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Abstract: The Dicls-Alder cycloaddition between several 2-, and 3-substituted furans and E-1,2-
bis(phenylsulfonyl)ethylene have been carried out in high yields. Stereoselectivity observed in the case of
2-sustituted furans has been explained by means of the MM 3-transition state model. The model had to be
refined for 2-methoxyfuran due to the asymmetry induced over the transition statc geometry by the
electron-donating methoxyl group. Selectivity in 2-substituted furans arose by interactions between the 2-
substituent and the sulfonyl groups (steric repulsion with the cis-sulfonyl or long-range favourable

P R T 5 Aresie o . o 1000 T

interactions with the trans-sulfonyl). © 1998 Elsevier Science Ltd. All rights reserved.
INTRODUCTION

The Diels-Alder cycloaddition reaction of furan and substituted furan derivatives with different
dienophiles constitutes a powerful tool for the synthesis of complex molecules'. In the case of the reaction of E-
1,2-bis(phenylsulfonyl)ethylene, 1, and furan (Scheme 1), first described by De Lucchi et al.?, the resulting
adducts have been used as intermediates for the synthesis of compounds such as the aminocyclitol fragment of
Pancratistatin®, and (+)-Pinitol*.
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reactions together with their interpretation in terms of the MM2-transition state

the objective of this report.
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cycloadducts 3. Structural determination of cycloadducts 3 and 4 was based on the splitting patterns observed in
'H NMR (300 MHz) for the bridgehead proton in both compounds. In the '"H NMR specira for compounds 3a,
3b and 3¢, H-4 shows a multiplicity of doublet (/= 1.8 or 1.5 Hz). This value confirms that the coupling is with
the vinylic proton H-3. In addition, H-5 appears as a doublet in all compounds (J= 4.4 or 4.8 Hz) by exclusive
coupling with H-6. Both coupling constants indicate that the coupling between H-4 and H-5 does not exist
confirming the proposed structure (Fig 1a). For compounds 3d and 3e, we observed a singlet at 5.28 or 5.26
ppm respectively, corresponding to H-4. Besides, H-5 appears as a doublet in all cases (J= 4.4 Hz) by coupling

exclusively with H-6. Both facts confirm the proposed structures for cycloadducts 3 (Fig 1b).

It should be pointed out that for compounds 4, H-4 would appear as a doublet by coupling with H-5 or as
a double doublet by coupling with H-5 and H-3 (Fig lc).

Entry 2 Ratio 3:4° Overall yield”
1 2a, R=Me 100:0 100
2 2h, R=OMe 100:0 100
3 2¢, R=CH,0H 70:30° 100
4 2d, R=CH;OBn 100:0 78
5 2e, R=CH,SH 100:0 100

a) Determined by 300 MHz 'H-NMR spectroscopy. b) Isolated yields. c) Larger reaction time provides with a 100:0 ratio.
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‘ig 1. Coupling constants between specific protons; a) stereoisomers 3a-c; b) stereoisomers 3d-€; c)
stereoisomers 4.

In the case of the 3-substituted furan derivatives, a dramatic loss of selectivity was observed. Thus, the
reaction of furan derivatives 5a, and Sb with 1 affords a nearly equimolar amount of the two cycloadducts 6 and

7 in 76% and 87% isolated vm] , respectivelv (Scheme 3). In both cases, senaration of the isomers by column
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Conformational analysis of E-1,2-bis(phenylsulfonyl)ethylene, 1
Full conformational analysis of 1 was carried out with the MM3* force field®. All rotatable bonds (four in
total) were driven in successive steps from +180° to -180° at 15° increments. Each structure was minimized in

e being driven. All obtained energy minim
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obtained conformers. Only conformer i-¢3 presents a paraliel disposition of t

to a favourable m-stacking interaction between the phenyl fragments.
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Table 2. Relative Enerev (kcal mol™) and Torsion Ancles (Degrees) for the Comnuted Conformers of 1
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Conformer S.E” wi® w2 w3» w4
1-cl 0.0 99.7 99.2 99.3 100.3
1-c2 0.2 99.3 -101.4 76.9 99.0
1-c3 00  -108.1 -108.1 699  70.0
i-cd4 02 -10i.6 99.2 98.4 76.0
A CF — ralativa ctaric anargy Bl w! — 8.9 497 w) =2 1 £ 11 w2 — 1. € 1117 A _1 49772
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Ab initio transition structure and MM3* models:

The well-known MM2-transition state method of Houk et al.” has been used throughout this work under
the frame of MacroModel v. 5.0 packageg‘ Following Houk’s approach, a transition state for the reaction
between furan and ethylene (the simplest reactants) computed by high level ab initio calculations (B3LYP/6-
31G*) was used’. MM3* has been the selected force field to reproduce the ab initio transition structure, and two
new atom types (one for each pair of reacting atoms) have been parameterised for. The reacting ethylene carbon
atom had a slightly greater sp2 character in the transition state than the reacting carbon atom of furan; their van
der Waals parameters were taken from C2 (sp ) and C3 (sp ) atom type of MM3* force field, respectively. The

same correlation was made for the stretching parameters using the interatomic distances from ab initio

............... o Wi Rollly Wik LA Lo i (2422440,

initio calculations to ensure the degree of pyramldahzatxon of these atoms observed in the ab initio structure.
Finally, those torsion parameters involving bonds between reacting carbon atoms were set equal to zero'. Table
3 contains the main geometrical features obtained from the ab initio calculations as well as those obtained by
MM3* with our new parameterization.

