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Halogen and Hydrogen Bonding Benzothiophene Diol 
Derivatives: A Study Using ab initio Calculations and X 
Ray Crystal Structure Measurements 
Enzo Cadoni,"!" Giulio Ferino/al Patrizia Pltzanti.'" Francesco Secci}al Claudia Fattuont.'" 
Francesco Nicolò.!" and Giuseppe Bruno*lbJ 

The aim of this study is to describe and compare the supra 
molecular interactions, in the solid state, of chloro-, brorno-, 
and iodobenzothiophene diols. The compounds were obtained 
through organocatalyzed reactions starting from 3substituted 
halobenzothiophene carbaldehydes. Energies of the noncova 
lent interactions were obtained by density functional theory 
calculations. Bond distances and angles were found to be in 
accordance with those determined by Xray structure analysis. 

lntroduction 

lntermolecular interactions are of fundamental importance for 
supramolecular assembly and consequently for the properties 
of organic and inorganic compounds, in view of their use as 
technological materials, drugs, or biologically active molecules. 
Halogen bonding, which is a noncovalent interaction in which 
a halogen acts as electrophile with respect to heteroatoms or 
n-bond electrons, has received particular attention among 
those studying supramolecular interactions. Halogen bonding 
was discovered in the 19th century; its study was resumed in 
the 1940s by Benasi and Hlldebrand.!'' and then rationalized by 
Hassel121 during the 1970s. However, it has only been within 
the last two decades that halogenheteroatom interactions 
have received significant attention, as demonstrated by the 
growing number of publications on this topìc.?' The nature of 
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antiBromobenzothiophene derivatives showed strong halo 
gen···Jt interactions between bromine and the heterocyclic 
phenyl ring, corresponding to an energy of 7.5 kcal mol 1• syn 
Bromo and syniodo derivatives appeared to be isostructural, 
showing X···O (carbonyl) interactions, rt stacking, and forma 
tion of extended hydrogen bonding networks. In contrast, the 
chloro derivatives displayed no halogen bonding interactions. 

the halogen bond and the forces involved have been investi 
gated by several research groups.141 The halogen bond interac 
tion is highly directional and can be rationalized by the pres 
ence of a region of positive electrostatic potential known as 
the ohole, centered along the RX axis on the outermost por 
tion of the halogen surface. The main driving forces that 
govern this kind of attraction are of electrostatic nature, yet 
dispersivetype forces, polarization, and charge transfer are 
also involved. lt is well known that the ratio between the elec 
trostatic component and the dispersive forces increases with 
the electrostatic potential of the ohole, which in turn increas 
es proportionally with size of the halogen atom.!" Furthermore, 
the electrostatic component increases along with the electro 
negativity of the atoms or groups bound to the halogen 
atom.161 However, severa! researchers17•81 argue that in halo 
qen-et systems the dispersion interaction should be the domi 
nant source of attraction between the halogen and the aro 
matic unit. In addition, chargetransfer interactions seem to 
contribute to the stabilization of the examined species, as re 
ported by Lu and coworkers.181 Halogen bonding interactions 
are typically investigated with two different approaches. The 
first approach is based on statistica! analysis of the distribution 
of intermolecular distances and the corresponding halogen 
heteroatom or haloqen .. rt system angles in data from the 
Cambridge Structural Database (CSD)191 and the Protein Data 
Bank (PDB)_l3kl The interaction is effective if the intermolecular 
halogennucleophile distances are shorter than the van der 
Waals radii and the corresponding angles are optimal. In the 
second approach, the interaction energies, distances, and 
angles are generally rationalized by calculations. A survey of 
the PDB1101 regarding halogen interactions in various biological 
ly active molecules showed that structures with halogen 
oxygen interactions slightly outnumber those with halogen···Jt 
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Figure 1. x-ray crystal structures of compounds 1-4: ORTEP images of com- 
pounds (R,R)-syn-1, (S,R)-anti-2, (R,R)-syn-3, and (S,S)-syn-4. 

