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An investigation of the conformational properties in the solid state and in solution of 2- and 3-p-anisoyl 
derivatives of thiophene and of benzo[b]thiophene, compounds ( Ib) and (Zb), and (3) and (4) 
respectively, is reported. X-Ray analysis of the compounds gave the following crystal data: (1 b) space 
group Pbca, a = 18.479(2), b = 11.450(1 ), c = 9.874(1) 8, Z = 8, R = 0.0438 for 1 61 1 observed 
reflections; (2b) space group Pbca, a = 46.245(25), b = 7.393(4), c = 6.195(3) 8, Z = 8, R = 
0.0435 for 1 153 observed reflections; (3) space group P2,2,2,, a = 14.039(2), b = 12.469(2), c = 
7.457(1) 8, Z = 4, R = 0.0697 for 1 871 observed reflections; (4) space group P 2,/a, a = 11 .I 38(5), 
b = 14.698(6), c = 7.764(5) 8, Z = 4, R = 0.0556 for 1 983 observed reflections. In each of the 
molecules the rings are twisted with respect to the carbonyl plane, the heterocyclic ring is less twisted 
than the phenyl ring, and this deviation from planarity is particularly evident in the 2-substituted 
derivatives (1 b) and (3). The orientation of the carbonyl group is of the S,O-cis and S,O-trans type in the 
2-substituted and 3-substituted compounds; the former derivatives show the presence of attractive 
interactions between the sulphur and oxygen atoms. The conformational properties in chloroform were 
studied with the n.m.r. lanthanide-induced shifts (LIS) method ('H and 13C nuclei were employed). The 
preferred conformation (ca. 70%) found for derivatives ( lb) and (3) is of the S,O-cis type, with the 
thiophene ring nearly coplanar with the carbonyl plane and the phenyl ring twisted. For derivative (2b) 
the preferred conformation in the equilibrium mixture is the S,O-trans type, yet in derivative (4) this 
conformation is almost exclusive. The heterocyclic and aryl rings show nearly the same degree of twist 
relative to the carbonyl plane. The conformational situation of derivatives (1 )-(4) is compared with that 
of the corresponding furan and benzo[b]furan derivatives, and close conformational behaviour is found 
for the 3-substituted compounds. MO Ab-initio calculations in the minimal STO-3G basis set were also 
performed on the 2- and 3-benzoyl derivatives of thiophene, chosen as model compounds of those 
under investigation, and the conformations of minimum energy were located in the potential energy 
surface. For the 2-substituted compound (la) the conformation of S,O-cis type was found to be the 
more stable conformer and a lower degree of twisting was found for the heterocycle than for the phenyl 
ring, in agreement with the experimental findings relative to compound (1 b). For the 3-substituted 
derivative (2a) the results of calculations showed that the two conformers of the S,O-cis and S,O-trans 
type differ only slightly in energy content, the former being predicted to be more stable, in contrast with 
the experimental behaviour found for derivative (2b). 

The conformational properties of carbonyl derivatives (alde- 
hydes and ketones) of five-membered aromatic heterocycles 
have received much attention; the relative orientation of 
the carbonyl oxygen and of the heteroatom X determines the 
existence of two conformers of X,O-cis and X,O-trans type. The 
geometrical features and population ratios of these conformers 
have been determined under different physical conditions. 

Since 1973, the preferred conformation of thiophene-2-carb- 
aldehyde in different solvents has been as the 

- 

t For Part 7. see reference 21. 
Suppiernentary data: (see Instructions for Authors, J. Chem. SOC., Perkin 
Trans., 1987, issue 1, pp. xvii-xix). Lists of H-atom co-ordinates, bond 
lengths and angles, and thermal parameters have been deposited at the 
Cambridge Crystallographic Data Centre. 

S,O-cis planar type ( > 90%). The same experimental behaviour 
has been found9." for the corresponding benzo derivative. For 
2-acetylthiophene the almost exclusive presence of the S,O-cis 
form, planar or nearly planar, is widely accepted,' and from 
low-temperature n.m.r. measurements this conformer appears 
to be present in amounts greater than 95%. Even in the case 
of the 2-pivaloyl derivative the conformation of S,O-cis type 
is preferred and the molecule seems only slightly distorted 
from planarity.3," The S,O-cis conformation is also largely 
preferred for 2-acetylbenzoCblthiophene. The higher stability 
of the S,O-cis conformer is determined by x-conjugative effects 
and, since this form is associated with greater polar character, 
its population is not expected to show any significant change 
on increasing the solvent polarity.'2 

For the 3-formyl and 3-acetyl derivatives of thiophene the 
S,O-trans conformer appears slightly more stable l 2  and in 
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solution an equilibrium is established between the conformers. ' 
Benzo[b]thiophene derivatives show a large preference for the 
S,O-trans form. 

The planar conformation of the aroyl derivatives of five- 
membered heterocycles is sterically hindered ' and one or both 
rings adopt a twisted orientation with respect to the carbonyl 
plane. Five-membered heterocycles are assumed ' 3 7 1 4  to have a 
higher conjugative ability with the C=O group than the phenyl 
ring and a higher degree of coplanarity is thus expected for the 
heterocyclic rings. For 2-benzoylthiophene the results of a 
number of investigations indicate that in solution the molecule 
has a preferred S,O-cis orientation 1,15-'9 and the phenyl ring 
is more twisted than the 2-thienyl ring with respect to the 
carbonyl plane. The solid-state structure of closely related 
systems 2o confirms this preferred molecular orientation, the 
thienyl ring being almost coplanar and the phenyl ring severely 
twisted. 

