (O, 1 Vb)M 

hP.lTE(o,1u1)NP 
k 1:: A r) ( c , 1 () 1 ) A 

\.H<J Tf: (t>, 114) A 
Tl:~ T :Ur C! 
{) U ~ l :.: 1 I l·I 
J=l+ii 
K=J +M 
L= ~+n 
k. t: A r J ( r , 1 O j } ;~ ( I ) , ~, ( .J ) , X ( K ) , X C L ) 
\..J k. I T t ~ t> 1 1 0 4 ) 
>-i K I T C: ( o 1 1 U (S ) 

~J R I T E C n 1 1 U Y ) X ( I ) , )\ ( J ) f X ( IC. ) ' X ( l ) 
l=V.O 
x1=v1 
D lJ 3 1-J :: , I N p 
I~<TE!'>T,r.;0,1,o)r,() TO 6 
xvt1n=x1-z 
XI;;XV(N) 

t> Y v t IJ) = X ( l ) * ( ( 1 + X ( r.) * • 2 * ( (XV ( N > - X < J) ) * * 2) ) * * ( .. 1 ) ) • (EX.PC ( • X ( ~) • * 2) • ( 



1-, ti 1+ 7 

11n'-+8 

00 ~9 
I')\):::> Q 
()())1 

00)2 
0 () ~ 3 
0 ()) 4 
(') \l '.> 5 
()()~6 

(1 ()' ( 

0 :I):~ 
r .-. )9 
(\th> 0 
0 0 b ·, 

iJ\162 
()\) () 3 
()0b4 
~10 6 5 
()() 06 
C: o c' l 
0 I) 0 ;3 
on0r .. 1 

0 Cl ( f) 

0011 
·· r~o12 

(111 ( 3 
(l t) ( {,. 

('\)() 

Cd) I(, 
onr? 
() 0 I;~ 
Q()(C) 

0 0 (;f 1 

("Ob1 

fin b 2 
(} 0 d3 
"'() (~ 4 
(· (J i) :.> 
(: 1/ (~~ ,, 
~,no ·7 
\ \I , 

n n () .(~ 
r n 0 '/ 

OOY() 

,, 

1CXV(N)-X(J})**~))} 
l \r ( r ~ ) = I. v c iJ ) + y v ~ r1 ) 
1::::: SP Ac; I': 

~ C u r-J T I t·. u r 
1t~T=1,o 
UU I 1\1~1,rJP 

y v ( r 1 ) :: Y \I ( ~' ) + A 
f tlJ!JTINlJ[ 

~J h 1 T E < n , 1 1 1 ) 
~i 1; 1 r f. < t~ , i 1 v ' < v v < ~J > , ~ v < N ) , ,~ ~ , , N P > 
(. f, L. l ti K h P H 1·: ( X V , V \I t 1 r N P } 

( CL1 11T!t1L1 r: 
[Hr ~:, t;:-:1, t~p 
t.: v \ , : > :: I. \1 ( I! ) + A 

:, C v "1 r I ~J t 1 r: 
~J F I T [ ~ c:- , 1 1 1 ) 
\tJ R·I If. < r,- ! i 11.l) ( Z V ( ~:) , :< V <NI , ti= i , NP) 
r, r. !,. 1. <" K /1 P I~ i~ < X V t 2 V 1 1 r t; P ) 
(; A L L F R. C• ~~ £: I~ ( 0 , ) ) 

h t: ;\ D ( (, ' 1 1 !. J ( I Y ( 1 ) t l :: 1 , N P ) 
[1 V 4 ~; '.": 1 , N P 

4 z v < i; / ::: 11 , 1l .s 4 ~~ * c A t. 1.1 {; ~ , / < v ~ o v i * x Y < r' > > > > 
.i; I< I TE < o , 11 5) 

, l) \.I 

.. , v 'l 
1 I,,! (. 

'i V..) 

., v 4 

1 v:, 
1 V L) 

1 LI ( 

j IJ ~ 

1 u 'i 
1 ., v 
1 1 'l 
1 ., ~ 
1 ., j 

·, ., 4 

~"' t '. 1 r f: < {' f i 1 u ' < z v < 1 J ) , :-: \' < r~ ) , t• = 1 , N P > 
C /1 I.. l !; k ;, P H l·i ( X V f Z \J , 1 , ~·J P ) 
C~L!. ~~E~D . 
CALL t,l\lT 
Ft1R~l·'\ T ~ 1 OA.6) 
Fl'R'1Al" \r-1~1 S) 
f l i K r 1 1\ T \ ~~ 1 '.J J 
f I } ,, : 1 A 1 ( 4 t , ::> 5 ) 

p 

FU~~ll\T~//11P.H ll'.J>UT Pt'.K,"Mf;TERS:' 
f t 1 K : ~ J\ T \ I I , 1., R H T H E ~ T A R T I N u ~! I\ V ~ ~ ~ U H ~ E R I S : , F 1 5 , ) ) 
flJ~;·~.T,//,jl~H THf; f·J1Jri!H:R Vr CUMPO~if;JJT OANDS 1s:,IS) 
~ u 1-\ r \ .1\ r ~ / / , ..:; r.. f: · ·p: L ~Hi ri 1 H: ~ u F P u I ~: T s C A L C u L A T i:: D I s : , I 5,) 
F U K ~ l r, T \ / / , 1 1

1 A , ) H X \ 1 ) , l I' X ' :.'> H X ( ;: ) , 1 7 .~ , ) H X ( 3 ) , 1 7 X 1 5 H X ( 4 ) ) 
r u K '1 r, T ~, x' 1'.+ ( ~) x' F ~ J' 5)) 
F u 1-< r 1 A T ( !.:. ( F 1 n , 5 , 2 X. , f- 1 0 , ::> , 4 X } ) 
F 1.' K : . ;\ f l I I I j ?, H T F r L ;1 t. (' ll l f. r t; [) l) A T A ~ () I N T s A R F. : ) 
F l ! R r ~ A 1 ~ ( :.. ( 1 >: / I .S , (~ X ) ) , 1 X. , I .S r 1 X ) 
F lj k: 1 /, T <. I / , St~ H T 14 ( ti' PE K I i·l t NT A l. r1 AT A P 0 I ,~TS ~ RS: : ) 
f u ~ i 1 r T ~ I I , I. (. rl T '~ F. L~ A s [ I.. I ;-.., f: c 0 r~ s T A N T I s ; , F 1 J • 5 ) 
srup 
l; t I L> 



-

... .... 