Table 1. lnteratomic distances [A] determined by X-ray crystallography 
for compou nds 1 -4. 

Br1 

(S,S)-4 

(R,R)-3 

(S,R)-2 

(R,R)-1 

Distance Cl [1] Br [2] I [3] Br [4]1'1 

C7-X 1.732 1.881 2.078 1.877 
C6-C7 1.430 1.430 1.430 1.433 
51-(8 1.730 1.739 1.732 1.731 
(9-01 1.415 1.429 1.423 1.427 
(10-02 1.404 1.406 1.405 1.416 
(11-03 1.207 1.205 1.207 1.210 
(8-(9 1.503 1.501 1.508 1.499 
(9-(10 1.548 1.530 1.527 1.532 
cio-cn 1.516 1.518 1.524 1.524 
(11-(12 1.493 1.480 1.493 1.490 

[al See Ref. [11 J. 

ed separately below. Single-crystal X-ray analysis of com- 
pounds 1-4 revealed the presence of interactions, as detailed 
in the foliowing sections. 

Results and Discussion 

interactions. This is due to the fact that halogen···lt aromatic 
system interactions require a specific geometry in which the 
carbon-halogen bond must be nearly perpendicular to the ar- 
omatic ring, which is not always easy to achieve. However, in- 
teraction energies of the halogen···lt system calculated on 
small models such as PhX···Ph are similar in magnitude to 
those of conventional halogen···O/N bonds,"?' Herein we 
report the study of several benzothiophene-containing supra- 
molecular structures that were generated by crystallization of 
various enantiomerically enriched or racemic benzothiophene 
diols. Particular attention was devoted to analysis of the differ- 
ent inter- and intramolecular interactions, such as hydrogen 
bonding, rt-ot stacking, and halogen bonding networks, ob- 
served in the crystal structures. Crystallographic measurements 
were also compared with density functional theory (DFT) calcu- 
lations in order to assess the energy of such interactions. The 
role of halogen bonding in determining the crystal packing in 
highly functionalized molecules was also investigateci. 

Compounds 1, 2, and 4 were synthesized by organo-catalyzed 
aldol reactions using freshly prepared 3-substituted halogen 2- 
benzothiophene carbaldehydes and hydroxyacetone in the 
presence of L-proline phenylsulfonamide, as previously de- 
scrtbed.''" Compound 3 was prepared in a similar manner by 
starting from the corresponding 3-iodoaldehyde, as described 
in the Experimental Section below. After purification, enantio- 
merically enriched diols were submitted to crystallization in 
order to obtain pure diastereomeric compounds. Diols 1 and 2 
crystallize in centrosymmetric space groups P2if n and Pbca, re- 
spectively, whereas compound 3 crystaliizes in the polar 
P212121 space group. Unit celi configurations are racemic mix- 
tures in R,R and 5,5 for compound 1 and R,5 and 5,R for 2. 
Compound 3 was isolateci as enantiomericaliy pure enantiomer 
with Flack parameter [0009 (20)], confirming the R,R absolute 
configuration. 

Figure 1 shows that compounds 1 and 3, as well as the pre- 
viously elucìdated'!'' compound 4, have the same relative syn 
configuration, differing only for the halogen atom substitution 
at the 3-position, whereas compound 2 has a relative anti con- 
figuration. For comparison, selected structural data for com- 
pounds 1-4 are listed in Tables 1 and 2. Bond distances and 
angles are similar between the four diols, except for the C-X 
distances (Table 1 ). However, pronounced differences among 
these compounds are observed in the torsion angles of the ali- 
phatic chain. These differences are mainly due to the intermo- 
lecular interactions that determine the overali molecular pack- 
ing. 