For 3-benzoylthiophene an equilibrium mixture of S,O-cis 
and S,O-trans forms exists in solution, and, in general, a higher 
degree of twist has been attributed to the phenyl ring, although 
these results have only led to qualitative conformational 
conclusions for this compound. 

In a previous paper we have studied 2 1  the conformational 
properties of aroyl derivatives of furan and benzo[b]furan in 
the solid state and in solution; the conformational preference of 
2-substituted derivatives differs in the single ring with respect to 
the benzo condensed system and under different physical con- 
ditions, though for 3-substituted compounds benzo condens- 
ation determines only shifts in the conformer populations of the 
aqueous equilibrium, their relative stability being preserved. 

We now discuss the conformational properties of the 2- and 
3-p-anisoyl derivatives of thiophene and benzo[b]thiophene 
under different physical conditions and compare our results 
with those obtained for the corresponding derivatives of furan 
and ben~o[b]furan.~ ' 

Results 
The strategy adopted to investigate the conformational 
properties of the aroyl derivatives of thiophene and benzo[b]- 
thiophene (1)-(4) has been described.21 In the solid state 
X-ray crystallographic analysis was used, whereas in solution 
the n.m.r. lanthanide-induced shifts (LIS) method 2 2  was 
employed. Derivatives (lb), (2b), (3), and (4) were chosen for 'H 
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measurements since they have simple spectra. The presence of a 
substituent (R) in the phenyl ring is not assumed to significantly 
effect the conformational preference of the two rings of com- 
pounds (lb) and (2b), in accord with results €or p-substituted 
ace top hen one^.^^ The choice of compounds ( la )  and (2a) for 
theoretical calculations was dictated by molecular size re- 
strictions in relation to the time-consuming procedures neces- 
sary for constructing the potential energy surfaces of these 
molecules. 

X-Ray Analysis.-Bond distances, bond angles, and inter- 
atomic distances for derivatives (lb), (Zb), (3), and (4) are given 
in Table 1 and the ORTEP drawings of the molecules are 
represented in Figure 1. 

In these molecules the 0-methyl group assumes an s-trans 
orientation with respect to the carbonyl oxygen and is nearly 
coplanar (twist angles within 4.5 and 12.3') with the phenyl ring, 
as occurs in an is ole^,^^ where a certain degree of conjugation 
between the ring and the methoxy substituent is present. This is 
also evidenced by the C-C bond distances in the phenyl ring, 
the C(ortho)-C(meta) bond being shorter than the others. 
The hydrogen atoms of the methoxy group assume a staggered 
conformation relative to the ortho-hydrogen atom of the ring. 
The carbonyl group is nearly planar as the central carbon atom 
forms sp2 trigonal bonds. The two bond angles made by the 
rings with the exocyclic C-C(0) bond are very close to each 
other in the case of 3-substituted compounds (2b) and (4), while 
in the 2-substituted derivatives the angles S( l)-C(2)-C(6) in 
(lb) and S(l)-C(2)-C(8) in (3) are significantly smaller than 
the corresponding C(3)-C(2)-C(6) and C(3)-C(2)-C(8) bond 
angles. The phenyl ring makes slightly different angles with the 
C-C(0) bond which is thus not coincident with the binary axis 
passing across the ring: this situation is common to the four 
compounds examined and to the corresponding derivatives 21 of 
furan and benzo[b]furan. The exocyclic C-C(0) bond distances 
become shorter as the angle of twist of the ring with respect to 
the carbonyl plane decreases in a roughly linear trend, and with 
values that are close to that of a pure C(sp2)-C(sp2) bond 
(1.487 A). 

An approximate planar situation is found for the atoms of the 
rings while their planes are twisted with respect to the carbonyl 
plane. The heterocyclic ring is less twisted than the phenyl ring 
and the 2-substituted ring displays greater coplanar character 
than the 3-substituted rings. The conjugative ability of the 
thienyl ring, especially in the 2-position, is greater than that 
of the phenyl ring,13.14 and may explain these structural 
differences. The two rings are rotated in the conrotatory sense, 
as occurs for the phenyl rings of the benzophenone~.~~ 

In the solid state compounds (lb) and (3) adopt the S,O-cis 
orientation; this conformation has also been found 26-28  for 
2-formyl- and 2-acetyl-4-bromothiophene in the solid state. 
Derivatives (2b) and (4) exist in the S,O-trans orientation. 