Transition Structures for Diels-Alder Reactions:

All possible transition states for the reaction of 1 with 2a-e were constructed over the basic transition state

model. All combinations between computed conformers of 1 (four in total) and each structure for 2a-e were
made Cancigtently  the A3* force field wae enlarced to include the nececcarv narameterce to carrv out
Lilavisn, AR VIEN I IAVS 29 Y ’ LEIN AVYALYAD AVIvVY Liwviu Y WD Vlllmévv PV RMRWAWMNY iAW llvvvuum] Hm ARELAWYWAID W VWLJ A g
el Tan sevanhnmiag Antliiairatinns MNthar moramestare iyara adanmtad frame tha ANAAM2E Farna Ffiald ac avelainad
noiccular imecnanics optimizations. Utner parameiers were adaptea Irom ulie vivia™ 101Ce 1ieid as expiainea

N

above. Table 4 contains the MM3* parameters used to model the simplest reactants (furan and ethylene).
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MM3* Calculations.
Bond Lengths

ab initio  MM3* ab initic  MM3*
-2 1.379 1.360 3-10 1.083 1.084
1-3 1.419 1.428 6-7 1.400 1.392
1-8 1.082 1.102 6-13 1.085 1.087
3-5 1.373 1.363 6-15 1.087 1.087
3-6 2.150 2.150

Bond Angles

ab initio MM3* ab initio MM3*
1-2-4  105.8 105.8 5-3-10 1149 114.8
1-2-9 1279 128.0 6-7-12  120.1 120.1
1-3-5 108.2 108.3 6-7-14  119.1 119.1
1-3-10 1279 128.0 13-6-15 1145 1145
3-1-8 1256 125.6
3-5-4 1033 103.3

Torsion Angles

ab inifio  MM3* ab initio  MM3*
1-2-4-5 17.9 17.8 5-3-1-8 1707 170.0
[-2-4-11 162.8 162.8 8-1-2-9 0.0 0.0
1-3-5-4 285 28.3 8-1-3-10 25.8 25.0
3-1-24 0.0 0.0 12-7-6-13 0.0 0.0
3-1-2-9 -171.0 171.9 12-7-6-15 150.5 150.7
3-54-1 -178.5 -178.5 14-7-6-15 0.0 0.0

Standard deviation (0): Bond Lengths = £ 0.01 A, Bond Angles = * 0.03° and Torsion Angles = + 0.45°,

Table 4. Parameters for new atom types in MM3* force field as implemented in MacroModel (ethylene C are

T1, and reacting furan C are T2).

Bond Length * Force const. ® Bond moment® Bond Length Force const. Bond moment

C2-T2 1.419 7.7 0. T2 ~-H1 1.083 5.15 -0.9
T1-H1 1.086 5.15 -0.6 T2-03 1.373 10. 1.07
Ti-Ti i.4 7.5 0. T2 -Ti 2.15 999.99 0.
Angle * Bend const. © Angle Bend const, Angle Bend const. Bend-bend ©

C2-T2-H1 128.  999.99 H1-T1-T2 94. 100. T1-T1-T2  100.1 100.

C2-T2-03 108.3 100. H1-T2-T1 107. 100. T2-C2-H1 125.6 100.

C2-T2-T1 99.6 100. O3-T2-H1 1149 100. T2-03-T2 1033 100.

C2=C2-T2 1058 999.99 03-T2-T1 912 100. 03-T2-03 108.6 0.54 0.24

HI1-T1-HI 114.5 100. TI1-Ti-Hl 120.1 100.

vit ov2t st Vi v2 V3 Vi V2 V3

C2-T2-03-12 0. 40 0. HI-T2-Ti-H1 0. 0. 0. T2-C2=C2-Hi 0. 10 0.
C2-T2-T1-H1 0. 0. 0. O3-T2-C2-H1 0. 15 0. T2-C2=C2-T2 -03 8. 0.
C2-T2-T1-Tl 0. 0. 0. O3-T2-T1-H1 0. 0. 0. T2-03-T2-H1 -0.1 27 038
C2=C2-T2-H1 0.25 9. -0.55 0O3-T2-T1-T1 0. 0. 0. T2-03-T2-T1 0. 0. 0.
C2=C2-T2-03 0. 15. 0.6 TI-T1-T2-HI 0. 0. 0. T2-T1-T1-H1 0. 0. 0.
C2=C2-T2-Ti 0. 0. 0. Ti-T2-C2-Hi 0. 0. 0. T2-Ti-Ti-T2 0. 0. 0.
H1-C2-T2-H1 0. 115 0.

a) Bond length in A. b) Force constant in mdyn/A. ¢) Bond moment in debye. d) Bond angle in degree. e) Bend force constant in
mdyn/rad¥*2. ) V1, V2 and V3 in kcal/moi



9100 O. Arjona et al. / Tetrahedron 54 (1998) 9095-9110

Teneral acenmntinone are that enhetitnente will not cithetantially altar tha ganmatiy Af tranciting cfriahieac
SAWIIVE AL BROSUALLPHIVIID GV Wt SMUDSHILWWLILS V1L LIUL SUuudLalitidall Altvd UV JVULLIVAL Y UL U ADIUVEH SUULLUILD
A that calantivite 10 Anread lhoa ctaria tntacantimme avicts ) A riar cishotidrimemta Af Ladl Lo 8 B L1t
aiiQ uial STIECUVity 1S Caudll UY SieiiC eiacuons SXist. OCLWCCTL SUDSLILUCTILS O1 DOLN Iuran andg aienopiiie in

alysis for furan substituents were carried out over all
constructed transition structures. Obtained energy minima (1, 13, 6, and 10 for 2b-e, respectively) were
optimised separately in vacuum and with GB/SA solvation model'' using CHCl; as solvent.

