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Conformational Studies by Dynamic Nuclear Magnetic Resonance. 
Part 26.1 lnterconversion Barriers between syn- and anti-Conformers of 
Isomeric Thiophenecarbaldehydes 
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The low-temperature 3C n.m.r. spectra (25.1 6 MHz) of thiophene-2- and -3-carbaldehyde [ ( l )  and (2)] 
display line-broadening effects due to the exchange between their S,O-syn- and S,O-anti-conformers. 
In both cases the free energy of activation for rotation of the -CHO moiety was measured, the values being 
10.15 and 8.5 kcal mol-l for (1) and (2), respectively. In the case of thiophene-3-carbaldehyde (2) the 
signals of both conformers were detected, the ratios being 97 : 3 at -1 40 and 93 : 7 at -1 00 'C in favour 
of the S,O-anti-conformer. In thiophene-2-carbaldehyde (1 ) the minor conformer (S,O-anti) was present 
in too small an amount to be unambiguously detected by a conventional spectrometer, but spectra taken 
with a superconducting instrument (75.48 MHz) revealed ca. 1.5 % of this conformer at -100 "C. 

The conformational preferences of formyl, acetyl, and other 
acyl derivatives of five-membered heterocyclics (furan, 
thiophene, pyrrole) have been investigated by a variety of 
n.m.r. techniques. In the case of furan-2-~arbaldehyde,~-~ 2- 
acetylf~ran,~-~ and N-alkylpyrrole-2-~arbaldehydes,~-~~ the 
syn- and anti-conformers were detected directly at low tem- 
perature. The corresponding interconversion barriers could 
thus be determined. 

On the other hand, such conformers of the analogous 
thiophene derivatives have never been observed directly. In the 
case of thiophene-2-carbaldehyde (l), a number of studies at 
room temperature seemed to indicate that, essentially, only 
the S,O-syn conformer (la) is present,"-l3 and this finding 
was substantiated by a structure determination in nematic 
solution l4 and by the structure of the 4-bromo derivative 
in the solid state." This explained the apparent absence, 
at low temperature, of the n.m.r. signals corresponding to 
the second conformer (Ib), and hence the impossibility of 
determining the rotational barrier via n.m.r. Recently, how- 
ever, a reinterpretation of the long-range couplings of (1) 
suggested the existence of a small, but not negligible, amount of 
the S,O-anti-c~nforrner.'~ This would explain the selective 
line-broadening effect reported, at low temperature, in the 13C 
spectrum of thio~hene-2-carbaldehyde.~ With regard to 
thiophene-3-carbaldehyde (Z), all the indications so far agree 
on the presence of both conformers in 4 :  1 ratio at room 
temperature, the S,O-anti-form (2b) being the more 
 table."-'^*'^ 

If these predictions are correct, both conformers should be 
detectable at low temperature and the rotational barrier could 
in principle be determined. This would be particularly 
desirable since a number of barrier heights are available for 
furans and pyrroles bonded to whereas 
none has yet been measured for a thiophene derivative. 

In  the present work we have attempted to measure the inter- 
conversion barriers in thiophene-2- and -3-carbaldehydes by 
I3C n.m.r. spectroscopy. 

Results and Discussion 
The I3C spectrum (25.16 MHz) of thiophene-3-carbaldehyde 
(2) in CHF2C1-CCl2F2 at -140 "C shows two pairs of lines 
for C-2 and C-4, in the ratio 97 : 3. According to the Boltzmann 
distribution this corresponds, at +25 "C, to a n  80 : 20 ratio, 
if the reasonable assumption is made that AS" is negligible. 
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Such a result confirms the predictions of studies based on 
averaged long-range couplings."~ l6 and on the averaged 
lanthanoid-induced shift.17 The more intense signals of the 
pairs due to C-2 and C-4 are, respectively, at lower and higher 
field with respect to the corresponding weaker signals. Since 
it is known that the C=O moiety shifts upfield the signals of 
carbon atoms in a syn r e l a t i ~ n s h i p , ~ J ~ J ~  the intense signals 
belong to the S,O-anti-conformer (2b). This assignment 
agrees with the previous  one^,"*'^*'^ based on different 
assumptions. Because of the very biased equilibrium between 
the two conformers of (Z), line-shape simulation could be best 
carried out at temperatures where maximum line broadening 
occurs (i.e. -98 "C for C-2, linewidth 19 Hz, and -100 "C 
for C-4, linewidth 12 Hz). At higher temperatures (e.g. 
-75 "C) these lines are still broader than that of C-5. How- 
ever, the broadening is too small to allow meaningful measure- 
ments: it is only noticeable since it makes the apparent 
intensity (or height of these lines) lower than that of C-5. 
On the other hand the integrated intensities of the C-2, C-4, 
and C-5 signals at -75 "C were equal, within the (large) 
experimental errors. By using the chemical shift differences 
measured at - 140 "C (i.e. 222 Hz for C-2 and 137 Hz for C-4) 
the maximum broadening could be computer-simulated only 
by assuming a conformer ratio of 93 : 7. According to the 
Boltzmann distribution this is actually the expected ratio in 
the range -98 to - 100 "C on the basis of the ratio observed 
at - 140 "C. The rate constants best reproducing the line- 
width (95 s-' for C-2 and 70 s-' for C-4) yield the free energy 
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Table 1. Free energies of activation (AG$/kcal mol-') for the conversion of the more stable into the less stable conformer (note 
that the syn-unti assignment reported in ref. 2 should be reversed; see refs. 6 and 7b) 