A number of attractive interactions have been found by 
examining the interatomic distances between non-bonded 
atoms; in compounds (lb) and (3) these include S(l) 9 O(7) 
[2.918(2) A] and S(l) - - -  O(9) [2.877(5) 813 and in com- 
pounds (2b) and (4) H(4)m-e O(7) [2.73(3) A] and 
H(4)e. O(9) [2.58(3) A]. For compounds (lb) and (3) the 
S 0 distance is significantly smaller than the sum of van 
der Waals radii (3.3 A) and this is assumed29 to be indicative 
of the presence of attractive interactions. These interactions 
cannot take place in the 3-substituted derivatives (2b) and (4) 
where, nevertheless, there occur those of C-H 0 . 0  type 
which can act as weak hydrogen bonds.30 

Packing energy calculations, performed with the OPEC 
show that the groups attached to the central C=O 

carbonyl adopt positions of minimum steric interaction. As is 
found for the analogous series of fury1 derivatives,21 the total 
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Table 1. Comparison of bond distances (A), angles ("), and torsions (") in the four thiophene derivatives. i = ipso, o = ortho, m =meta, p = para. 
Benzo a, j3, y are for the position of the C-C bonds in the benzo ring with respect to the junction with the thiophene ring 

C(2)-C(6)-0( 7) 
C(3)-C(6)-0(7) 
C(8F(6)-0(7) 
C(2kC(6)-C(8) 
C(3)-C(6)-C( 8) 
C(6)-C(2)-S( 1) 
C(6W(3)-C(2) 
C(6)-C(2)-C( 3) 
C(6)-C( 3)-C(4) 
C(6)-C( 8)-C(9) 
C(6)-C(S)-C( 13) 
C(lO)-C(11)-0(14) 
C( 12)-C( 1 1 )-O( 14) 
C( 1 1)-O( 14)-C( 15) 

S( 1 )-C( 2)-C( 3) 
C(2)-S( 1)-c(5) 

C( 2)-C( 3)-C(4) 
C(3)-C(4)-C(5) 
C(4)-C(S)-S( I )  

S( 1 )-C(2)-C(6)-0( 7) 
C(4)-C( 3)-C( 6)-O( 7) 
C(13)-C(8)-C(6)-0(7) 
C(9)-C(8)-C(6)-0(7) 
C( 10)-C( 1 1)-O( 14)-C( 15) 
C( 1 2)-C( 1 1 )-O( 14)-C( 1 5) 

(1b) (2b) 
1.7 1 8( 2) 1.704(4) 
1.703(2) 1.688(4) 
1.389(3) 1.365(4) 
1.352(3) 1.377( 5) 
1.41 5(3) 1.41 5(5) 

C-O(carbony1) 
C(thiop.)-C(carbony1) 
C(phen.)-C(carbon y I )  
C,-C,(phen.) 
C,-C,(phen.) 
C,-C,(phen.) 
C-O(Me) 
O-Me 

1 19.3(2) - 

121.2(2) 120.1 (3) 
119.5(2) - 

1 17.8( 1) - 

130.8(2) - 

- 1 19.0(3) 

- 120.9(2) 

- 126.0(3) 

- 122.4( 3) 
123.8(2) 118.4(2) 
118.5(2) 1 23.7( 3) 
1 24.5( 2) 115.6(3) 
1 15.9(2) 124.4( 3) 

117.8(2) av. 
92.0(4) av. 

11 1.3(2) av. 
11 1.5(2) av. 
113.1(2) av. 
1 11.9(7) av. 

(C-C-C),( phen.) 
(C-C-C),(phen.) 
(C-C-C),(phen.) 
(C-C-C),(phen.) 

12.2(2) - 
- 22.1(5) 

30.4(3) - 150.4(3) 
- 147.3(2) 26.7(4) 
- 12.3(3) - 175.7(3) 
169.4(2) 4.5( 5) 

Compd. (3) 
S( 1 )-C(2) 1.737(6) 
S( 1)-C(7a) 1.730(6) 
C(2)-C(3) 1.375(8) 
C( 4a)-C( 7a) 1.4 1 8(9) 
C( 3)-C(4a) 1.439(8) 

1.223(4) av. 
1.476(2) av. 
1.483(2) av. 
1.398(3) av. 
1.378(4) av. 
1.400(2) av. 
1.367(2) av. 
1.434(5) av. 

C-C(benzo, a) 
C-C(benzo, p) 
C-C(benzo, y) 
C( 2)-C( 8)-0 (9) 
C(3)-C( 8)-0(9) 
C( 1 0)-C( 8)-O( 9) 
C(2)-C(8)-C( 10) 
C(3)-C(8)-C( 10) 
C(8)-CWS(l) 
C( 8)-C( 3)-c(2) 
C(8)-C(2)-C(3) 
C( 8)-C( 3)-C(4a) 
C(8)-C( lO)-C( 11) 
C( 8)-C( 1 0)-C( 15) 
C( 12)-C( 13)-O( 16) 
C( 14)-C( 13)-O( 16) 
C( 13)-O( 16)-C( 17) 
C(2)-S( 1)-C(7a) 
S(l)-C(2)-C(3) 
C(2)-C( 3)-C(4a) 
C( 3)-C(4a)-C( 7a) 
C(4a)-C(7a)-S( 1) 

120.1(3) av. 
121.3(2) av. 
119.5(2) av. 
118.2(3) av. 