Computational results for transition structures are gathered in Table 6. Computed energies (in kcal mol™)
are relative to the most stable transition structure of each reaction. Populations were computed by using

Boltzmann distribution at 25° without considering entropy contributions.

Reaction between 1 and 2a:

No conformational analysis was undertaken over the transition structure of this reaction due to the nature

of the cubstitnent Computations (in vacunm and GR/SA) cave the 1-¢3/2a trancition structure ac the maogt
Vi VAEW TV LIV WiILIbe vvllly“l—“‘-lvllu \aix Vil Uil Qi RJSAdrwi ) buvv VidW' A o/l ats LAWLIVAVIVIL JUWUMWLMAY GO VAW LMIVOR
otahla Tha ~Ammemsitad mamnlatinme affacrdad alda vatine AF QT DI Q (10 wamitizrm) anmd QOO 271 "7 feith cAlerneie
stavie. ine Computed popuialion aiiorded Sarqa ratios o1 5/.4/..0 (i vacuum) ana 56.5/1./ {wilil Soivation

an der Waals energy
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model) in excellent agreement with experimental results. The contribution of bending an
terms produced the energy difference between products 3a and 4a. The electrostatic term also contributed to the
energy difference but in a lesser degree. Table 5 contains the relative energy differences between these energetic
terms for in vacuum and GB/SA calculations. Absolute values of increments decrecased when the GB/SA
solvation model is used. Fig. 2 shows the stereoview of the most stable computed conformers for 3a and 4a in

vacuum calculations.

I ,1v . 1,4y, 1, . l, .
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Fig. 2. Stereoview of the most stable computed (in vacuum) transition structures for the 1/2a reaction.
(a) structure producing 3a; (b) structure producing 4a.

The preferred transition structure corresponded to the less hindered one, with the methyl group not

interacting with the sulfonyl substituent of 1. The orientation of the phenyl rings in 1 allowed a stabilising ©
stacking interaction'? with distances between phenyl rings of 3.7 A, and 3.6 A for 3a, and 4a, respectively.
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6) gave a 3b/4b ratio of 51.2/48.8 or 51.1/48.9 for the in vacuum or the GB/SA method, respectively, not in
good agreement with experimental results (100/0, see Table 1). This deviation will be discussed in detail.

Table 5. Relative Energy Diffe
van der Waals Ste

erences (kcal mol ') between Products 3a and 4a for the Bending, Electrostatic
eric Energy Terms in Vacuum and GB/SA Solvation Model Caiculations.

an

(o'

AE(4a-3a)
in vacuum GB/SA
Bending 4.33 1.09
Electrostatic 0.92 0.33
Van der Waals 3.45 0.77

Fig. 3. General structure showing the selected atoms for conformational analysis:
wl=1-2-3-4, w2=2-3-4-5, w3=3-4-5-6, wd=4-5-6-7.

Reaction between 1 and 2c:

Starting material 2¢ (R= -CH20H) contained two rotatable bonds. A full torsional energy surface
covering has been carried out over all 1/2¢ transition structures. Torsion angles wl and w2 (Fig. 3) were
gradually changed from 0° to 360° at 15° steps over each of the constructed transition structures producing 3¢
and 4c. Final results (Table 6) indicated a total of 13 conformers for 3¢ distributed on 4, 4, 3, and 2 for the 1-c1,

1-¢2, 1-¢3, and 1-c4 conformers, respectlvely. Results for 4¢ indicated a smaller number of conformers (8 in
between the obtained conformers. For in vacuum calculations, three conformers giving to 3¢ were within 1.2
kcal mol” while the second most stable conformer for 4¢ is 3.04 kcal moi™ away from the global energy
minimum. This, and the smaller number of conformers obtained, indicated 4¢ was more congested than 3¢. For
the GB/SA calculations, results are quite different: the energy gap between conformers in 3¢ increased as well
as in 4c¢ (see Table 6). It was noteworthy that in all cases the transition structures for 3¢ and 4¢ came from the 1-
¢3 conformer that presented T-stacking interactions between the phenylsulfonyl rings. The computed population
gave rise to a 3c/de ratio of 78/22 and 94.9/6.1 for in vacuum or with GB/SA, respectively. The energy terms

ostatic and van der Waals

erences between 3c and 4c were the bending, electr
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bsolute value. While in vacuum calculations
HCl; (as described in the GB/SA model)
modified the distribution. Table 6 showed that for 3¢, conformers 2c¢-¢9 and 2c¢-c10 presented different

Q

were in good agreement with experimental results, the effect of

population distribution for in vacuum (43.2%-28.8%), and with solvent calculations (7.7%-75.7%). One
hydrogen bond between the hydroxymethyl hydrogen and the sulfonyl oxygen was present in 2¢-¢9, but not in
2¢-c10. This hydrogen bond represents (in vacuum) an extra stabilisation of 2.67 kcal mol™! for 2¢-¢9 over 2c¢-
¢10; value which decreased to 0.16 kcal mol” with the GB/SA solvation model. All other energetic terms
(bending and torsion) produced a greater difference between 2¢-¢9 and 2¢-c10 in GB/SA solvation model and

di nnnnnnnn £.
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Fig. 4. Stereoview of the giobal energy minima for the 1/2¢ computed transition structures showing the 7
stacking orientation of aromatic rin gs as computcd using the GB/SA solvation model: (a) structure

Reaction between 1 and 2d:

Compound 2d presents a larger number of rotatable bonds (four in total). The methodology for covering
the conformational space has been slightly modified in this case: four consecutive dihedral drivers (one for each
rotatable torsion angle of the -CH,-OBn group (w1, w2, w3 and w4, Fig. 2) were carried out starting from the

oldlal) U1 152 Vi UL

producing 3d and orxly 4 for those giving rise to 4d. Again, transition structures for 4d seem to be shghﬂy more
congested than those for 3d. Use of solvent model did not change the relative stability order (see Table 6), and
the transition structures corresponding to 3d were aiways more stabie than those for 4d. The i-¢3 conformer ied

again to the most stable transition structures.