L;.. 

0 

c. -... --



Appendix C 



o n o s 
01i06 
()')0? 
Oii0(', 
0009 
0ii1 0 
()1111 
0012 
0013 
0014 
0015 
tl 0, 6 
0()1 7 
0()1 8 
() () 19 
01)20 
0021 
() I) 2 2 
0023 
0024 
0025 
('.1026 
()t!2? 
11023 
() t12 9 
() 0 3 0 
()!131 
O t'L5 2 
0033 
0 ti 3 4 
01135 
()()36 
()03? 
0038 
on3c; 
()I) 40 
0 () 41 
on 4 2 
0 () l'i 3 
01141+ 
() () 45 

~·: .~ S T E R DO I T A l. L 
D If 1 f: NS I 0 N H F. AD 1 ( 2 0) , HE A 0 2 ( 2. 0) , AH ( i 0 0) , A L ( 1 0 0 ) , T ( 1 l10 ) , X H ( 1 0 0 ) , X L C 1 0 

1 0) . 

RtAD(5,100)(HEA01(!),1=1,10) 
R 2 1\ D ( 5 ~ 1 0 0 ) ( H C: /\ i> ?. ( I ) , I = 1 , 1 0 ) 
REAoC51101)NP1ICOR~ECT 
~~ R I i E ( 6 , 1 0 0 ' ( H E A D , ( t ) I I = 1 , , rt ) 
WRITE(6,100>CHEA02CI>1I=1110> 
WRITE(6,i02) 
REAoC51103)(AHCI>1ALCI),J=1,NP) 
REAoC5110l+) (T(I) ,1:::1,NP) 
~JR?T~(6,105)~P 
J U11pOUT=2 

8 WRITE(6,106) 
WRITF.(6,107)(AH(I),AL(l) 1 T(I),lc1,NP> 
D 0 1 I ::: 1 , rJ P 
XH(J)::J\~H I> 
XL<r>=ALCI) 

1 CO!~T I NUE 
ALPHA=1.0 
A::O.O 
CALL LE~STSoCXH,XL1NPrALPHA,A> 
CALL PLOTITnUT(XH1XL1ALPHA,NP~A,JUMPOUT> 
IF(ALPHA.GT.O.OOOO)GO TO 2 
GO TO 4 ~ 

2 WR!TE(6,108) 
c ALL r1 E "N s <AH , AL , NP , ALPHA , A> . 
CALL PLnr1rnur<xH,XL,/\LPH/\,NP1A,JUMPOUT> 
I F ( A L P Ii f\ • G T • 0 , 0 0 0 0 ) \,/ R I T t ( 6 , 1 0 ~ ) 
IFCALPHA.LT.0,0000)GO TO 12 

10 CUIJT I NUE 
WRITE(6,113> 
D 0 3 I .:: 1 , tJ P 
XH(I)~ALOG1~(ALCI)/AH(l)) 
XL(1)::1.0/T<t> 

3 C 0 HT I ~JU F. .. 
\~ H I r E < 6 , , 1 4 > c x H c r > , x L c I > , I = 1 , N P > 
CALL LEti.~TSn(XH,XL1NP1ALPHA,A) 
CALL DELTAH(XH1XL1T,NP1ALPHA> 
I F ( J u !·i P n u T • F= a • 1 ) J u M r o u T = 3 

. -
c A L l. p L (j T I T 0 u T ( x H , x L I A l. pH A , Np ' A ' J u Mp I') tJ T) 



01146 
{)('47' 
0048 
() (') '•9 
()()so 
0051 
:! t.) 5 2 
on53 
0054 
Oil5S 
0056 
0!157 
0 () 5 8 
[! ,; 59 
01/60 
()ii 61 
0062 
0063 
0 () 61. 
on 6 s 
{)()66 

0067 
0()68 
0069 
00"10 
0071 
()I) 72 
011(3 
ori74 
() ii75 
()1176 
0077 
007P, 
0'179 
oouo 
00~1 
0082 
(l () 8 :~ 
() () 81+ 
(1085 
()086 
()08'1 
no 8 8 
()()89 

- . 
IF ( J tJMPnur, FO .. 3) J UMPOIJT=1 
GO TO 6 

4 CONT!NUF. 
\~ ; ~ t T t ( 6 , 1 0 9 ) 
WHITE(6,113) 
D 0 5' I ;:.-: i • tJ ? 
XH(I)=ALOG1n(~ALPHA•AL(I)/AHC!)) 
XL(I)=1.0/.T(i) 

5 CONTINUE 
I) R I T E ( 6 I 1 1 4 ) ( x H ( I ) , x L ( I ) , I : , , N p ) 
C/\LL LEASTSqCXH,XLrNP,ALPHA,A) 
C /... L L D E I. T A H ( X H 1 X L , T , N r> ' A l P H A ) 
C 1\ \. L ! 1 E 1\ N S ( >' H , A L ~ N P , -~ l P H I\ 1 ·A ) 
CALL PLOTITnUT(~H1AL,ALPHA,NP1A1JUMPOUT> 
IF(ALPH~.GT.0.0000)WRITEC6r108) 
IFCALPHA.GT.O.OOOO)WRITEC61115) 
If(ALPHA.GT.0,0000)GO TO 10 