S( l)-C(2)-C(8)-0(9) 14.5( 8) 
C (4a)-C( 3)-C( 8)-0 (9) 
C( 15)-C( lO)-C(8)-0(9) 28.1(9) 

- 

C( 1 1)-C( 10)-C(8)-0(9) 
C( 12)-C( 13)-O( 16)-C( 17) 5.2(10) - 
C(14)-C(13)-O(l6)-C(17) - 176.7(7) 

- 146.6(7) 

(4) 
1.702( 2) 
1.727(2) 
1.348(3) 
1.392(3) 
1.452(3) 

1.394(3) av. 
1.365(6) av. 
1.382(3) av. 

118.3(6) - 

121.4( 5) - 

1 16.4(4) - 

130.6(6) - 

- 120.2(2) 
120.3(5) 120.2(3) 

- 119.5(2) 

- 123.3(2) 

124.5(2) 
123.2(5) 117.9(2) 
118.4(5) 123.1(2) 
125.2(5) 115.1(2) 
1 14.4(5) 124.2(2) 

117.2(3) av. 
92.0( 1) av. 

113.6(4) av. 
11 1.7(2) av. 
112.0(2) av. 
110.9(2) av. 

- 

- 

- 18.1(3) 
144.8( 2) 
- 33.0(3) 
- 177.1(2) 

5.0(3) 

Table 2. 'H N.m.r. chemical shifts (6 values) in compounds (lb) and (2b) recorded in [T2H]chloroform. The AMs are the LIS values and refer to 
Yb(fod), 

Compd. 2-H 3-H 4-H 5-H 2'-H 3'-H OMe 
6 7.65 7.13 7.69 7.91 6.99 3.87 

- 21.98 6.06 5.30 29.29 5.53 2.02 a 

6 7.86 - 7.57 7.34 7.86 6.94 3.86 
AM 22.03 - 23.64 4.74 29.39 6.06 2.23 a 

- m )  A M  

(2b) 

a Not employed in LIS simulation. 

intermolecular non-bonded energy increases by rotating the 
thienyl (or benzocblthienyl) groups (with the approximation 
of maintaining the remainder of the molecule and all adjacent 
molecules at rest) reaching maxima after 80" and 260" rotations 
and a minimum after 180" rotation in the case of compounds 
(lb),  (2b) and (3). For the benzo derivatives these two maxima 
are exceedingly high and positive, and in the case of compound 

(4) this situation of very high positive values of energy is found 
over the whole angular region from 10-350". 

Results from N.M.R. LIS Simulation.-The 'H and I3C 

chemical shifts and LIS values for compounds (3) and (4) have 
been reported p r e v i ~ u s l y . ~ ~  The 'H and I3C chemical shifts of 
compounds (lb) and (2b) recorded in [2H]chloroform are given 
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Table 3. I3C Chemical shifts (6 values) in compounds (lb) and (2bH) recorded in [2H]chloroform, LIS values AM due to Yb(fod), and corrected 
(AM - AD) for the complexation shift 6,33 in the presence of La(fod), 

Compd. c - 2  c-3 c-4 c -5  c-1' c-2' c-3' c-4' c=o 
6 143.92 133.91 127.75 133.32 130.83 131.60 113.76 163.19 186.76 

50.33 28.57 11.78 13.14 51.35 30.24 11.50 10.26 113.57 
53.72 24.34 11.78 9.97 53.12 28.05 11.50 8.75 110.61 

(2b) 6 132.65 141.65 128.72 125.96 131.28 131.83 113.70 163.21 188.79 
AM 30.73 52.43 28.20 11.28 5 1.49 30.63 11.98 10.65 117.13 
AM - AD 24.69 54.77 26.75 11.28 53.98 27.77 11.98 8.9 1 113.04 

(Ib) AM 
AM - AD 

Table 4. Results of LIS simulation: molecular geometry parameters for the complexes and conformational properties for derivatives (Ib), (2b), 
(3), and (4) 

Con formational 
anglesb (") 

Sum-Diff. Population <-*-, 
Compd. R C I Y S , .  (P-P-mJ R (A) cp w s endo 8 Y % 
Ilb) 0.022 0.85 2.80 70 155 3 427 50 0 33 70 

180 33 30 

12b) 0.028 1.15 2.85 55 160 3 475 60 30 30 40 
150 30 60 

(3) L- 0.02 1 0.67 2.70 90 155 3 147 45 0 30 65-70 
180 30 35-30 

(4) 0.030 1.03 2.75 65 165 2 968 20 150 33 100 

' For the symbols see references 6, 33, and 34. These angles are defined in Figure 2; estimated error & 10". ' Results from reference 32. 

in Tables 2 and 3 together with pseudocontact shifts ( A M )  
obtained in presence of Yb(fod), and corrections for complex 
formation 6,33,34 (AD) on ' 