The transition structure 1-¢3/2d-c4 (which produces 3d) presents m-stacking interactions between
phenylsulfonyl rings (3.7 A between aromatic rings). The substituent folding brings the benzyl group near to the
stacked phenyl rings (Fig. 5). This benzyl group interacts in a ‘type T' edge to face manner"” with the
phenylsulfonyl rings (distances between phenylsulfonyl and benzyl rings protons were around 3.2 A). None of

the transition structures producing 4d presented this folding. However, the chain substituent modified their
torsion angles to put the CH,OBn group distant from the sulfonyl unit
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Transition Structures (TS) of Reactions between 1 and 2a-e.

Reactant

2a

2b

2c-cl
-c2
-c3
-c4

-c6
-c7
-c8
-c9
-c10
-cil
-c12
-cl3

2d-c1
-c2
-c3
-c4

TS

1-c1/2a

1-c2/2a
1-¢3/2a
1-c4/2a

1-c1/2b
1-c2/2b
1-¢3/2b
1-c4/2b

1-c1/2¢-c1

1-¢1/2¢c-c2

1-¢1/2¢c-c3

1-c1/2¢-c4

1-¢2/2¢-c5

1-c2/2¢c-c6

1-¢2/2¢-¢7

1-¢2/2¢c-c8

1-¢3/2c-¢9
1-¢3/2¢-c10
1-¢3/2¢-c11
1-c4/2¢-cl12
1-c4/2¢c-c13

1-¢1/2d-c1
1-c2/2d-c2
1-¢3/2d-¢c3
1-¢3/2d-c4
1-c4/2d-¢5
1-cd4/2d-c6

1-c1/2e-cl
1-c1/2e-c2
1-¢2/2e-c3
1-c2/2e-c4
1-c2/2e-c5
1-c2/2e-c6
1-c2/2e-c7
1-¢3/2e-c7
1-¢3/2e-c8
1-¢3/2e-¢9
1-c4/2e-c9

1-c4/2e-c10

In vacuum
3a 4a
7.12 (0.0) 11.72 (0.0)
3.66 (0.2) 4.98 (0.0)
0.00 (96.5) 2.10(2.8)
3.16 (0.5) 7.67 (0.0)
3b 4b
3.17 (0.2) 7.66 (0.0)
1.82(2.2) 3.08 (0.3)
0.00 (48.5) 0.00 (48.5)
3.16(0.2) 3.70 (0.1)
3c 4c
7.49 (0.0) 9.78 (0.0)
7.14 (0.0) 12.82 (0.0)
7.42 (0.0)
8.43 (0.0)
3.35(0.1) 3.42(0.1)
3.64 (0.1) 5.92 (0.0)
5.43 (0.0)
4,94 (0.0)
0.00 (43.2) 0.41(21.6)
0.24 (28.8) 3.04 (0.2)
1.23(5.4)
3.29 (0.2) 5.88 (0.0)
3.15(0.2) 8.80 (0.0)
3d 4d
10.12 (0.0) 14.30 (0.0)
2.67(1.1) 7.66 (0.0)
3.19(0.4) 4.80 (0.0)
0.00 (98.4)
4.30 (0.1) 10.25 (0.0)
6.22 (0.0)
3e de
7.19 (0.0) 13.20 (0.0)
8.41 (0.0) 13.53 (0.0)
3.50 (0.2) 6.39 (0.0)
5.83 (0.0) 6.79 (0.0)
5.78 (0.0) 7.12 (0.0)
4.76 (0.0) 6.41 (0.0)
5.13 (0.0) 3.52 (0.2)
0.00 (90.5) 3.96 (0.1)
1.41(8.4) 9.17 (0.0)
3.17 (0.4) 9.48 (0.0)

GB/SA

3a

6.24 (0.0)
2.95(0.7)
0.00 (96.1)
247 (1.5)

3b
2.63 (0.6)
1.04 (8.2)
0.08 (41.7)
2.63 (0.6)

3c
8.17 (0.0)
6.26 (0.0)
7.04 (0.0)
7.85 (0.0)
244 (1.2)
248 (1.1)
5.16 (0.0)
1.35(71.7)
0.00(75.7)
1.45 (6.5)
3.95(0.1)
2.41(1.3)

3d
8.15 (0.0)
245 (1.5)
1.94 (3.6)
0.00 (94.6)
3.97 (0.1)
4.41 (0.0)

3e
6.44 (0.0)
7.70 (0.0)
3.0i (0.6)
5.38 (0.0)
5.32(0.0)
4.12(0.1)
4.68 (0.0)

0.00 (90.5)
1.50 (7.4)

2.60 (1.1)

4a

7.41 (0.0)
2.39 (0.0)
4.42 (1.7)
11.18 (0.0)

4b
7.20 (0.0)
2.34(0.99

0.00 (47.8)
3.15(0.2)

4c
10.18 (0.0)
12.58 (0.0)

3.61(0.2)
5.55(0.0)

1.52 (5.8)
3.50(0.2)

6.56 (0.0)
8.84 (0.0)

ad
12.53 (0.0)
5.68 (0.0)
3.68 (0.2)

8.77 (0.0)

de
12.81 (0.0)
13.13 (0.0)
5.88 (0.0)
6.28 (0.0)
6.63 (0.0)
5.92 (0.0)
3.86 (0.1)

4.30 (0.1)
9.03 (0.0)

9.36 (0.0)

9103
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Computed 3d/4d ratio were now of 100/0 and 99.8/02 for in vacuum or GB/SA calculations,
respectively, in perfect agreement with experimental results. As for 3¢ and 4¢, bending and van der Waals

energy terms stabilised transition structures giving rise to 3d while the electrostatic term tended to stabilise
those for 4d. Different behaviour was observed with the GB/SA solvation model. The electrostatic term inverts
its previous tendency and causes a relative stabilisation of 3d by 4.39 kcal mol' while for in vacuum
calculations this term destabilised 3d by —1.23 kcal mol”' relative to 4d. The introduction of the solvent favours
the folding of the substituent chain in compound 3d.