12 COf·lT I tJUE 
DO 11 I::11NP 
XH(I)=At0G10C-ALPHA*AL(I)/AH(!)) 
XL(t)=1.0/TCt) 

11 CONTINUE 
WRITF.(~ 1 113> 
WR)TE(6,111+) CXHC I) tXL( I), I=1,NP) 
CALL LEASTSn(XH,Xl~NP1ALPHA,A) 
CALL DELTAH(XHrXLrT1NP1ALPHA) 
lJ R t T E ( 6 I 1 , 5 ) 
GO TO 10 

6 CONTitHJE 
If(JIH1PnuT.r:fl.1)G0 TO 7 
t-1RITF.(6,i10) 
IF(IC0RRECT.EQ,1)G0 TO 13 
AH(2)=AHC2)*100.0/95.6 
AH(3)=AHC3)•100.0/91.9 
AH(4)=AH<4)•100.0/89.0 
AH(5)=AHC5)*100.0/8S.4 
A ~i ( () ) = A H ( b ) -1tt 1 0 0 • O I 8 1 • 5 
A ~1 ( 7 ) = A H < 7 ) ~ 1 0 0 • 0 I 7 A • 1 
ALC2>~AL(2)~100.0/95.6 
AL(3)=AL(3)w100.0/91.9 
AL(~>=ALC4)•100.0/8Q.O 
AL(s>~AL<S)•,00.0/85.4 
AL(6);ALC6)•100.0/81.S 
A L ( 7 ) :: A l ( 7 ) "' , 0 0 • 0 17 .1 I 1· 



0090 
0091 
0()92 
0093 
0094 
0095 
0096 
0097 
0098 
0099 
()100 
0,01 
0102 
0103 
0104 
0 ~ l) 5 
0106 
oi07 
()108 
0109 
Cl110 
0, 11 
0112 
0113 
0114 0, 1 5 
() 11 6 
0117 
() 118 0, 1 ') 
(), 2 0 
(), 2, 
(), 2 2 
0123 
() 124 
oi2s 
(i 1 2 6 
0127 
Cd 2a 
oi29 
01.30 
{J 1 3, 
() 1 3 2 
(J j 3 3 

!F(IC0RRECT.Eq.2)G0 TO 14 
13 CONTINUF. 

AH(2>=AH<2>•100.0/97.0 
AH(3>~AHC3)•~00.0/94.8 
AH(4)=AHC4)•100.0/92.8 
AH(S)=AHCS).100.0/8?.2 
AH(6)=AH(6)•100.0/87.1 
AH(7)=AHC7)*100.0/84.8 
AL(2)=ALC2)•100.0/97.0 
AL(3>=AL<3)•100.0/94.8 
AL(4>=ALC4)•100.0/92.8 
ALCS>=AL<5>•100.0/89.2 
A~(6)=ALC6)*100.0/87.1 
AL(7)=ALC7)•100.0/84.8 

14 CONTINUE 
JUr1pOUT=1 
GO TO 8 

7 ~J R I T E ( 6 I 1 , 1 ) 
rri~o.o 
TTZ=O,O 
DO c;> I=1 ,NP 
TT1=TT1+<1.0/(T(I)**2)) 
TT2~TT2+C1,0/T(I)) 

9 CONTINUF. 
TT2:::TT2*•2 
BP~NP . 
TT=SQRT(1,0/CTT1,,..(1.0/BP)*TT~)) 
\JHITE(6,112)TT 
TTH~~.31432~TT*0.1 
TTG=8,31432•303.0*0.1 
··r T s = R , 3 ~ 1. 3 2 * o • 1 * c < T T / 3 o 3 • o > + 1 • o > 
WRITE(6,116) 
WRITE(6,11.l>TTH 
WRITE(6,1i8>TTG 
l~RITE(6,119)TTS 
CALL EXIT 

100 FOR11AT(10A8) 
101 FORnAT(?.J5) 
io2 FORMt\T(//,36H THIS PROGRAM tJtLL DO ALL VnUR WORK.) 
io:s FORnAT(?.F15.5) 
io4 F0Rt1AT(F15,5) . 
ios FOR7~AT(//,30H THE NUr-iBER OF DATA POINiS rss,yS) 
106 FORnAT(//,25x,5H A(H)111X1SH A(Lr,11x,2H T) 
107 F0RllAT(//~17x,F15,5,1XtF15.S,1X,~15.s~ 



01.34 
0135 
oi36 
0137 
o~:sa 

oi39 
0140 
(), 41 
0142 
() 1 4 3 
0, '!! !+ 

01 4S 
01/,(J 
0147 
0148 
oi1:9 

108 FORMAT(//156H fH~ ALPHA~CO~RECTlON ~ANNOT BF MAnE WITH THE AROVF D 
1ATA) 

, 0 9 F 0 R r, A T ( I I , 3 R H T H E A L p H A c 0 R R t: c T I n N 1.1. r L L N 0 w rl E MA 0 E ) 
110 FORr~AT(//,40H THE NATURAL~DECREA~E ~ORR~~TinN WTLL NOW ~~ MA~E,/,1 

19H VALlJFS ARE EX DJc,,/,.,4H IF THE NIJMBF.~ or: DATA POTNTS IS NOT EQ 
2UAL TO 7,THIS CORRECTION IS tNVAL%D) 

,,, FORMAT(//,4(,H THE T-EHROR TERM(EX L~>WILI. Nnw BE eALCULATEO) 
112 FORMAT(//115H THE T .. TERM IS!,F15,S) ,,3 F0RriAT(//,3?.x,17H LOG10(,.i\(L)/A(H)),3x,4H 1/T) 
1 1 '• F o R r 1 A T ( I , 2 2 x , F i 5 • 5 , i: 1 S , 5 > 
, , s F tl i\ r , A T ( I I , t. s H T H E A l p H A ,.. u N c 0 R R E c T E D v A L u F s I\ R E " s F n l l 0 \,I ~ : ) 
1 1 i.'; F 0 f< 11 1~ T ( I I , 2 5 H A S S U '.' i f N G 1 0 P E R R 0 :~' I N I( 1 ) · 