Compound 

Q C H O  
I 

CH3 

QCHO 

AGt Solvent 

11.2 CDCI, - 

10.9 

10.15 

MezO 

CDzC12 

T/"C 

51 

-81, -57 

- 75 

8.5 CHFC12-CF2C12 -100, -98 

CHO 

7.7 MezO - 125, - 104 

Ref. 

9 

2 

This work 

This work 

19 

c-2 

c-3 

Figure. 13C N.m.r. spectrum (75.48 MHz) of thiophene-2-carbaldehyde (1) taken at 
one observes three lines due to the presence (1 3%) of the S,O-anti-conformer (I  b) 

100 "C in CD2C12; by amplifying the signals 32 times 

of activation for the interconversion (2b) (2a): AGS = 

8.5 f 0.1 kcal mol-'. 
In the case of thiopene-2-carbaldehyde ( I )  the signals of the 

second conformer could not be detected under the conditions 
used for (2), indicating that in (1) the proportion of the minor 
conformer is even lower than in (2). However, the line cor- 
responding to C-3 becomes much broader than the other 
lines at low temperature (maximum width 8.5 Hz at -75 
"C) and sharpens again when the temperature is further 
lowered. It has been shown 21-24 that for a very biased equilib- 
rium the maximum width of an exchange-broadened line 
depends upon the product (pAv) of the amount of the less 
stable conformer (p) and the chemical shift difference (Av) 
between the two exchanging lines. In other words, if the 

term pAv is not properly chosen, the maximum attainable 
value for the computed linewidth will beeither larger or smaller 
than that found experimentally. The value ofpAv matching the 
experimental width was 6, and the corresponding rate con- 
stant 30 f 5 s-'. The corresponding AG$ value was 10.1 
f. 0.1 5 kcal mo1-I (Table 1) at - 75 "C,  in remarkably good 
agreement with the approximate estimate of A H $  (10.3 f 0.3 
kcal mol-*) obtained for the pure liquid by ultrasonic relax- 
ation rnea~urernents.~~ Although the S,O-anti-conformer (1 b) 
has not been observed, its amount can be quite accurately 
derived from pAv. In fact the chemical shift difference (Av) is 
expected to be in the range 8-10 p.p.m. (200-250 Hz at 
25.16 MHz) as indicated by the similar values observed for 
isomer (2) and in analogous mo1ecules.4~6~19~20 Accordingly, 
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Table 2. 13C Chemical shifts (p.p.m. from Me4Si) for the conformers (la) and (lb) of thiophene-2-carbaldehyde (in CD2C12) and for the 
conformers (2a) and (2b) of thiophene-3-carbaldehyde (in CHFC12-CC12F,) ; the lines of the minor conformers that were undetected are 
probably underneath the corresponding signals of the major conformers: in fact these lines broaden very little in the region where exchange 
occurs 