Torsion angles for pure enantiomeric 3-iodo compound are 
equal (within one degree) to the corresponding value ob- 
served for the isomorphic bromo derivative, where the smali 
difference in celi parameters is essentialiy due to the different 
atomic radii of the halogen atoms (Table 2). lntramolecular 
structural parameters do not need further comments. On the 
other hand, the molecular packing of these compounds is very 
peculiar, and specific comments for each derivative are report- 
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Angle Cl [1] Br [2] I [3] Br[4]1'1 

(1-51-(8 91.6 91.7 91.2 91.8 
C6-C7-C8 115.5 114.9 114.1 114.6 
C6-C7-X 121 .7 121.9 122.9 122.5 
X-C7-C8 122.8 123.2 122.8 122.8 
(8-(9-01 110.2 111.3 110.5 110.6 
(9-(10-02 110.6 107.5 110.8 110.1 
(10-(11-03 119.1 117.8 120.4 120.4 
(7-(8-(9-01 -167.0 107.6 167.51'1 168.7 
(8-(9-(10-02 66.4 -75.1 -69.1 -69.4 
02-(10-(11-03 14.0 -10.2 -149.8 -149.5 

[a) See Ref. (11]. 

Table 2. Bond and dihedral angles [ ] determined by X-ray crystallogra- 
phy for compounds 1-4. 

Figure 3. lnteraction energy diagram of hydrogen bonding (black) and 11:-11: 

stacking (blue) for compound 1. 

Figure 2. A) Dimeric interactions between two benzothiophene diols of 
compound 1: 11:-11: stacking, hydrogen, and chalcogen bonding are displayed 
as grey dotted lines. B) Hydrogen bond network, depicted as grey dotted 
lines, between molecules of compound 1 in the tetrameric form. () Crystal 
structure packing of compound 1. 

respond to an energy value of 4.13 kcalrnol ", Single-point 
energy (SPE) calculations for the Q .. ,Q interaction also reveal 
that hydrogen bonding interactions between the OH groups 
previde an energy minimum at 4.00 kcal mor ', which corre- 
sponds to a 3.109 A Q ... Q distance (black li ne), slightly higher 
than the separation distance observed in the solid state 
(2.848 A). 

Even in this case, the energy difference between the ob- 
served and calculated values is 0.80 kcal mol 1• Therefore, it 
seems that the strong intermolecular hydrogen bonding net- 
work between the OH groups drives the supramolecular or- 
ganization for compound 1. Weak hydrogen bonding interac- 
tions at the inversion center connect two antiparallel supra- 
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Single-crystal X-ray analysis and ab initio calculations 

Compound 1 

The solid-state packing analysis for compound 1 clearly shows 
the absence of any form of halogen bonding, as chlorine has 
a lower tendency than bromine and iodine to form halogen 
bonds, particularly if directly bonded to electron-rich heterocy- 
clic systems.14b· 121 However, the chlorine atom is involved in 
a series of weak intra- and intermolecular interactions with sev- 
era! hydrogen atoms, as illustrateci in Figure 2. Moreover, the 
energy contribution of these interactions in determining the 
crystal organization is certainly negligible relative to the ob- 
served n-stacking interaction. 3-Chlorobenzothiophene diols 
show a tendency to form parallel sheets, which, stabilized by zt 

interactions, form ordinateci columns directed along the crys- 
tallographic b-axis (Figure 2 C). In these structures, the thio- 
phene ring moiety is superposed with the benzene ring of an- 
other benzothiophene molecule. The calculated average dis- 
tance between the sheets is in agreement with the experimen- 
tally measured value (3.638 A). The phenyl group of each mole- 
cule is involved in two n interactions, acting as acceptor in 
one case and as H-n donor in the other, as depicted in Fig- 
ure 2 A,B. Furthermore, four strong hydrogen bonds, formed 
between each OH group of every molecule, force four different 
diol molecules to arrange themselves at the vertices of a rhom- 
bus, the center of which lies at the inversion centers at 000. 
The distances between 0(1)1···0(2)11 and 0(1)1···0(2)1v were mea- 
sured to be 2.848 and 3.001 A, respectively. The corresponding 
angle 0(2)11···0(1 )1···0(2)iv was measured at 86.48 (Figure 2). 