11? F0RtiAT(/,19H THF. ERROR IN H IS: 1F15.5) . 
1 , a F 0 R r l A T ( I I 2 ? H T H E E: R R 0 R I N G A T 3 0 3 K T s : , F 1 5 _· 5 ) 
119 FORMAT(/,27H THF. ERROR INS AT 303K TS:,r:15.c;) 

END 

E ~JI'> 0 F s Er, MEN T I L F: NG TH r I~ f / N A M F. D O I T A f. L 



0150 
() 1 s 1 
0~52 
() 1 5 3 
01 51+ 
0155 
(), 56 
()<I r)7 I ., 

oisa 
0, '.°)9 
oi60 
0161 
n 1 (~ '-' 
01 6::; 
0164 
0165 
{J 1 6 (-., 
'I~ (- 7 I, I ,) 

01 (d·~ 
(), 09 
0170 
() 1 71 
(), 7 2 
(), 7 j 
0174 
<) 1 ls 
('), ., 6 

.~ 

01 l'/ 
() 1 7 g 
(), ?CJ 
oiBo 
()1ti1 
() 182 
() 1 d3 
0184 

SUBROUTINE PLOTITOlJTCXH,Xl1AtPHA1NP,A,JtlMPOIJT) 
0 If ~l: N s I () N xv c 1 0 ()) 'v v ( , 0 0) 'x H ( 1 0 0) Ix L (, 0 0) 
CALL LIMJTS(4.0,6~5,4,0,6,5) 
XHf1AX=·100,o 
XLMAX=,..100,0 
XHriIN;:100,Q 
X L i·l I N = 1 0 0 , 0 
~~NP~NP!""1 

DO 3 l'.=-'l ,NNP 
J;::I+1 
X H r1 I N =AM IN 1 C X H ( I ) , X H ~ J) , X HM IN) 
X U·1 r N :: A n r N 1 C x L < I ) , X L c J > , X l M t N > 
XHrir\x=Anti.xi (XII (I) 1X11 ( J), XHMAX) 
. x l 1·1 A x = ;\ ~~ 1\ x , ( )( L ( I ) , x L ( J ) I x ~ M A)( ) 

3 CONTtNUr: 
DO 2 I=1 ,NP 
;:v<x>~XLCI) 
Y V ( I ) ::: ,, L r H A • X '.. ( I ) ~ A 

2 COllTINUE 
D 0 I+ I = 1 , N t~ P 
J=I+1 
XHtlI~J=AMIN1 (VV( J) 1YVCJ) ,XHMIN) 
x ~1f l A x = A n J\ x 1 < v v < I > , Y v < J > , x H M A x > 

4 CONTINUE 
CALL REG10N<XLMIN1XLMAX1XHMJN1XHMAX> 
CALL AXF.SSIC0.0,0,0> 
CALL CRSt/!EC0.1> 
00 1 I:::1,NP 
CALL PtOTNC<xL<r>,XH(I),-13) 

1 C 0 ,., ·r I N U E 
CALL PTPLOTcxv,vv,1,NP1-1) 
IF(JUMPOUT,F.().3)CAlL GREND 
CALL FRAME 
RETURN 
Et~ D 

ENn OF SEG~ENT, L~NGTH 2301 NAHF. PLOTITOUT 



111 85 
0~86 
oi8'? 
0188 
0 ·189 
019 0 
0191 
(1192 
() 19 3 
0194 
oi95 
0196 
0197 
\) 198 
0199 
() 2 0 0 
0 2 01 
0202 
()? 0 3 
(· 2 •,) l, 
t"; .~ I) 5 
0:?06 

SUBROUTINE nELTAHCXH,XL,T1NP,ALPHA) 
DIMENSION X~<10o>,XLC100),T(100),G(100),~(10n> 
H=-2. 303•8, 311+32•A LPHA 
WRITE(6,300)H 
WRITE(6,301> 
SAV::O.O 
oo· 1 I~ 1 , NP 
G(I):-B.~i4~2•2.303•TCI>•XH(t) 
SCI>=CH-G(l})/T(i) 
sAv~sr,v+s <I> 

1 CONTINUJ: 
SAV::.SAV/NP 
WRITE(6,302>CT<I>1G(I)1S<I>,t~1,NP) 
WRlTF.(6,301;) 
~.J R I T E ( 6 , 3 0 :S ) s A V 
RE TUR fl 

300 FORt-iAT(//12RH THE CALCULATED ENTHALPY IS!,F1t;.5) 
301 FORnAT(//,25X12H Tr25Xr2H G,25X,?.H S) 
3 o 2 ~ o R r i t\ T < / / , 1 5 x , F 1 5 • 5 , i 2 X , F 1 5 • 5 , 1 2 x , F 1 5 • 5 > 
:" v 3 F o R n A T < / 1 , 2 ld~ T H E A v E f\ A G E E H T r\ c P v I s ! , ~ 1 s . 5 ~ 
3 0 4 F o R ~1 AT ( 1 H 1 ) . 

END 

t 11 ~ 0 F S C r; H E N r , L F. t~ G T H 1 3 1 I N ;i M ~: - D F. L T A H 



0?.0., 
1)?. 0 8 
·0209 
0 2, () 
()?' , 
0212 
0?'3 
0?14 
o?.15 
o?.16 
0217 
0218 
0 21 r,; 
0220 
()? 21 
0222 
()?. 23 
0?. 2 4 
()~25 

0?26 
\i? 2 'I 
()?. 28 
Cl229 
0230 
0?31 
()? 3 2 
0?33 
0?.3G. 
0?35 
0/36 
0?37 
()? 3 8 
0?39 
0?. 4 0 
()? 4 i 
(>? 4 2 
(J? 4 3 
()? 4 4 
()? '· 5 
(J ?46 
()? I. ... 