PO AN
Y
I\ A

Fig. 5. Stereoview of the energy minimum transition structures producing 3d. Hydrogen atoms have been

removed for clarity.

Conformational analysis for the iransition structures consiructed were carried out as for Z¢. The rotatable
bonds were wi and w2 (Fig. 2). A total of 10 conformers were obtained for transition structures producing 3e
distributed on 2, 5, 2, and 1 for the 1-c1, 1-¢2, 1-c3, and 1-c4 conformers, respectively. Results for 4e also
indicated a total of 10 conformers distributed on 2, 4, 3, and 2 for the 1-¢1, 1-¢2, 1-¢3, and 1-c4 conformers,
respectively. The 3e transition structures were always (in vacuum and with solvation model) the most stable.
Agam the phenylsulfonyl groups produced a n-stacking interactions and one hydrogen bond between the furan

ing oxygen and the thiol group hydrogen was observed in 3e minimum transition structure for the 1-c3

5% 111

conformer (see Fig. 6). Computed 3e/de ratio were of 99.6/0.3 and 99.7/0.2 for in vacuum or GB/SA
calculations, respectively, in perfect agreement with experimental results. Electrostatic and hydrogen bonding

stabilised due to the van der Waals term by 1.52 kcal mol™ with respect to 3e. This stabilisation was interpreted
by the congested conformation observed in product 3e: the formation of the hydrogen bond between the furan
oxygen and the thiol hydrogen led to short interaction distances (1.8 A) between these groups. For GB/SA
calculations, the electrostatic term remained unaltered but the hydrogen bonding term decreased the absolute
relative energy difference between 3e/4e but it still favoured the 3e product. It is noteworthy that the van der
Waals term for the solvent calculations favoured the 3e product. The study of the transition structure showed

that the distance between the furan oxygen and the thiol hydrogen increased to be 2.4 A.
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DISCUSSION

The MM3* force field parameterisation developed for dealing with carbon atoms present in transition states for
Diels-Alder reactions has obtained good agreement with experimental results for 2a, 2¢, 2d, and 2e dienes. The
exception arrived for diene 2b, for which computations afforded an equimolar amount of cycloadducts 3b and
4b while experimental results determined an exclusive formation of 3b. The presence of an oxygen atom
directly connected to one reacting carbon atom of the furan ring may distort the symmetry of the transition state
used previously. In order to improve the results, new ab initio calculations (with the same mcthgr_ivlegy\” were
the main geometrical features obtained for the TS between 2-hydroxyfuran and ethylene in our ab initio
calculation. The newly computed transition state presents two different distances between reacting carbon atoms
(C4---C7 was shorter than C3---C6). The MM3* force field was again modified to adjust it to these geometrical
changes, and this new parameterisation led to an exact modelling of the transition state (Table 7). The
introduction of a new atom type'> was needed to reproduce the two different forming bond distances; four
bending angles were to be redefined for the transition state structure involving the O3-T2-O3(H2), C2-T2-
O3(H2), T1-T2-03(H2) and T2-03-H2 angles; finally, torsion parameters were adapted from previous force
field parameters. The transition state structure for the reaction between 1 and 2b was thus computed again
introducing the OCHs group and following the methodology explained above. Once the simplest transition state

(=2

was successfully modelled, the methodology used for reaction between 1 and 2¢-e was used. Computational
raguilte ara gathorad in Tahla  All Af the trancitinn ctrmistiiroe nragcantad th 15 rann nf OCH. enhetitnant
ICHuUILd div EauiCicl il 1auviv O. Aul Ul Wil Ualisiuui Suuiiuits piostincu u TUUp Ur UALTAT Sulsiuucii

structure showing a favourable m stacking interaction between the phenyisuifonyi rings.

The population distribution of 3b/4b presented a ratio of 86.2/13.8 for the in vacuum (or 84.7/15.3 for the
GB/SA method), values closer to the experimental results (100/0). Fig. 7 shows a stereoview representation for
the minima transition structures giving rise to 3b and to 4b as obtained in vacuum calculations.
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Fig. 7. Stereoview of energy minimum for the computed transition structures (in vacuum) for the 1/2b reaction
after reparameterizing the MM3* force field: (a) structure producing 3b; (b) structure producing 4b.