To understand the nature of the solid-state interactions that 
determine molecular packing, a series of ab initio calculations 
starting from the molecular geometry obtained by the X-ray 
structures was carried out. The trend of the energy gap values 
for n···n and O···O separation distances is reported in Figure 3. 
The computed energy minimum for the :n:···:n: interaction (blue 
line) is 4.93 kcal rnol'" and occurs at 3.950 A. The measured dis- 
tance in the solid state is 3.650 A, which in Figure 3 would cor- 
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Figure 4. A) lntramolecular 51 ···02 and intermolecular Br···1t interactions in 
compound 2; bonding interactions are displayed as grey dotted lines. 
B) Crystal structure packing of compound 2. Cl HOMO Lp-02 and D) LUMO 
o* Cl-51 for the chalcogen intramolecular interaction. 12 10 6 8 
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Figure 5. A) LUMO and B) HOMO of the Br···1t intermolecular interaction. 
Cl Br···rr (C=C) intermolecular interaction for compound 2. 

vided an energy value of 7.53 kcal mor '. The calculated corre- 
sponding distance is in good agreement with the value ob- 
tained from the X-ray structure analysis. As shown in Fig- 
ure 5A,B, the calculated HOMO and LUMO for two 3-bromo- 
benzothiophene diols reveal that this interaction is not of cent- 
roid type, but the bromine atom is directed toward the C4-C5 
bond (Figure 5 C). Energy calculations for a similar interaction 
involving a bromo derivative and the C-C axis of a pyridine 
ring in 4,4' -bipyridine has been reported,1161 providing an 
energy value of 5.08 kcal mo!" and a Br···:rt (C=C) axis distance 
of 3.676 A. Present calculations (Figure 6) give a higher energy 

LUMO HOMO 

molecular frames, which are also stabilized by n-stacking inter- 
actions, finally generating the entire molecular packing (Fig- 
ure 2 C). The intermolecular distance between 51 and the 01 
oxygen atom of the overlying benzothiophene molecule is 
3.476 A, which is just above the sum of the van der Waals radii 
of the two atoms (3.320 A). 

Compound 2 

Analysis of compound 2 crystal structures reveal that each 
molecule is involved in a series of strong attractive hydrogen, 
halogen, and chalcogen bonding interactions, while rt-stackinq 
interactions between the benzothiophene rings are missing 
(Figure 4 A,B). Within a single molecule, the chalcogen-chalco- 

gen interaction involving the sulfur and oxygen atoms 51 ···02 
(3.013 A) is significantly lower than the sum of their van der 
Waals radii (3.32 A). This value is obtained from the interaction 
between the molecular orbitals (HOMO) of the 02 lone-pair 
electrons and LUMO o* 51 ···Cl (Figure 4(,D). To achieve the 
above interaction, the conformation of the aliphatic chain is 
heavily distorted, as shown in Figure 4. This causes the aliphat- 
ic chain stereogenic carbon atoms to adopt a gauche confor- 
mation, favoring the Br···:rt aromatic interactions along the crys- 
tal packing. As previously reported by Bruno et al.}131 5···0 in- 
tramolecular interactions in organosulfur compounds involving 
both electrostatic and covalent interactions show a wide range 
of distance values (2.178-3.32 A), corresponding to the sum of 
the van der Waals radii, as reported in the C5D.l141 

Analysis of solid-state structural data show that the bond 
distance between the bromine atom and the main piane con- 
taining the aromatic ring of an adjacent 3-bromobenzothio- 
phene diol is 3.427 A, which is 0.16 A less than the sum of the 
van der Waals radii of bromine and the aromatic ring.P51 DFT 
calculations carried out at the 5PE level for this interaction pro- 