. t- ( 

SUBROUTINE 1.EJ\STSQCXH,XL,NP,AlPHA,A) 
DI r'I ENS I 0 N X H C 1 0 0) 1 XL ( 1 0 0) 
v tl:::: 0. 0 
VLc:o.o 
r1i=o.o 
r2=0.o 
T 3i::Q. 0 
DO 1 I=i ,NP 
VH==VH+XHCI) 
VL;;:VL+XLCI) 

1 CONT I NUE 
V H M :.:: 'J I l / N P 
v L r1 = v LI rJ p 
DO 3 I=1,NP 
T1=T1+((XH<r>-VHM)*(XL(I)~VLM)) 
T3=r3+((XH(I)"VHM)*•2) 
T2=r2~(CXL(t>-VLM)*•2> 

3 C 0 NT I tJ U E 
R=T1/(SQRT(T2•T3)) 
n=Ti/T2 
A ;:. < v 'i I N P > ... < r~ ~ v LI N P ) 
WRITF.(6,200)R 
~J R I T E ( 6 , 2 0 1 > R 
\,J R I T E ( 6 , 2 0 2 > A 
\.JR I TE (6 I 203> 
WRITE(6,204) 
WRITE(6,203) 
AA=o.o 
D (J 2 I = 1 I t~ p 
AA=AA+(XH(()•VHM)~*2 

2 CONTINUE 
aa=c1.o-cn~.2>>*AA 
CCr=AA 
AA=(R**2>*AA 
WRtTE(6,205>AA1AA 
WRITE(6,20~) 
t DO F ~Np ... 2 
Xl11 :-:B[l/ I DOF 
WRITE(6,206)tDOF,OB,XM1 
WRITE(6,?.0:S> 
ID 0 F cf~ P .. 1 



0?48 
() ." 1,. 9 
0 ,; 50 
0?. 51 
l'?.52 
0253 
0? 5 I+ 
0255 
o::-56 
025'1 
0;? 5 8 
0259 
0?61) 
o.'61 
0262 
0?63 
0?.61+ 
(l? 6 5 
()~66 

0?.6? 
()? 68 

E N n 0 F S E G iii E N T .• 

WR1TE(6,207>IDO~.cc 
l~ R I T E < 6 , 2 0 3 ) 
s;~snRTCXl-11) 
tJ R I T E ( 6 , ?. 0 8 ) S 1 
\.JR I TE ( 6 , 2 09 ) 
ALP H ,, :; B 
RETURN 

200 FORt1AT(//,40H A PLOT OF THE 1ST COL vs 2ND HAS SLOP~1,F15.5) 
201 FORrlAT(//13?.H THE CO~'.\ELATION COEFFTCl~NT I~r1F15.5) 
202 FORMAT(//11RH THE INTERCEPT iS:,F15.5) 

203 F0RMAT(l/,90H ----~----------~------------~--·--------~---~-"·---" 
1~--------~---------------"~--~~------) 

?.04 FORMAT(//,20~~ S0URCE OF VARIATION,1~~x,7H o.n.F.,13X,15H ~UM OF ~OU 
~f\RF.S,1SX,12H MEAN SQUJ\RE) 

205 F0HMAT(//,1P,H DUE TO REGRESStON,16X,2H 1,18X,F15.5,11X1J!15,S) 
206 FOR!1AT(//,2R.H AnouT REGRESSION (RES.TOUAl.),6Y..IS,i4x,s:1s.s,11x,F15.' 

1 s) 

2 0 7 F 0 R r 1 A T ( I I , 6 H T 0 T 1\ L , 2 8 X 1 I S , 1 4 ~ 1 F· 1 5 • 5 ) 
208 FORnAT(//,~6H THE RESIDUAL STANDARD r')EVIATION !S:,F15.5) 
2 0 )' F 0 R n 1\ T ( 1 H 1 ) 

F. n D 

LF.NGTH ~~ 5 6 I NAMF. lEASTSQ 



0 
_._ ~ ,.., 
(' -.> 'l 

() - .,,. 0 
' .~ ' 
ii?. 71 
~, "') J.., 
\, '- " c:_ .. 

ti ;.? '? 3 
0? '14 
o~75 
11?76 
r,;>_77 ,) 2., 8 
o~T9 
() 2 ,'.~ 0 
0281 
()?.M2 
0 2 ij 3 
o?84 
(') ~ 8 5 
0?86 
()287 
11288 
ti;?89 
o?.90 
() 291 
1)?. 9 2 
()?.93 
() ?9 4 
()?95 
0296 
o?97 
0 ?() 8 
(j ?_ 9 C) 

o~OO 
0301 
0~02 . 
0~03 
0~04 
()) 0 5 
()~06 

S li 8 ;\ 0 U i I ~J E M F. A NS ( A H , A L , N P r A l P HA , A ) · 
D Hit NS In N AH C 1 0 0 ~ , AL ( 1 0 0) 
WR!TE(6,t.OQ) 
Y :) ::: ( A H < 7 ) + A H C 6 ) ) I 2 o 0 
V1=<~H(1)+AH{2))/2,0 
X3=(AL(7)+AL(6)l/2,0 
X i i= ( A L ( 1 ) + 1\ L ( 2 ) ) I 2 , 0 
ALPH~~= (Y3-Y1) I (X3.,Xi) 
t~ I~ I TE ( 6 , 11 i) i ) A LP HA 
A~(CY3*X1)"(X3*Y1))/CX1-X3) 
i~t\ITE(6,402)A 
X=O 0 . 
v=o.o 
00 1 1-=1,NP 
X=X+AL(I) 
Y=Y+AH(I) 