The close values of the difference in the chemical shifts from 
the parent heterocycles35 found for 3-H, C-2, and C-3 in com- 
pounds ( lb)  and (3), and of 2-H, C-2, and C-3 in compounds 
(2b) and (4) and of the carbon atom of the carbonyl group, 
suggest that the presence of the condensed benzene ring does 
not affect the basic conformational trend in solution of the 
carbonyl group in 2- and 3-substituted derivatives. The low- 
iield shift induced35 by the C=O group on 3-H (0.6 p.p.m.) in 
compounds (lb) and (3), and on 2-H (0.6 p.p.m.) in com- 
pounds (2b) and (4), indicate a preferred S,O-cis and S,O-trans 
orientation in the former and latter compounds respectively, 
since higher shifts would be expected on these protons from the 
opposite orientation. From an approximate formulism 36 the 
contribution from the magnetic and electric dipoles of the C=O 
group to the screening constant of the protons can be derived. 
The calculated values of these contributions as a function of the 
angle of rotation defined in Figure 2, can be employed for a 
qualitative estimate of the conformation of the carbonyl group 
in derivatives (1)-(4). From the contribution to the screening 
of 3-H in derivatives ( lb)  and (3) the information obtained is 
inconclusive, since the experimental low-field shift is compatible 
both with the presence of 90-100% of the planar S,O-cis form 
and with lower amounts of this form distorted from planarity. 
In derivatives (2b) and (4) the contributions to the screening 
constants of 2-H and 4-H indicate that the S,O-trans conformer, 
slightly distorted from planarity (0-30"), is greatly preferred. 

The LIS simulation procedure employed for obtaining con- 
formational information has been used in our previous work 3 2  

and is derived from literature  source^.^,^^,^^ The molecular 
geometry employed has been derived experimentally; minor 
changes in Rcrys,. (which indicates the best agreement between 
calculated and experimental values) and in the conformational 
conclusions are caused by choosing standard bond lengths and 
bond angles for the rings. Lanthanide-induced shifts ( A M )  for 

shifts using La(fod),. 

'H and 13C were measured on the same sample. The LIRAS-3 
computer program 34 was employed in the 'four-site' axially 
symmetric complexation model. 

The conformational results from the LIS approach are 
collected in Table 4, where the symbols are those adopted from 
previous papers. 6*3  2-34 

Compound ( lb)  in ['H]chloroform indicates the presence of 
an equilibrium mixture of the S,O-cis and S,O-trans conformers, 
the S,O-cis form being preferred. The heterocyclic ring and the 
carbonyl plane are almost coplanar, yet Rcryst. changes only 
slightly by varying 8 up to 15". The phenyl ring is twisted 33". 
The conformational situation of compound ( lb)  is very similar 
to that of compound (3), as can be verified in Table 4. 

For compound (2b) an equilibrium between the two distorted 
conformers is established, in which each ring is twisted about 
30" with respect to the carbonyl plane, and the S,O-trans form is 
slightly preferred. Comparison with compound (4) shows that 
in the latter the preferred and the exclusive (ca. 100%) con- 
former is of the S,O-trans type despite the degrees of distortion 
of the rings being close in both compounds (see Table 4). This 
difference in the position of the conformational equilibrium in 
compounds (2b) and (4) has also been found in the corres- 
ponding derivatives of the oxygen heterocycles.2 

Results .from Theoretical Calculations.-Total molecular 
energy of model compounds ( l a )  and (2a) was calculated on a 
CRAY-X-MP 12 computer using the Gaussian-82 program., 
Only the STO-3G minimal basis set was adopted, since 
molecular size prevented any further basis expansion. 

The potential energy surface was constructed with the pro- 
cedure previously described '' by employing energy values 
calculated in 30" steps by changing the 8 and y angles defined 
in Figure 2 in the intervals: 0" < 0 \< 360°, 0" \< y 6 180". 
Geometry relaxation was allowed only for the parameters 
relative to the carbonyl group and was performed on the 
molecular conformations corresponding to the energy minima 
of the energy surface.21 The geometries of the thienyl and phenyl 
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Figure 2. Definition of the angles of rotation 0 and y of the two rings 
around the exocyclic C-C(0) bonds in derivatives (1) and (2): the all- 
planar situation depicted corresponds to 0 = y = 0" 

rings are those optimized for thiophene-2-carbaldehyde 38 and 
for benzophenone.2' Four conformers are thus obtained, which 
represent two pairs of enantiomers. 

In derivative (la) both rings are twisted relative to the 
carbonyl plane, the angle of twist being greater for the phenyl 
ring. The two rings in derivative (2a) are almost equally rotated 
but the phenyl ring is slightly more twisted. Further, the angle of 
twist of the 3-thienyl ring is greater than that of the 2-thienyl 
ring. These results show that the degree of twist has an order 
inverse to that of the conjugative properties of the rings 1 3 , 1 4  

and are in agreement with the trend of the conformational 
properties previously assigned ' -15-'9 to these compounds. 

The relative energy content of the two conformers of com- 
pound (la) shows that the S,O-cis conformer is the more stable 
form ( A E  = 2.87 kJ mol-'), in agreement with the experimental 
behaviour,'.' though the energy difference is probably 
underestimated. Even for compound (2a) the S,O-cis conformer 
is slightly more stable ( A E  = 1.10 kJ mol-') than the S,O-trans 
form. Experimental evidence ' on 3-formyl- and 3-acetyl-thio- 
phene indicates that small energy differences occur between the 
two conformers, but that the S,O-trans form is the more stable. 
The two conformers of thiophene-3-carbaldehyde have almost 
identical energy content from ah-initio MO calculations in the 
STO-3G basis the S,O-trans form being only slightly 
more stable (0.26 kJ mol-'); this relative stability increases when 
larger basis sets are employed.* Thus, considering that the 
experimental results relative to compounds (2b) and (4) show 
that the S,O-trans form is the exclusive conformer present in the 
solid state and the one preferred in solution, and in view of the 
theoretical results obtained for 3-benzoylfuran 2 1  which show 
that the calculated relative stability of the conformers of this 
compound is incorrectly predicted in the STO-3G approach, it 
appears that the higher stability of the S,O-cis form of com- 
pound (2a) is most probably an artifact due to the employment 
of contracted basis sets in the calculation of the energy content 
of this molecule. Unfortunately the large molecular size does not 
allow the basis set to be expanded in order to' verify this point. 