Figure 6. Energy diagram of the Br .. -n interaction for compound 2. 

value of 7.53 kcal mor '. To the best of our knowledge, only Lu 
and co-workers181 obtained similar interaction energy values 
(8 kcal mol ") for a benzene-activated CI-F system, using MP2/ 
aug-cc-PVDZ optimized structures to ensure the stationary ge- 
ometries. In that case, however, such an energy value is justi- 
fied, considering the electron-withdrawing effects of the heter- 
ocyclic moiety and the related effects on the halogen atorn,'?' 
In contrast, compound 2 has a bromine atom directly bonded 
to an electron-rich benzothiophene systern,'!" which should 
not increase the bromine's electrophilicity. lt can therefore be 
concluded that the recorded and calculated values for the 
Br+-n interaction (7.53 kcal mor ') is unique for supramolecular 
structures generateci from compound 2. 

Compound 3 

3-lodobenzothiophene diol derivative 3 is isomorphic with 
compound 4. X-ray analysis for this compound reveals an 
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Figure 9. Crystal structure packing of compound 4. 

Figure 8. Energy diagram of the n···n interaction for compound 3. 

and the 51-Cl o* molecular orbitai, which determines the con- 
formation of the aliphatic chain. 

DFT calculations provided a Br···O (carbonyl) energy interac- 
tion of 2.22 kcal mol " and a Br···O distance of 3.11 O A, as 
shown in Figure 1 O. This distance is in agreement with the X- 
ray crystallographic data and is lower than the sum of van der 
Waals radii for oxygen and bromine atoms (3.370 A). The 
LUMO and HOMO (Figure 11) of two interacting molecules 
clearly show that the LUMO is localized on the bromine atom 
of one molecule, while the HOMO is localized on the carbonyl 
oxygen atom of the other. The oxygen Ione pair faces the bro- 
mine o-hole, confirming the optimum values found for the 
C=O···Br and C-Br···O angles observed in the crystal structure 
(110.14° and 171.42°, respectively). To confirm the formation of 
an intermolecular Br···O bond, calculations were performed, 
providing a lengthening of the C7-Br bond, as the bimolecular 
system forms from the single 3-bromobenzothiphene diol 4. 
At first sight, the energy corresponding to the C=O···Br and 
C-Br···O angles that maximize contact between the oxygen 
Ione pair and the bromine o-hole seems lower than one would 
expect. However, although the halogen bonding energy in- 
creases with the s character of the carbon atom to which the 
halogen is bound,r201 only strong electron-withdrawing R 
groups can provide robust interactìons.t" 181 lt can therefore be 
assumed that the moderately electron-rich properties of ben- 
zothiophene decrease the electrophilicity of bromine, explain- 
ing this behavior. 

16 14 12 8 10 
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results obtained for bromine derivative 2, and is also in agree- 
ment with published data_l4b·6• 10

• 191 The halogen bonding 
strength increases with size of the halogen itself, due to 
a greater o-hole, moving from bromine to iodine. Furthermore, 
solid-state analysis gave angles of 174.08° and 113.54° for C?- 

1 ... 03 and carbonyl oxygen O···I, respectively, which is in agree- 
ment with the present calculations for this structure. 5uch 
angles are optimal in maximizing the halogen bonding be- 
tween iodine and oxygen, as the o-hole is directly oriented 
toward one of the oxygen Ione pairs. In addition, the calcula- 
tions reveal that lengthening of the (7-1 bond occurs as a con- 
sequence of halogen bonding formation. 

X-ray analysis also reveals strong x-rt stacking interactions 
between the benzene ring of a diol unit and the thiophene 
moiety of a second benzothiophene diol derivative, occurring 
at of 3.592 A. The calculated interaction energy (Figure 8) is 
5.70 kcal mol 1• The crystal packing is also influenced by the 
occurrence of hydrogen bonding. 