1 COt~TitJUE 
X=X/NP 
Y=Y/NP 
AA=o.o 
DO 2 I=1,NP 
A~=AA+(AHCI>~Y>*CAL!I>~X) 

2 CONT I t~UF. 
A A = 1\ L P H t\ • A A 
WRlTE(6,403>AA 
ss=o.o 
DO 3 1::1,NP 
BU=nR+(AHCI>-A-CALPHA*ALC1)))••2 

3 CONTINUE 
8B==un/(NP~2) 
~I R I T E ( 6 I I+ 0 4 ) Fl B 
RETURIJ 

400 F0Rti/\T(//,30H JHF. PLOT IS BEING REPF.ATF.D USTNG MEANS) 
4o1 F o R r, AT < I / , i 1~ H THE S LOPE I S : , ·;: 1 S , 5 ) 
402 FORn~T(//11RH THF. I~JTERCEPT tS:,F15.'i) 
l+O:S FORMAT(//,2_2K M.SOlJARE DUE TO REG.1,r:15.5) 
40/t FORnAT(//,21H M.SOIJARE ABOLIT REG.:1F'15,5) 

ENO 

Enn OF SE(,MENT, LENGTH 193, NAMF. MEANS 



Appendix D 



onu7 
0 '"' 0 3 c 
0009 c 
0010 c 
0()11 c 
0012 c 
0013 c 
0014 c 
()()15 c 
0016 c 
0017 
0()1 g 
0019 
0020 
001.1 
00~2 
on~3 

001.4 
01125 
00~6 
0 () 2? 
() 0 ;,: .'.l 
00~9 
ooso 
or1.:s1 
0 () j 2 
0 () j 3 
()().SI+ 

(l ().)5 

0 {)36 
1)0.S? 

-...... n r-. .) !..) 

on:; 9 
0 0 I+ 0 
00 41 
0 (} '~ 7. 
0()1+3 
on 1~';. 

on'~: 
0 0 !~6 
!) 0 4 7 

M t\ S T E R C U R V F. T E S T 
THIS PROGRAM IS DESIGNED TO FUSE T0GETHE~ 2 SINGLE I,R, BANDS WHOSE 

PHUFILES AR~ PROVIDED UN PAPER TAPE JN THE FORM OF TRANSMITTANCE DATA, 
THr: ~U~VES ARE OV~RLAPPED TO f DlFFERit~G EXTENTS1STARTING WJTH AN 
u v ER~ A p u F 4 u v n AT A p IJ I NT s , AND THEN I) E c RF. A~ t NG J tJ ·u N I Ts 0 F 2 5 t 
T !~ O P ~ t) T S A R E P R 0 P l l C E D F 0 H E A C H O V F. R l A P 1 0 N E I I S L A R G E I N 0 R ~ E R T 0 T E S T 

G R A p H I c " I. ~, r; T H u n s 0 F c u R v E . R F. ~ 0 L u T t 0 N , A N D 0 ~ J F. t s s M A L l. F 0 R T H E s r s 
P u K P U S E S , A P lJ IJ C H E 0 T A P E R E C 0 R D O F T H E C 0 M (f t N F. 1' P R 0 F t L r: S I S A L S 0 P P 0 D U C E 0 
Al~U THJS IS STORED IN A STATED FIL~. THE PUNCH~D OUTPUT IS IN AeSORaANCE 
AND WAVENUM!!ER AND CAN THEN BE USED (AFTER CONV~RSION)FO~ CURVE RESOLUTION, 

D ~ r 1 EN s x 0 N >1 r: ;\ D, ( 2 0) , ~IE AD 2 ( 2 0) , l x 1 ( 2 0 0 0) ' Ix 2 ( 2 0 0 0) , xv ( 4 0 0 0) , x r , ( 2 0 0 
1U),XI~<?.OOO),XIX(4UOO) . 

Rf.Afl(S,, OU) (HEAni (I), x=1,10> 
·R E A D ( 5 , 1 0 0 > ( H EA D 2 ( X ) , l ~ 1 , 1 U) 
WklTE(~,1UU)(HEA01~I),I=1,10) 
Wk~Tt<6,iUU)(H~AD2(I)11=1,10) 
R t A D ( 5 ' 1 0 1 ) \.J B , W I 
rn: A D ( !S , , () 2 ) I J p , , N p 2 
READC~r10h>ALPH11rALPHA2 
W.KITF.(b 1 1UY)A~PHA1 
WRITEC0,11U)ALP~A2 
I~ f~ I T r: < 6 I 1 0 3 ) ~J B 
WKlTF.(6 1 101t)Wl 
HKiTE(fl 1 1V))~P1 
~·JHXTE(C>,1U¢)NP~ 

R~An(5,10?)(!X1(I)r!=1rNP1) 
WRITF.(b,1V/) CIX1 CI) 1 I~1,NP1) 
f\ ! ; A [> C ) , 1 0 l > ( I X 2 ( I ) r I = 1 , N P 2 } 
~RITE((l,1()/) (IX2(1} I I=1 I ;!P(!) 
L=t+OO 
L>t> 4 J;;1,NP1 
XJ1 <t>~o,4343•CALOG(1,U/CU,001*IX1(I)))) 

4 XI1 <x>~x11 <I>~ALPHA1 . 
~J k l T E ( b I 1 1 1 ) ( x I 1 ( l ) I I ~ 1 I N p , ) 
DU 5 I=1,NP?. 
XX,<I>=n,43~3v(AL0U(1,0/(0,001•IX2CI)))) 

' XI~(l)MXIi(t)~ALPHA2 
WKITE<6,111)(XI2CI>,I=11NP') 
Du r; 9 N::: 1 , I 
DU 1 1~1,L 

X l X ( I~ P 1 ... L + I > • X I 1 ( tJ P 1 ,. ~ + I ) + X I 2 ( l ) 



l) 0 '•8 
00 1+9 
on so 
0051 
0 () s 2 
1) <)' 3 
0 () '.:) l~ 
0 \) ~ s 
0056 
0057' 
00)8 
00~9 
0 0()0 
o t')o 1 
0062 
0 I} (J 3 
0 () 6 4 
0065 
0066 
0067 
0068 
0 () ·~ 9 
00(0 
0011 
00/2 
0073 
00 7 -~, 

0 "I'' r I IJ ( ~' 

(i(J/t) 

0017 
0 ()? 3 
0()7':7 
I)'.)~) 0 
00i)1 
0002 
0003 
() () d '• 
Q(){j 5 
~ ('\ ,, 6 
(}'I U 

0 ~H> 7' 
i) \·; b 8 
0 () i:'> !} 

1) OY 0 
OOY1 

1 CUNTINUE 
J;: N P.1 ""\, 
DO 2 Io:i1 ,J 
XIX<I>=XI1(I) 

~ CUNT l Nt!F. 
J = ~+ 1 
D 0 3 I :: ,I , l'J P 2 
XlX<NP1"L+l>=Xl2CI> 

:5 CONTINUE 
K=Np1+NP2~\. 