Table 7. Main Geometrical Features Obtain

MM3* Calculations.
Bond Lengths
Bond ab initio MM3* Bond ab initio MM3* Bond ab initio MM3*
1-2 1.381 1.363 3-6 2.200 2.200 6-13  1.088 1.088
1-3 1.416 1.412 3-10 1.353 1.349 6-15  1.085 1.086
1-8 1.081 1.101 4-5 1.383 1.376 7-12 1.087 1.088
2-4 1.416 1.434 4-7 2.138 2.138 7-14  1.086 1.087
2-9 1.082 1.102 4-11 1.082 1.088 10-16 0971 0.946
3-5 1.372 1.362 6-7 1.396 1.389
Bond Angles
Angle ab initio MM3* Angle ab initio MM3#* Angle ab initio MM3*
1-2-4 106.4 105.8 2-4-11 128.3 128.0 6-7-12 119.3 119.1
1-2-9 127.4 128.0 3-1-8 125.0 125.6 6-7-14 120.1 120.3
1-3-5 108.7 108.7 3-5-4 103.3 103.1 7-6-13 119.3 119.1
1-3-10 125.0 124.9 3-10-16 108.3 108.2 7-6-15 120.6 120.3
2-1-3 105.5 105.8 4-2-9 125.3 125.6 12-7-14 114.3 114.5
2-1-8 128.8 128.0 5-3-10 117.0 117.3 13-6-15 114.5 114.5
2-4-5 107.7 108.1 5-4-11 114.6 1149
Torsion Angles
Angie  ab initio MM3* Angie ab initio MM3* Angle ab initio MM3*
1-2-4-5 18.5 18.0 3-1-2-9 -170.6 -173.7 8-1-3-10 25.8 20.3
1-2-4-11 1625 163.3 3.5-4-11 -177.8 -178.3 9-2-4-11 -27.7 -23.4
1-3-5-4 27.8 27.4 4-2-1-8 170.3 170.9 12-7-6-13 -0.5 -0.7
2-1-3-5 -169 -16.8 4-5-3-10 176.4 178.2 12-7-6-15 151.6 1503
2-1-3-10 -162.3 -168.0 5-3-1-8 171.3 171.3 13-6-7-14 -151.0 -151.5
2-4-5-3 -28.3 -27.9 5-4-2-9 -171.7 -168.8 14-7-6-15 1.1 -0.6
3-1-2-4 -1.1 -0.7 8-1-2-9 0.8 -2.1
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Table 8. Computed Relative Energy (kcal mol ™) and Population Analysis (in parenthesis, %)
Transition Structures of Reaction between 1 and 2b.

Yoe wronnmuns MDD IO A
l!l Yacuiiii EDL sza
Reactant Conformer 3h 4b 3b 4b
Zb i-ci 71.82 (0.0) 74.00 (0.0) 45.57 (0.0) 47.42 (0.0)

1-c2 65.03(0.5)  67.59(0.0)  3856(3.5  40.93(0.1)
1-c3 62.03(85.6) 63.11(13.8) 36.71(80.7) 37.70(15.2)
1-cd 6628 (0.1)  68.50(0.0)  39.75(0.5)  41.52(0.0)

CONCLUSIONS

Results obtained from this work demonstrate the synthetic usefuiness of substituted furans, especially
those with substituents on position 2. Moreover, the MM3-transition state model has been proved to be efficient
only if the electronic demand of the studied reaction is very similar to that of the model. Otherwise, more
refined transition state model has to be computed to achieve reasonably acceptable results. Selectivity in the 2-
substituted furans arose by interactions between the 2-substituent and the sulfonyl groups (steric repulsions with
the cis-sulfonyl or long-range favourable interactions -electrostatic, dipolar, van der Waals- with the trans-
sulfonyl). Molecular geometry and the spatial disposition of substituents in the 3-substituted furans clearly

[=4

1 qtify a decrease in the selectivity.
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EXPERIMENTAL SECTION

General. Reagents and solvents were handled by using standard syringe techniques. IR spectra were

recorded on a Perkin-Elmer 297 spectrophotometer. Dichloromethane was distilled over Cal, before use. H
NMR and *C NMR were obtained on Varian XL-300, Bruker AM-250 and Bruker AM-300 s

NMR and NMR arian X1.-300, Bruker AM-250 and Bruker AM-300 spectrometers
Chemical shifts (8) are reported in ppm from internal (CH3)4Si. Silica gel Merck 60 (230-240 mesh) and Merck

60F,s4 plates were used for conventional and analytical (TLC) chromatography respectively. Melting points
were determined on a Gallenkamp instrument and are uncorrected. Elemental analyses were performed at the

Universidad Complutense de Madrid.

2-(benzyloxymethyl)furan (2d). To a solution of 2-(hydroxymethyl)furan (20 mmol) and TBAI (catalytic
amount) in THF (200 ml), NaH (41 mmol) and benzylbromide (51 mmol) were added at 0 °C. The mixture was
stirred 24 h. Then, H,O was added and aqueous layer was extracted with diethylether. Organic phases were
dried with gSO4, filtered and solvent was evaporated in vacuo. The crude was submitted to silica gel
y (Hex:AcOEt 20:1) and 3.63 g of furan 4b were obtained (96 %) as a yellow oil: IR (KBr) 3010,
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3-(benzyloxymethyl)furan (5b). To a solution of 3-(hydroxymethyl)furan (1.02 mmol) and TBAI
(catalytic amount) in THF (10.2 ml) at 0 °C, NaH (2.04 mmol) and benzylbromide (2.55 mmol) were added.
The reaction mixture was stirred for 24 h. and H,O was added. The crude was extracted with diethylether and
organic layer were dried under MgSO,, filtered and the solvent was eliminated under reduced pressure. The
crude was submitted under silica gel chromatography (Hex:AcOEt 20:1) and 192 mg of furan 5b were obtained
as a yellow oil: TR (KBr) 3010, 2920, 2850, 1470, 1360, 1150 cm™’; '"H NMR (CDCls, 300 MHz) 84,24 (s, 2 H,

LSV IVAIAL )

CHy), 4.36 (s, 2 H, CHy), 6.29 (bs, 1 H, H-4), 7.10-7.26 (m, 7 H, H-2, H-5, CH,Ph); *C NMR (CDCl, 62.5

MHz) 8 63.5, 72.0, 110.6, 128.2, 128.2, 128.6, 140.9, 143.6. Anal. Caled. for C,;H,0y: C, 76.60; H, 6.38.
Tz A: £ 7L AL, YT £ £
rouna: €, 76.45; n, 6.50.