2 

o 

iodine-carbonyl oxygen interaction at 3.115 A (3), a value 12 o/o 
lower than the sum of van der Waals radii for the oxygen and 
iodine atoms (3.500 A). DFT calculations carried out at the 
same level for compounds 1 and 2 provided, for 3-iodobenzo- 
thiophene diol derivative 3, an interaction energy value of 
8.50 kcal mol' (Figure 7). This value is in line with the previous 

Figure 7. Energy diagram of the l···O interaction for compound 3. 

Compound 4 

X-ray crystallographic data gathered in determining the abso- 
lute configuration of compound 4 were reported prevìously!'" 
the crystal structure packing is shown in Figure 9. No other 
crystallographic investigations have been published for this 
diol derivative. Analysis of compound 4 reveals the formation 
of a noncovalent interaction network involving the halogen 
atom. Various n-Jt stacking, hydrogen bonding, and halogen 
bonding interactions between the bromine and the carbonyl 
oxygen atom 03 were also observed. An intramolecular chako- 
gen-chalcogen interaction involving 51-01 occurs with a dis- 
tance of 2.889 A. As observed for compound 2, the distance 
between 5 and O for compound 4 is also smaller than the sum 
of the van der Waals radii. This is a consequence of the interac- 
tion between the lone-pair electrons of the oxygen atom 01 
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Experimental Section 

Conclusions 

length of the C7-Br bond, also observed in the corresponding 
crystal structures (Figure 1). The interaction energy value 
(8.50 kcal rnol ") obtained for 1 ... Q in compound 3 is very high, 
even in comparison with other systems in which iodine is 
bound to strong electron-attracting aromatic specìes.l'" 

In summary, for ali the syn-1, 3, and 4 structures investigateci 
in this work there is clear evidence for the formation of a n- 
staking interaction between the thiophene moiety of a benzo- 
thiophene diol molecule and the benzene ring of a second 
one. In the anti-bromo derivative 2 this interaction is absent 
due to the folding of the alkyl chain resulting from hydrogen 
bonding between the OH groups and the S-02 chalcogen in- 
teraction. A key point concerning formation of the crystalline 
structure of the chlorine derivative 1 is represented by the for- 
mation of a hydrogen bonding network linking four benzothio- 
phene units. Finally, for all three syn stereoisomers 1, 3, and 4, 
the establishment of rt -n interactions results in the formation 
of benzothiophene pillars linked to each other through halo- 
gen or hydrogen bonds. Halogen bonding plays a significant 
role in determining the crystal packing type for this kind of 
compound. 
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Figure 10. Energy diagram of the Br···O interaction of compound 4. 

Figure 11. LUMO and HOMO of the Br .. ,O intermolecular interaction far 
compound 4. 

Comparison of interaction energy values 

The range of calculated energy values of halogen bonding is 
very wide, and many research groups have reported different 
intervals. Resnati and co-workers'<' reported energy values 
that vary between 2.40 and 78 kcal rnol ". whereas an energy 
range of 3-15 kcal mol 1 was observed by Mooibroek and 
Gamez.1211 According to Zou et al.}191 the energy range was 
0.3-33 kcal mor '. However, for R-X .. ,O or R-X .. -rt systems, 
energy values < 1 O kcal rnol " are found in the literature, being 
quite similar for similar R groups. For example, Wallnoefer 
et al.17'1 obtained an interaction energy value of 3.42 kcal rnor ' 
for the C6H5Br .. -rt (p-CH3C6H40H) (acceptor-activated halogen 
bonding) system by using the MP2/cc-pDVZ method, while 
Riley et al.14•1 found an interaction energy value of 2.23 kcal 
mor ' for the C6H5Br .. ·O=C(CH3}i system using the MP2/aug-cc- 
pDVZ method. Similar results were obtained for haloethylene 
or haloethyne with benzene versus haloethylene or haloethyne 
with NH3.l2°·211 In this work, the study of syn- and anti-bromine 
derivatives revealed that despite the (=0 .. -Br (110.14 ) and 
C-Br .. ,O (171.42 ) angles being able to maximize the energy 
value, the energy value for the Br .. -rt aromatic ring interaction 
is threefold higher than that of the bromine-carbonyl oxygen 
interaction. The finding that the Br .. -n interaction is stronger 
than the Br .. ,O interaction is supported by the calculated 