WRITE(6,111)(XIXCI>,1~1,K> 
C A L 1, I .. 1 n I T S ( i , 0 , 8 , U , 1 , U , 8 , 0 : 
PK::K,...1 
1,..1 ~ ~~ t 1 tl "" p 1< * ~J I 
CALL R~GION(WL1WB,~0,1t110J 
C/\L.L AXES 
Q:: :,,1 • 0 
XB~lJB 

OU 6 1~1,K 
xv< 1 > ;:xn .. Q " 

x n:::xv < l > 
o <~ :: \.J I 

C A l,, L G !{ A P H N ( X V , X I X ' i , K 1 
C/\~L FK1\ME 
CA~L LIMITS(3,0 16,5,3,016 1 !>) 
C /\ ~ t !{ f: ii X O N ( W ~ , \.1 O t "" 0 1 1 , 1 , 0 1 
C I\ t L t\ X i: s 
c 1\ t .. 1_ l1 K , \ r H N < x v , x I x , 1 , K > 
C f\ ~ L F P. ,\ M E 
li.1 I~ I T E ( l , 1 0 d ) ( x v ( l ) , x I x ( l ) , I = 1 , K ) 
CA\.L RUNOUT(7) 
L ~ 1 .... ;;i 'j ., -. 

9 t,,1 C U i·J T 1 1n; ~ 

C: i•. ~ L v H r: N D 
C/\\~L EXIT 

1 u u F U f \I 1 A T ( 1 O A (;S ) 

1 v 1 F u R r 1 1\ T c ?. F 1 :; • 5 > 
1V~ FuR~~AT<2J5) 

1 o .~ F u ~U 1 f\ T ~ I / , ~ g H T }: E S T \ R i I N G l·J AVE N lJ MB F. R I S 1 
1 

F 1 5 , 5 ) 
1 v 4 F u R r ~ A T < I I , (. g H .,. H E ~J A v ~ N lH i B E c. I N T E R v A L I s r ~ F 1 5 ' 5 ) 
1U::> FUR11AT<//,:S·lH THE 1ST,SET UF POINTS NUM~F.RS:,%5) 
1uo FU~rlAT(//rS1H THE l!ND,SET UF POINTS NUMGERS:,15) 
1 v f F U ~ 1·1 A T ~ ( 8 ( 1 X , J .S , 2 X > ) , 1 X , I :S ' 1 X ) 
1uc~ FORIL~T<F1:,,5,F15.!>) 



OQY2 
0093 
0094 
0095 
0096 

1VY FORT1AT~//rt!7H THE 1ST,lSASEl.tNE SHIFT tS1,F15.5) 
110 FURMAT~//,~7H THE ~ND,6ASE~INE SHlFT JS1,F15,5) 
111 FURMAT~6CF15,5r3X)1 

STOP 
END 

ENO OF SEGMENT, LF.NtiTH 4561 NAME CURV~TEST 



SUMMARY 

Because the measured thermodynamic proper1"ies of ethane did not agree 

with those calculated from statistical mechanics, Pitzer
1 

proposed the existence 

~f energy barriers hindering internal rotation about single bonds. A consequence 

of hindered rotation is that molecule~ may exist in more than one si·able 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 biphenyls
2
) or 

in dynamic equilibrium {as in halogeno-ethanes). There is no simple explanation 

for the magnitudes of energy barriers: ~he various theories which have been 

proposed are reviewed by Dale 
3 

and Lowe. 
4 

Irrespective of the barrier height, the infra red spectrum of a mixture of 

two rota me rs often shows doubting of characteristic group bands. Thus ch loro­

acetol)e {I), in carbon tetrachloride solution, has two carb':.'nyl bands 
5

' 
6 

which 

may be assigned to rotamers {la) and {lb). 

{la) {lb) 



.. 
-11-

Similar band doubling is found in, inter alia, a-haloesters, 7 a-hydroxyesters, 
8 

and a-haloamides. 
5 

There are, however, many cases of carbonyl 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, 
1 

O 

d b • l O Of I an P"'." enzoqu mone. ten, in a particu ar case, the origin of observed 

carbonyl band doubling may not be obvious, possible additional sources of band 

complexity being dimer or complex foi·mation, Fermi resonance, and the fortuitous 

occurrence of hot bands, combination bands, and overtones in the carbonyl region. 

The nuclear magnetic resonance spectrum of a molecule may be affected 

by rotationa I isomerism. When the energy barrier between rotamers is sma 11 

cornt-Jared with thermal energy, a single time-averaged parameter (chemical shift 

or coup I ing constant) is observed. In favourable cases, the parameters of 

individ~al is::;mers may be measured frcm low-temperature spectra where the 

rotameri r: equ i_ I ibrium is 11 frozen 11
• 

The present work is concerned .wHh: (i) an investigation into the origins 

of the i. r. carbonyl band complexities of fu_ran-2-carbaldehyde, th iophen-2-

C'lrbaldehyde, and furan-2-carbonyl chloride; (ii) an investigation, generally 1 

into the occurrence of rotational isomerism and Fermi resonance in 2-oxo-furans, 

which provided reliable criteria for disnnguishing between the two phenomena 

and reconciled the resufi's of n.m.r., i.r., and X-ray studies; (iii) the devising 

of synthetic routes to specifically deu!·F-rated furans and thiophens with a view to 

topics (i) and (ii); (iv) i"he assigning of particular conformations to particular 

components of the i. r. carbonyl doublets in simple esters of furan-2-carboxylic 

acid and of ihe 4- and 5~·bromofuran-2-acids, where rotational isomerism is 

demonstrated to be resp~>nsib!e for the hand doubling; (v) the setting up and 
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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 mei·hods; {vi) an examination of the theoretical ba::iis 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 top ks (v) and (vi). 