Discussion of the Results and Conclusions 
Comparison of the results allows a number of conclusions to be 
drawn on the conformational properties of aroyl derivatives of 
thiophene and benzoCblthiophene. 

For compounds (lb) and (3) the S,O-cis orientation is pre- 
ferred in the solid state and in solution, with the heterocyclic 
ring nearly coplanar or only slightly distorted from coplanarity 
with the carbonyl bond. In solution, an equilibrium between the 
two conformers is found, the S,O-cis form being preferred. 
Theoretical calculations on the model compound (la) also show 
that the S,O-cis form is the more stable conformer, with the 

* Results not yet published from our laboratories relative to thiophene- 
3-carbaldeh yde. 

thienyl ring less twisted than the phenyl ring, in agreement with 
the experimental results relative to compound (lb). Thus, the 2- 
aroyl derivatives of thiophene and benzo[b]thiophene show 
very similar conformational properties. For the corresponding 
furan and benzo[b]furan derivatives, inversion of the 0,O- 
orientation has been found2' in the solid state and has 
been attributed to different packing requirements of the two 
molecules in view of the small difference in the energy content of 
the conformers and of their different polarity. In the solid state, 
it seems that repulsive and attractive interactions are of the 
utmost importance in determining the relative orientation of the 
ring heteroatom (S and 0) and of the carbonyl oxygen of these 
molecules; the S,O-cis orientation of the 2-aroyl derivatives of 
thiophene and of benzo[b]thiophene corresponds to attractive 
interactions between the S and 0 atoms, evidenced by the short 
S . . .  0 non-bonded distance. This is probably one of the 
factors contributing to the almost exclusive presence of the 
more stable and more polar S,O-cis form in solution, even 
though this kind of interaction appears insignificant on the 
basis of the charge density on the sulphur and oxygen atoms 
calculated 39 with the CND0/2  method in thiophene-2-carb- 
aldehyde. The ab-initio total charge densities S( + 0.273) and 
0(-0.223) of the S,O-cis conformation of compound (la) 
favour the presence of an attractive electrostatic interaction. 

The solid-state orientation of compounds (2b) and (4) is of 
the S,O-trans type and the angle of twist of the heterocycle is 
smaller than that of the phenyl ring but still greater than that of 
the 2-substituted rings. In solution, the S,O-trans form, with an 
almost equal degree of twist for the heterocycle and phenyl ring, 
is still the more stable conformer. Theoretical calculations on 
the model compound (2a) do not reproduce the experimental 
stability trend of these molecules even though the twist of the 
rings is in agreement with that found in the solid state. In 
[2H]chloroform compounds (2b) and (4) differ in the amount of 
the S,O-trans conformer; almost exclusive for compound (4). 
The same situation has been revealed 2 1  for the corresponding 
derivatives of the oxygen heterocycles and the explanation 
given for those compounds 2' should apply here. It thus appears 
that 3-substituted derivatives of condensed five-membered 
heterocycles and of naphthalene 40 have qualitatively similar 
structural properties which favour the X,O-trans orientation 
of the carbonyl group. For compound (2b) and the analogous 
furan derivative " preference for the X,O-trans form in solution 
reflects the higher stability of this conformer which should be as 
well the form associated with lower polar character. This is 
expected on the basis of the experimental behaviour found for 
the corresponding formyl and acetyl but it is not 
predicted by M O  ah-initio calculations in the minimal basis set. 
Studies of the medium effect on the conformational equilibrium 
of these compounds could probably throw light on this point. 

Experimental 
Compounds.-2- and 3-(p-anisoyl)thiophene (lb) and (2b),41 

2- and 3-(p-anisoyl)benzo[b]thiophene (3) and (4) 42 were 
prepared according to literature methods. Samples for X-ray 
analysis were obtained by slow crystallization of the pure 
products from cyclohexane (lb), hexane (2b), and 95% ethanol 
(3) and (4). 