X-ray crystallography data collection and structure refinement: 
Colorless single crystals of compounds suitable for X-ray structure 
analysis were selected from the crystals obtained from an ethyl 
acetate/hexane solution. Data were collected at room temperature 
with a Bruker APEX Il CCD area-detector diffractometer and graph- 
ite-monochromatized MoKa radiation [À = 0.71073 A]. Data collec- 
tion, celi refinement, data reduction and absorption correction by 
multi-scan methods were performed by programs included in the 
Bruker software package.l221 5tructures were solved by direct meth- 
ods using XS97. The non-hydrogen atoms were refined anisotropi- 
cally by the full-matrix least-squares method on F20 using 
SHELXL97Y31 AII hydrogen atoms were introduced in calculated po- 
sitions and constrained to ride on their parent atoms. The 
CCDC 1024956, 1024957, and 1024958 contain the supplementary 
crystallographic data for this paper. These data can be obtained 
free of charge from the Cambridge Crystallographic Data Centre 
via www.ccdc.cam.ac.uk/data_request/cif. 

Computational methods: AII ab initio and DFT calculations were 
performed with the GAUSSIAN 03 program packageY41 Molecular 
structures of ali compounds were fully optimized at various levels. 
Geometry optimizations were first carried out at the HF level with 
the 6-31 +G(d,p) basis set and afterward the effect of electron cor- 
relation on the molecular geometry was taken into account by 
using Becke's three-parameter hybrid, and the gradient corrected 
Lee-Yang-Parr correlational functional (B3LYP)1251 employing the 6- 
31 +G(d,p) basis set. Vibrational frequency calculations were per- 
formed at the same level used for geometry optimization. 

For iodine compound 3, Gaussian-type basis set 6-31 +G(d,p) was 
used for the C, O, and H atoms. The quasi-relativistic effective core 
potential (RECP) SDD and valence basis sets recommended by 
Andrae et al. were used.'26' 
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Synthesis and characterization: 1H and ne NMR spectra were re- 
corded on Varian 500 spectrometer using the solvent peak as inter- 
nal reference. ESI mass spectra were obtained on a Varian 31 O-MS 
lC-MS mass spectrometer, with the atmospheric pressure ioniza- 
tion (API) technique. The sample solutions (10 mq l,:") were pre- 
pared in CH3CN and infused directly into the ESI source using a pro- 
grammable syringe pump, at a flow rate of 1.50 rnl.h ", Needle, 
shield, and detector voltages were kept at 4800, 600, and 1250 V, 
respectively. Pressure of nebulizing and drying gas was 12 psi, 
housing and drying gas temperatures were 60 and 50°C, respec- 
tively. lnfrared spectra were obtained using a Bruker FTIR instru- 
ment. Optical rotation values were measured at 25 °C using 
a PolAAr32 instrument. Melting points were obtained on a Kofler 
hot stage microscope. THF was distilled from sodium/benzophe- 
none. Benzothiophene and hydroxyacetone were used as pur- 
chased. The diol compound was separateci by column chromatog- 
raphy (25 x 180 mm) using DAVISll silica gel (40-63 m), packed 
with Buchi C-670 cartridge. 