Topics (i), {ii) and {iii) involved the synthesis and examination (by high 

resolution i. r. spectrometry' over a tempeiature range of at least l oo•c~ in a 

variety of solvents, and at different concentrations) of some 35 derivatives of 

furan and th iophen including 5-deuterio-, 3, 4-d ideuterio-, and 3, 4, 5-trideuterio-

furan-2-carba ldehydes, 5-deuteriofuran-2-carbony I chloride, and 5-deuterio--

th iophen-2-carbaldehyde. The synthesis of deuterated heterocycl ic compounds is 

not straightforward, mu I ti-stage syntheses often being required. The routes to 

some of the key compounds are shown in Schemes l and 2. 

In the i. r. carbonyl region, furan-2-carbaldehyde has two bands (at 

1700 and 1681 cm-l in carbon tetrachloride at 30°C), of which r.either the 

temperature dependence, nor the concentration dependence, nor the solvent 

dependence suggest that anything other thon rotational isomerism is responsible; 

thiophen-2-carbaldehyde, however, has three bands in the carbonyl region {at 

1688, 1677, and 1659 cm -l in carbon tetrachloride at 30°C) which show a 

dramatic solvent and temperature dependence, and furan-2-carbonyl chloride 
. 
has four such bands. When the hydrogen atom at the 5-position in each of these 

compounds is replaced by deuterium, dramatic changes in the carbonyl 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-carbaldehyde, the bands at 
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1659 and 1677 cm disappear 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 cau!;ed completely or 

mainly by Fermi resonance in the aldehydes, and {very probably) by a combination 

of Fermi resonance and rotational isomerism in furan-2-carbonyl 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 specifical iy 

deuterated analogues; (b) the synthesis of structural analogues; (c) a detailed 

examination of solvent, temperature, and concentration dependenc1;;: of carbonyl 

bands, and {d) a detailed examination of the carbonyl overtone and other i. r. 

spectral regions. Results of studies of types {c) and {d) are not conclusive wii·hout 

those of types {a) and {b), for, in the furan-2-carbaldehyde example, studies of 

type {c) reveal no anomalies, and band doubling is observed in the carbonyl c,ver-

d h I . s. h . • I h f .d 11 , l 2 1 13 I 1 4 tone an ot er spectra reg ions. mce t ere 1s a wea t o ev1 ence 

from other physical techniques in favour of furan-2-carbaldehyde and relatf;d 

compounds existing, in solution, as equilibrium mixtures of syn anci anti rotamers 

[{Ila) and {lib)]: 

CT /H 
0 "C 

11 

) 

0 

{I la) {I lb) 
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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)J was approached by the synthesis and 

examination .,f 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 

si~ple 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 con:~quence being the occurrence of doublet carbony I bands 

separated by 15 to 20 cm-
1

. This conclusion is supported by the results of 

deuteration experiments (al I of the deuterated esters have carbonyl absorptions very 

similar to those of the protio analogues excepi· in the case of methyl 5..:bromofuran-

2-carboxylate where the four-component carbonyl absorption col lapses, on 

deuterotion 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 polari1y 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-esL.~rs, and tlv~ observation that only one carbonyl bar.cl is found for the 
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3-bromo-esters, lead to the conclusion that the syn forms of the esters have 

carbonyl bands at higher wavenumber than the anti forms: the assignment for -
t-butyl furan-2-carboxylate is shown below, as an example. 

Bands at: 1729 
-1 

cm 

Since the carbonyl bends of rot~mers are usually overlapped, it is essential, 

for accurate quantitative work, to decompose such bands into the component 

curves. Analogue and digital computer methods were compcred using sor!"!e of the 

esters discussed previously as model sy~tems [Topic (v)J. Agreement was not good, 

and the mefhods were therefore compared with several grap~ ical methods and with 

a method which takes apparent optical c!ensities as being proportional to component 

band areas. The comparison wr:is achieved by overlapping artificially {using a 

computer) two single carbonyl banJs of known areas to seven differing extents, 

and then measuring the areas of the component bands by the various methods. The 

conclusions from this experiment are that the graphical method of the 11 mid-point11 

{which involves dividing th-=..: di:)tance between the maxima and integrating from 

th is mid·~po!nt) is superior to al I orher methods, and that the computer resolution 

methods become inaccurate at close overlap. 

The use of i. r. band areas over a range of temperatures, as being 

proportional to concentrations of species responsible for the bands, to determine 
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energy and entropy differences between rotamers, assumes that the integrated 

absorption 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 c0 range. A 11 first-order" 

correction was therefore devised, which assumes that the absorption coefficients 

of rotamer doublet carbonyl 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 th is correction to data from the esters 

discussed previously. If the area of one of the component bands of a rotamer 

carb1.A1yl doublet is j:'>lotted 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 

absorpti?n coefficients, but only if the absorption coefficients are independent of 

temperat•rre. ~n the majority of cases, area plots for the esters give pos~tive {i.e-, 

physically untenable slopes). However, after application of the correction {which 

has the effect of removing the temperature d.ependence of the absorption coefficients) 

these slopes become negative - Because th is 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 then. m. r. 

spectrum of furan-2-carba ldehyde appears as two doublets of intensity ratio 8: 1, 

these being assigned l l 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 carbonyl 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 fluodde. The barrier to internal rotation about the ring-

carbonyl carbon bond in esters and acid halides would therefore seem to be lower 

than in a ldehydes. 
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