General procedure for Diels-Alder reactions. To a solution containing E-1,2-bis-(phenylsulfonyl)-
cthylene 1 in CH;Cl; (10 ml/mmol) were added three equivalents of furans 2 or 5. The mixture was stirred at
room temperature until the starting material was disappeared. The solvent was removed under reduced pressure
and the residue was purified by silica gel chromatography, using the appropriate eluant in each case

6-endo-5-exo-bis-(phenylsulfonyl)-1-methyl-7-oxabicyclo[2.2.1]hept-2-ene (3a). Reaction (24 h) of 1
(0.16 mmol) with furan 2a (0.48 mmol) in CH,Cl, (4 ml) afforded, following the general procedure, and after
silica gel chromatography (Hex:AcOEt 2:1) 62 mg (100%) of 3a, as a white solid: mp 93-94 °C; IR (KBr) 3010,

1585, 1450, 1330, 1180, 1150, 1090, 790, 750 cm™; 'H NMR (CDCls, 300 MHz) 6 1.77 (s, 3 H, Me), 3.79 (4, 1
H,J=40Hz H-5),388(d, 1 H, /=44 Hz, H-6),521(d, 1 H, J=18 Hz, H-4), 6,51 (dd 1H,J=18,55Hz,
H-3), 6.64 (d, 1 H, J= 5.5 Hz, H-2), 7.52-7.69 (m, 10 H, SO,Ph); *C NMR (CDCl;, 75 MHz) & 18.2, 70.2,
71.0, 80.4, 89.2, 128.3, 128.4, 128.8, 129.4, 129.9, 134.2, 134.2, 134.9, 140.3. Anal. Calcd. for C1gH;305S,: C,
58.46; H, 4.62. Found: C, 58.56; H, 4.75
6-endo-5-exo-bis-(phenylsulfonyl)-1-methoxy-7-oxabicyclo{2.2.1]hept-2-ene (3b). Reaction (4 h) of 1

(1.6 mmol) with furan 2b (4.9 mmol) in CH;Cl, (16 ml) afforded 650 mg of 3b, as a white solid (100 %): IR
(KBr) 3000, 1750, 1500, 1450, 1300, 1210, 1150, 750, 680 cm ‘; 'H NMR (CDCls, 300 MHz) 6 3.33 (s, 3 H,
Me), 3.79 (d, 1 H, J= 4.8 Hz, H-5), 4.00 (d, | H, J=4.8 Hz, H-6), 5.22 (d, 1 H, J= 1.8 Hz, H-4), 6.60 (dd, 1 H,
J=1.1,5.9Hz, H-3), 6.70 (d, 1 H, J= 5.9 Hz, H-2), 7.45-7.50 (m, 4 H, SO,Ph), 7.51-7.63 (m, 2 H, SO,Ph), 7.69
(d, 2 H, J="7.7 Hz, SO,Ph), 7.78 (d, 2 H, J= 8.1 Hz, SO,Ph); 3C NMR (CDCls, 62.5 MHz) & 55.2, 65.2, 65.6,
68.9, 112.5, 126.9, 128.6, 128.8, 129.2, 129.3, 129.6, 130.0, 135.1, 140.4, 151.5. Anal. Calcd. for C;oH,;304S,:
C, 56.16; H, 4,43, Found: C, 56.30; H, 4.30.

=2
~

6-endo-5-exo-bis-(phenylsulfonyl)-1-(hydroxymethyl)-7-oxabicyclo[2.2.1]Thept-2-ene (3¢) and 1-
hydroxymethyl-5-endo-6-exo-bis-(phenylsulfonyl)-7-oxabicyclo[2.2.1]hept-2-ene (4c). Reaction (12 h) of 1
(0.06 mmol) and furan 2¢ (0.19 mmol) in CH,Cl, (1 ml) afforded, following the described procedure, and after

ualall &L 17 1AA111VL) o2 B WA ¥ 22217 GllLUIULLL, JULUW LS M LBLaLblIUL AULLLULLE; Aallud

column chromatography (Hex AcOEt 5: 1) an inseparable mixture of 3¢ and 4¢ (26 mg, 100%). Longer reaction

/n\nm 12N 1’21 OF T‘D DN 228N YQAN 1ALN 1290 AN 110N 770

"1/1 me A P eaN
“ 11 5 L 1VY YO). LIp 1oU-lold 1N \IZWDDL ) DIOJU, L7979V, 19UV, 1J4VU, llUU 11UV, /71U,

L\ s s |
i1) ali1VIUCU &
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1-(benzyloxymethyl)-6-endo-5-exo-bis-(phenylsulfonyl)-7-oxabicyclo[2.2.1]hept-2-ene (3d). Reaction
(72 h) of 2.4 mmol of 1 with 7.2 mmol of furan 2d in 24 mi of CH,Cl, rendered 930 mg (78 %) of 3d, after
silica gel chromatography (Hex:AcOEt 10:1) as a white solid: mp 180-181 °C; IR (KBr) 3080, 2960, 1750,
1460, 1325, 1160, 1110, 1090, 760, 700 cm™; "H NMR (CDCl;, 300 MHz) § 3.77 (d, 1 H, J= 4.4 Hz, H-5), 3.87
(d, 1 H, J=11.7 Hz, CH;), 4.24 (d, | H, J=11.7 Hz, CH,), 4.36 (d, 1 H, J=11.7 Hz, CH,), 437 (d, 1 H, J=4.4
Hz, H-6), 4.43 (d, 1 H, J= 11.7 Hz, CHy), 5.28 (s, 1 H, H-4), 6.55 (s, 2 H, H-2, H-3), 7.15-7.85 (m, 15 H,
CH,Ph, SO,Ph); '’C NMR (CDCls, 62.5 MHz) & 64.3, 67.0, 70.4, 73.4, 81.1, 92.6, 127.7, 128.2, 128.3, 128.4,