Crystal Structure Analysis.-Data concerning the crystal 
structure analysis are reported in Table 5. The lattice para- 
meters were determined by measuring numbers of accurately 
centred reflections at high 0 by using the Cu-K,, (h = 
1.540 562 A) radiation at room temperature (294 K). For all 
the compounds, intensity data were collected on a SIEMENS 
AED diffractometer using the Cu-K; radiation, and the 8-28 
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Table 5. Experimental data for the crystallographic analyses 

Compound 
Formula 
M 
Space group 
a/.$ 
blA 
CIA 
PI” 
~ 1 ~ 3  

z 
DJMg m-3 

CK 
Reflections for lattice number 

F ( o w  
Crystal size/mm 
p/mm-’ 
Extinction param. g 
0 range/“ 
h range 
k range 
I range 
Standard reflection 
Intensity variation 
No. of measured reflections 
Conditions for observed reflections 
No. reflections used in refinement 
R(int) 
Max. L.S. shift to error ratio 
Min./max. height in final Ap/e A3 
No. of refined parameters 
R = CIAFI/CIFol 
R‘ = [CW(AF)~/CWF~]* 

parameters I- 0 range/” 

S = [CW(AF)’/(N - P)]’* 
k g (w = klto2(Fc) + gF@) 

(Ib) 
C12HlOO2S 

2 18.27 
Pbca 

18.479(2) 
11.450(1) 
9.874( 1) 

90 
2 089.2(4) 

8 
1.388 
184.5 

1 476.2 
2 18.5 
61 3.0 
0.707 

30 
20-38 

912 
0.27 x 0.31 x 0.51 

2.500 
6.0(1) x 

3-70 
0122 
0113 
0112 
0 6 2  
None 
4 403 

1611 
0.04 1 
0.11 

-0.44/0.19 
176 

0.0438 
0.0708 
0.5910 

1.0,0.0141 

z > 20(Z) 

* P = number of parameters, N = number of observations. 

Pbca 
46.245(25) 

6.195(3) 
90 

2 118(2) 
8 

1.369 
182.4 

1 529.4 
216.7 
658.6 
0.689 

30 

912 
0.25 x 0.27 x 0.30 

2.466 

7.393(4) 

21-39 

2.3(2) x 

0149 
0/8 
0/7 

2 8 2 0  
None 
4 736 

z > 30(Z) 
1153 
0.01 5 
0.57 

176 
0.0435 
0.0647 
0.3 193 

0.26,0.1016 

3-70 

- 0.17/0.08 

(3) 
cl 6H1202S 

268.33 
p2  121 2 1 
14.039(2) 
i2.469(2 j 
7.457( 1) 

90 
1 305.2(4) 

4 
1.365 
226.9 
950.3 
262.6 
397.6 
0.695 

30 

560 
0.20 x 0.24 x 0.35 

2.104 

22-37 

5.6(5) x 
3-70 

- 16/17 
0/15 
0/8 
4 5 1  
None 
2 800 

I > 30(I) 
1871 
0.019 
0.05 

-0.31/0.13 
220 

0.0697 
0.0888 
1.2269 

1 . 0 , 0 . m  

(4) 
C16H1 2°2s 

268.33 

11.138(5) 
14.698(6) 
7.764(5) 

90.86(2) 
1271(1) 

4 
1.402 
229.0 
915.9 
264.0 
355.1 
0.721 

30 
26 -40  

560 
0.19 x 0.26 x 0.35 

2.161 

p2  1 la 

8.7(2) x 
3-70 

- 13/13 
0/17 
019 
8 0 2  
None 
2 712 

I > 30(z) 
1983 
0.020 
0.09 

- 0.49/0.30 
220 

0.0556 
0.0768 
0.4047 

1.0,0.0384 

scan mode, scan speed 3-12” min-’, scan width 1.2 + 
A?+ tan 0). The individual reflections profiles were analysed 
following the method of Lehman and La r~en ;~  and the 
intensity data were corrected for Lorentz and polarization 
effects, but not for absorption. Extinction was considered 
according to Z a c h a r i a ~ e n . ~ ~  

The structures were solved by the direct methods imple- 
mented in the SHELX 7645 program and refinements were 
carried out by full-matrix least squares using the same program, 
anisotropically for the non-hydrogen atoms, isotropically for 
hydrogens whose starting co-ordinates were obtained from AF 
calculations. For compound (3), whose space group is polar, the 
attempts made to define the absolute polarity did not give 
reliable results, the intensity data being insufficiently accurate 
to give significant differences due to the anomalous scattering 
effects. 

Crystal packing analysis was carried out using the OPEC 3 1  

program. The molecular volume V,, the total volume occupied 
in the cell V,,,, the free volume V,,,,, and the Kitaigorodski46 
packing coefficient C,, of the four compounds are compared in 
‘Table 5. 

Thermal motion was analysed in terms of the rigid-body 
LTS method of Schomaker and Tr~eblood.~’  Acceptable fits of 
Uijs are obtained for compounds (lb) (Rwu = [ Z ( W A U ) ~ /  
C ( W U ~ ) ~ ] *  = 0.096) [AU = Uij(obs.) - Uij(calc.)], (2b) 

(Rwu = 0.098) and (3) (Rwu = 0.094), while for compound (4) 
(Rwu = 0.155) the agreement is rather poor, indicating that 
internal motions are relevant particularly for this last compound. 

The corrections for bond distances due to vibrational motion 
are in the range 0.001--0.011, av. 0.004 and do not change the 
observed trends so the discussion based on the data of Table 1 
need not consider these corrections. 

The atomic scattering factors were taken from reference 48. 
The final atomic co-ordinates are quoted in Table 6. The 
calculations were performed on the GOULD-SEL 32/77 com- 
puter of the ‘Centro di Studio CNR per la Strutturistica 
Diffrattometrica’ (Parma). In addition to the quoted programs, 
LQPARM,49 PARST,” THMV,” ORTEP,” and PLUTO 53 

programs have been used. 