Conformer T]"C c-2 c-3 c-4 c-5 -CHO 
- 100 142.7 137.7 128.2 135.2 183.7 

182.0 
(la) (98.5%) 
(1b) (1.5%) - 100 141.0 129.3 

- 140 132.95 130.8 
(2b) (97%) - 140 141.8 143.9 125.35 129.4 188.3 
(W (3%) 

the amount of the unobserved $0-anti-conformer of (1) is 
about 3% at -75 "C. This explains why at the temperatures 
where exchange is slow (d - 100  "C) we could not detect 
unambiguously the signals of (1 b) in a conventional spectro- 
meter : its amount under these conditions would be 2% or less, 
according to the Boltzmann distribution. To check this pre- 
diction the spectrum was run in a superconducting spectro- 
meter (75.48 MHz): the greater sensitivity and the larger 
separation of chemical shifts allowed us to detect, at - 100 "C, 
the C-3 signal of the minor conformer, with a relative inte- 
grated intensity estimated as 1.5% (Figure). On raising the 
temperature this line disappears in conjunction with the 
broadening 26 of the related line of the major conformer (la). 
With respect to the C-3 line of the latter, the weak C-3 signal 
of (lb) lies 8.40 p.p.m. (634 Hz) upfield, as expected. The 
relative intensities obtained at - 100 and - 75 "C indicate that 
at room temperature the proportion of the minor conformer 
(1 b) would reach 8%, a value that seems to support the con- 
clusions reported in ref. 15 and is not in too serious disagree- 
ment with the CNDO calculations predicting an amount of 
3% for the S,O-anti-conformer (1 b).14 

The AGZ value measured for (1) is larger than that of (2) 
(Table l), in agreement with the widespread belief that con- 
jugation in position 2 is more efficient than in position 3. 
Furthermore steric interactions, due to the hydrogen atoms in 
positions 2 and 4, make the ground state of thiophene-3- 
carbaldehyde less stable than that of thiophene-2-carbalde- 
hyde, where there is only one hydrogen atom (H-3) interacting 
with the HCO moiety, the other being replaced by the hetero- 
atom. Since the perpendicular transition state may be un- 
affected by this i n t e r a c t i ~ n , * ~ * ~ ' * ~ ~  the net result is a smaller 
difference between the ground and the excited rotational 
states in (2) with respect to (l), and hence a smaller activation 
energy. Both electronic and steric effects thus co-operate in 
reducing the ACJ value in (2) with respect to (1). 

The rotational barrier in thiophene-2-carbaldehyde is 
lower than in the corresponding pyrrole and furan derivatives, 
but higher than in benzaldehyde (Table 1). This effect results, 
in our opinion, from the aromaticity of thiophene being 
higher than that of pyrrole and furan, although lower than 
that of benzene. In fact pyrrole and furan, having a lower 
aromatic and therefore a higher ethylenic character, con- 
jugate with -CHO to a greater extent, increasing the double- 
bond character of the C(2)-CHO linkage and therefore 
increasing their rotational barriers with respect to thiophene. 

Experimental 
The Fourier transform I3C spectra were taken at 25.16 MHz 
(Varian XL-100 instrument) in the external lock mode (F-19); 
the temperature was monitored with a thermocouple intro- 
duced into the probe before or after each scan. The spectra at 
75.48 MHz were recorded with the instrument (Bruker 
CXP-300) of the High Field NMR Service of the Italian 
C.N.R. in Bologna. 

In the superconducting instrument it was not possible to 
insert a thermocouple into the sample position because of 
interference due to the short radio wavelength. Temperature 
calibration was therefore carried out as follows. A sample was 
prepared using [2H6]acetone (1 ml at 0 "C) and CHF2CI (3 ml 
at -80 "C). The difference in chemical shift between the 
carbon of CHFzCl and the carbonyl carbon of acetone was 
measured at various temperatures at 25.16 MHz using a 
thermocouple. On lowering the temperature the shift dif- 
ference increased by 6.3 f 0.7 Hz every 10 "C. The same 
sample was subsequently introduced into the superconducting 
instrument and from the shift difference multiplied by three 
the real temperature of the probe was obtained. 

The estimate of the errors in AG* derives from the averaged 
measurements carried out on different samples and also from 
the uncertainty (at least f 1 "C) in the temperature determin- 
ation. 

The samples requiring gaseous solvents were prepared by 
connecting a 10 mm tube containing the solute to a vacuum 
line. The gaseous materials were condensed by use of liquid 
nitrogen, and the tubes sealed under vacuum. The samples 
were then introduced into the precooled probe of the spectro- 
meter. The carbon chemical shifts, assigned according to ref. 
29, are collected in Table 2. The linewidths in the absence of 
exchange were in the range 2-4 Hz, owing to the viscosity of 
the solutions at the low temperatures employed. The line- 
shape analysis was carried out with a two-site exchange pro- 
gram written for an Apple I1 computer connected to a plotter. 
The outputs were randomly checked against the DNMR 
programJo run on the CDC 7600 computing system of the 
University of Bologna. 
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