128.9, 129.2, 129.2, 129.8, 134.0, 134.1, 134.9, 136.'}, 137.2, 140.3. Anal. Calcd. for CycHa406S2: C, 62.90; H,
484 Found: C.62.73: H. 468

£.5%. Iouna. Ny Vdea i dg Ady TV

6-endo-5-exo-bis-(phenylsulfonyl)-1-(mercaptomethyl)-7-oxabicyclo[2.2.1]hept-2-ene (3e). Reaction

(25 h) of 1 (1.6 mmol) with 2e (4.9 mmol) in 16 ml of CH,Cl, produced, after column chromatography
MTav: A~NEr £:1) £QA4 s (1N G Af Ta ag o whita calidr mn 125_1724 O TR (KR 222N 202N 18520 1490
\lch.nbUL_A J.1) Uotr llls LiVvy /U) VUl JU ad a wilillv dullu., IIAP 1JJ7100U o, LN \IND) JIIY, LT74V, 1J0VU, 110V,

A = ~~N 0r non o Nnmn l ]YY TR ATY 7T ANN R ATT__\ S 1 s e 20 5§ MY T ~ ™A s ~
l‘l-DU leLU 1 l(SU, Usu, suuCim ; 1 NVIK (UDUI3, DUU VIRZ) O ] D (L 1 1'1 J——- 6 8 HZ, dH), 3.44 (4, £

i
H, J= 8.8 Hz, CHy), 3.74 (d, 1 H, J= 4.0 Hz, H-5), 441 (d, 1 H, J=4.4 Hz, H-6), 5.26 (s, | H, H-4), 6.57 (s, 2
H, H-2, H-3), 7.38-7.83 (m, 10 H, SO,Ph); *C NMR (CDCls, 75 MHz) & 26.1, 64.9, 71.3, 80.7, 92.8, 128.4,
128.6, 129.4, 129.5, 130.0, 134.4, 134.5, 135.1, 137.1, 138.4, 140.4. Anal. Calcd. for C;oH,305S3: C, 54.03; H,
4.26. Found: C, 53.90; H, 4.36.

6-¢ndo-5-exo-bis-(phenylsulfonyl)-2-(hydroxymethyl)-7-oxabicyclo[2.2.1]hept-2-ene (6a) and S-
endo-6-exo-bis-(phenylsulfonyl)-2-(hydroxymethyl)-7-oxabicyclo[2.2.1]Thept-2-ene (7a). Reaction (19 h) of
0.06 mmol of 1 with furan Sa (0.19 mmol) in CH,Cl; (1.3 ml) rendered a 6:4 mixture of 6a and 7a as white
solids, after column chromatography (Hex:AcOEt 5:1) (20 mg, 76 %): 'H NMR (CDCls, 300 MHz) & 3.56 (d, 1
H,J=48Hz),371(d, 1 H J=44Hz),409(d,2H, /=66 Hz),423 (t, 1 H,J=44Hz),426(t, 1 H, J=44

Y432(d TH T
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28.2, 128.4, 128.5, 128.6, 129.
138.7, 140.3, 149.6, 152.7.

ra o~ e

2-(benzyloxymethyl)- 6-endo-5-exo-bis-(phenyisuifonyl)-7-oxabicyclo[2.2.1]hept-2-ene (6b) and 2-
(benzyloxymethyl)-5-endo-6-exo-bis-(phenylsuifonyl)-7-oxabicyclo[2.2.1]hept-2-ene (7b). Reaction (47 h)
of 1 (0.08 mmol) with furan 5b (0.24 mmol) in CH,Cl, (0.8 ml) produced a mixture of 6b and 7b (35 mg, 87
%) as white solids, after silica gel chromatography (Hex:AcOEt 5:1): 'H NMR (CDCl,, 300 MHz) 8 3.64 (d, 1
H, J= 4.8 Hz), 3.70 (d, 1 H, J= 4.8 Hz), 4.19-4.22 (m, 3 H), 4.29 (t, | H, J= 4.4 Hz), 4.41-4.52 (m, 4 H), 4.55
(d, | H, J=12.1 Hz), 4.64 (d, 1 H, J=11.8 Hz), 5.24 (d, 1 H, J=4.4 Hz), 531 (d, 1 H, J=4.4 Hz), 5.32 (d, 1 H,
J=15Hz),5.36(d, 1 H, J= 1.5 Hz), 6.46 (d, | H, J= 1.5 Hz), 6.52 (d, 1 H, J= 1.5 Hz), 7.29-7.74 (m, 30 H); Bc
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NMR (CDCl.. 75 MHz) 8§ 64.6, 64 8. 66.6 QO 675 680 726 726 R0DN {N4 94 20 197 & 1977
N 3 2ii&; &R Ty TRy RSy WSy W ety VUL, T Uy FAaVy UVWWY, UULTT, U4, UL, L4LT.Jy LLTOT,
1277 12778 19872 172 4 1784 17268 19 A& 1704 1704 121N 1214 1247 124172 12412 12£ 0 127 £
Rkiniy L&l.Uy 1&U.Ly 1&U.T) 14057, 1&U.J, 140.U, 147.5%, 147.5%, 1J1.V, 1J01.9, 105%.4, 104.5, 154.5, 150.0, 113/.0,
137.8,137.9, 139.0, 139.1, 147 4, 149.6
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