N.M. R. Measurements.-The spectra were recorded at 
200.058 MHz for ‘H and 53.3088 MHz for I3C by employing a 
Varian XL-200 spectrometer. The shift reagent employed is 
Yb(fod), dried in vacuo on phosphorus pentaoxide, added in 
known and increasing amounts to [2H]chloroform solutions 
( 0 . 3 ~ )  of the substrate examined. The maximum molar ratio 
between Yb(fod), and the substrate was 0.1. The experimental 
LIS values were measured on the same sample. The correlation 
coefficients for the plots relating chemical shifts to the 



1858 J. CHEM. SOC. PERKIN TRANS. 11 1987 

Table 6. Atomic fractional co-ordinates ( x  lo4) 

I 

X 

2 914(0) 
3 494( 1) 
3 377(1) 
2 815(1) 
2 523( 1) 
3 972(1) 
3 860( 1) 
4 563(1) 
4 955( 1) 
5 511(1) 
5 681(1) 
5 304( 1) 
4 762( 1) 
6 214(1) 
6 527( 1) 

7 
X 

-3 257(1) 
-2 176(4) 
-2 169(4) 
- 3 068(4) 
-3 333(5) 
-4 230(5) 
-4 873(5) 
-3 731(4) 
-4 640(4) 
- 1 428(4) 
-1 654(4) 
- 420(4) 
- 4(4) 
946(4) 

1491(4) 
1091(5) 

153(5) 
2 435(3) 
2 910(6) 

Compound (1 b) 
A 

Y 
1 606(1) 
1674(2) 

752(2) 
1 W )  

362(2) 
2 701(2) 
3 551(1) 
2 704(2) 
1710(2) 
1759(2) 
2 825(2) 
3 834(2) 
3 771(2) 
2 976( 1) 
1955(2) 

Compound (3) 

- 
z 

2 972(1) 
4 328(2) 
5 216(2) 
4 758(3) 
3 570(2) 
4 437(2) 
3 708(2) 
5 45 l(2) 
5 824(2) 
6 761(2) 
7 367(2) 
6 985(2) 
6 045(2) 
8 306(2) 
8 898(3) 

Y 
-2 765(1) 
-3 153(4) 
- 4 206(5) 
-4 725(4) 
- 5 786(5) 
-6 125(6) 
- 5 430(7) 
-4 033(5) 
-4 382(6) 

-1 398(3) 
-2 620(4) 
-3 576(5) 
-3 783(5) 
- 3 037(5) 
- 2 072( 5) 
-1 867(5) 
-3 153(4) 
-4 084(8) 

-2 335(5) 

z 
1 307(3) 
2 233(9) 
2 780( 1 1) 
2 448(10) 
2 809( 1 1) 
2 366(12) 
1 543(12) 
1 599(10) 
1 158(12) 
2 297(10) 
2 050(9) 
2 675(9) 
2 109( 11) 
2 454( 1 1) 
3 296(10) 
3 870(13) 
3 504( 13) 
3 706(8) 
3 091(19) 

Compound (2b) 

X 

376(0) 
729(1) 
769( 1) 
505(1) 
273( 1) 

1 043( 1) 
1033(1) 
1 326(1) 
1 562(1) 
1831(1) 
1 877(1) 
1 648(1) 
1 375(1) 
2 156(0) 
2 219(1) 

I 

X' 

1 436( 1) 
2 495(2) 
3 461(2) 
3 345(2) 
4 108(2) 
3 802(2) 
2 750(2) 
2 277(2) 
1984(2) 
4 566(2) 
5 532(1) 
4 503(2) 
5 469(2) 
5 473(2) 
4 516(2) 
3 547(2) 
3 547(2) 
4 639(2) 
3 656(3) 

Y 
- 540(2) 
- 644(4) 

20(4) 

- 5(4) 
- 22(4) 
- 49(4) 
- 856(4) 
- 859(4) 

-31(4) 

633(5) 
425(5) 

776(4) 
733(4) 
- 92(3) 
836(8) 

Compound (4) 

z 
615(2) 

1391(5) 
3 426(4) 
4 328(5) 
2 962(6) 
4 665(4) 
6 614(4) 
3 543(4) 
4 603(5) 
3 709(5) 
1712(4) 

629(5) 
1 542(4) 

955(3) 
- 994( 7) 

Y 
777(0) 

5(1) 
379(1) 

1360(1) 
1 999( 1) 
2 904( 1) 
3 202( 1) 
1 672(1) 
2 597(2) 

256(1) 
- 134(1) 

-1 136(1) 
- 1 662(2) 
- 2 588( 1) 
-3 018(1) 
-2 512(1) 
- 1 574(1) 
- 3 938( 1) 
-4 416(2) 

z 
637(1) 

1261(3) 
2 05 l(2) 
2 187(2) 
2 943(3) 
2 903(3) 
2 126(3) 
1442(2) 
1388(3) 
2 465(3) 
2 543(3) 
2 696(2) 
2 11 l(3) 
2 318(3) 
3 165(2) 
3 775(3) 
3 516(3) 
3 376(2) 
4 162(4) 

lanthanide/substrate ratio were always found 2 0.999 and the 
intercepts identical to the unshifted spectra. 
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