3-Bromo-1-benzothiophene-2-(2-dioxolanyl): was prepared from 
3-Bromo-1-benzothiophene-2-carbaldehyde1111 as described previ- 
ously.1271 

3-lodo- 1 -benzothiophene-2-(2-dioxolanyl): was prepared from 3- 
Bromo-1-benzothiophene-2-(2-dioxolanyl) according reported 
methods.'281 To a solution of 3-bromo-1-benzothiophene-2-(2-diox- 
olanyl) (1.31 g, 4.58 mmol) in EtP (25 ml) at -78 C, tBuli (3.9 ml, 
5.5 mmol, 1.2 equiv) was added dropwise. The reaction mixture 
was stirred for 1 h at the same temperature, and iodine (2.33 g, 
9.16 mmol, 2 equiv in 1 O.O ml Et20) was added. The resulting mix- 
ture was allowed to warm to room temperature and was treated 
with aqueous NH4CI (Saturateci, 25 ml). The organic Jayer was sep- 
arateci, the aqueous Jayer was extracted with Et20 (3 x 25 ml), and 
the ether and organic layers were combined. The combined organ- 
ic phase was washed with saturateci Na2SP3 (3 x 20 ml), water (3 x 
20 ml). The organic phase was dried on Na2S04 and concentrateci. 
Pure dioxolanyl compound was obtained after flash chromatogra- 
phy using petroleum ether (PE)/EtOAc 90:1 O as eluent. 

3-lodo-1-benzothiophene-2-carbaldehyde: A solution of aqueous 
HCI04 (70% 0.47 ml) in HP (1.5 ml) was added to a solution of 
3-iodo+benzothiophene-2-(2-dioxolanyl) (1 g 3.47 mmol) in ace- 
tone (50 ml) at room temperature. The resulting mixture was 
stirred at room temperature for 24 h and then extracted with Et20 
(3 x 20 ml), washed with HP and dried on Na2S04• The crude 
product was purified by flash chromatography using Et PIPE 1 :1 O 
to give the product as red crystals (80% yield). Experimental data 
are consistent with those reported earlier.1291 

syn-(3R,4R)-4-(3-lodo- 1 -benzothiophen-2-yl)-3,4-d ihydroxybutan- 
2-one: To a hydroxyacetone (4.4 ml, 60 mmol, 20 equiv) solution 
of 1-benzothiophene-2-carbaldehyde (0.5 g, 3.00 mmol) at 0°(, 
t-proline (18 mg, 0.070 mmol, 0.1 equiv) was added in one portion. 
The mixture was stirred for 78 h at this temperature, and the re- 
sulting mixture was treated with aqueous NH4CI (saturateci, 15 ml) 
and extracted with EtOAc (20 ml). The organic phase was dried 
with Na2S04 and concentrateci under reduced pressure after filtra- 
tion. The yellow crude solid was subjected to chromatography 
with PE/CH2CI/Et0Ac 35 :35 :20 to afford the corresponding syn- 
aldol adducts as white solid (needles; 0.4 g, 33% yield); mp: 121.5- 
122.5 C; [a)025=-45.4° (c=0.65 CHCl3); IR (neat): v=3443, 
1730cm-•; 'HNMR (500MHz, CDCl3): o=7.81 (d, lH, J=8.0Hz), 
7.77 (d, 1H, J=8.0 Hz), 7.46 (t, 1H, J=7.5 Hz), 7.40 (t, 1H, J= 
7.5 Hz), 5.60 (brd, 1H, J=3.5 Hz), 4.56 (brs, 1 H), 3.89 (d, 1H, J= 
4.5 Hz, DP, exc), 3.02 (d, 1 H, J = 6.5 Hz, D20, exc), 2.43 (s, 3 H); 
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ne NMR (125 MHz, CDCJ3): 0=206.2, 143.1, 140.3, 138.2, 125.8, 
125.4, 125.2, 122.6, 110.0, 79.4, 72.8, 25.8; MS (ESI+): m/z (%)=747 
(30) [2M+Na]+, 385 (100) [M+Na]+. 

Compounds 1 and 2 were synthesized according to published 
methods.!'" 
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