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Abstract. Reaction of ArSCl (Ar = phenyl or ortho-nitrophenyl) withendo-tricyclo[6.2.1.@~7]- 
undeca-4,9diene-3,6dione (1) results in arm’ addition across the norbcnnene carbon-carbon double 
bond with concomitant aromatization of the cyclohexenedione ring, thereby affording 4 (87%) and 
5 (63%), respectively. The corresponding reaction of PhSCl with 1 in the presence of added Ag(l) 
proceeds via polar addition across the norbomene carbon-carbon double bond with concomitant 
intramolecular nucleophilic trapping of au intermediate episulfonium ion by a distant C=O group, 
thereby affording 6 (57% yield). The xeaction of PhICl2 with 1, when carried out in the presence of 
SbCls or AgBF4, pmcceds with concomitant Wagner-Meerwein rearraugement and aromatization 
to afford adducts 7a and t& respectively. 

Introduction. endo-Tricyclo[6.2.1.@~$mdeca-4,9-diene-3~6dione (l), the exclusive product that 

results via Diels-Alder [4 + 21 cycloaddition of cyclopentadiene to p-benzoquinone.1 has been employed 

frequently as an intermediate in the synthesis of substituted pentacyclo[5.4.0.02fi.@~t~.ti~9]undecanes.~ In 

addition, the mode of addition of electrophiles to the isolated [norbomene C(2)-C(3)] carbon-carbon dou- 

ble bond in 1 has been studied. Interestingly, the addition of BQ (1 equivalent) to 1 has been reported by 

Singh and Verma3 to affd exclusively the conesponding dibromide. 2, which results via stereoselective 

exo,cis addition (Scheme 1). 

Scheme 1 

This mode of addition is unusual, since electrophilic addition of bromine to nonconjugated alkenes 

generpllyprooeeds s&reoselectively anti (via the cmsponding bromonium ion intermediate)4 and only 
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rarely stereoselectively syn56a Polar additions of Cl2 and Br2 to norbornenes and to benzonorbornenes 

frequently are accompanied by Wagner-Meerwein rearrangements, a result which implicates a carbocation 

intermediate.6 

The reported3 course of the reaction of 1 with Br2 contrasts markedly with that of the correspon- 

ding reaction of endo-tricyclo[5.2.1.@~6]deca-4,8-dlen-3-one (3). Thus, reaction of 3 with Br27.8 results in 

exclusive addition across the (electron-poor) eneone carbon-carbon double bond, leaving the isolated (and 

relatively electron-rich) norbornene carbon-carbon double bond unscathed (Scheme 2). The unusual beha- 

vior of 3 in this regard has been accounted for in terms of “steric and electronic constraints present in 

en&tricyclodecadienones”.8 

Although Singh and Venua3provided convincing proof of the structure of adduct 2, they failed to 

suggest any mechanistic rationalization to account for the observed stereochemistry of the electrophilic 

addition of Bq to 1. In an effort to gain additional insight into the mechanism of this process, we have 

investigated a variety of electrophilic additions to 1 (vi& it@). 

Scheme 2 

Results and Discussion. Electmphilic additions of arylsulfenyl chlorides (ArSCl, Ar = phenyl and 

2-nitrophenyl) and of PhICl2 to 1 under a variety of experimental conditions have been investigated. The 

results obtained via these studies are s ummarixed in Scheme 3. Thus. reaction of 1 with PhSCl in the pres- 

ence of Ag(I)g results in polar addition across the norbornene carbon-carbon double bond with concomi- 

tant intramolecular nucleophilic trapping of a cationic intermediate by a distant C=O group, thereby 

affording 6 (57% yield). In the absence of added Ag(I), anri addition of ArSCl (Ar = phenyl or orth- 

nitrophenyl) occurs, accompanied by aromatization of the cyclohexenedione ring. The corresponding 

reaction of 1 with PhICl2,tu when performed in the presence of either Sb(V) or Ag(I), proceeds with 

concomitant Wagner-Meerwein rearrangement and also results in the formation of an aromatized product 

(7a and 8, respectively). 
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Scheme 4 

10 bFf 11 
At3Q 

SMr= 2-NO#i34)] 
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The reaction of 1 with PhICl2, when performed in the presence of powerful Lewis acids (e.g., 

SbCls andAgBF& appears to proceed in stepwise fashion by way of a cationic intermediate. The 

intermediacy of a carbocation is suggested by the fact that the products (i.e., 7a and 8, respectively) are 

formed with concomitant Wagner-Meerwein skeletal rearrangement.6 

Some Thoughts on the Mechanism of Bromination of 1. Although different electrophiles were 

used in the present study, we nevertheless believe that our results may bear directly upon the question of 

the stereochemistry of electrophilic bromination of 1.3 Of particular significance in this regard is the 

possible incursion of an intermediate which results via intramolecular nucleophilic trapping of an epsul- 

fonium ion intermediate by a distant enedione C=O group. 12 This situation finds close analogy in the 

course of the reaction of 1 with PhSCl when this reaction is performed in the presence of Ag(1) (Scheme 

4). Thus, in the case of bromination, an intermediate, 12, that is closely analogous to 6 might be formed, 

which subsequently undergoes nucleophilic attack by Br to afford 2 (see Scheme 5). In this way, the 

observed3 net syn addition of BQ to 1 might be rationalized. 
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Scheme 5 

:Bi 
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Experimental Section 

Melting points are uncorrected. NMR spectra were recorded on a Varian Gemini 200 spectrometer 

which was operated at 200 MHz for tH (Me&i internal standard), 50 MHz for I3C (MeqSi internal 

standard), and 282 MHz for 1% NMR spectra (CFC13 external standard). IR spectra were obtained on a 

Nicolet model 20-SXB Fourier transform infrared spectrophotometer. Dichloromethane was distilled 

under nitrogen from CaH2. Phenyliodine(III)dichloride (PhIC12) was obtained via the reaction of 

iodobenzene with chlorine by following a literature procedure. I4 Compound 1 was synthesized via Diels- 

Alder cycloaddition of cyclopentadiene to p-benzoquinone. 15 Phenyl- and o-nitrophenylsulfenyl chlor- 

ides were obtained from corresponding disultides. 16 Elemental microanalyses were performed by M-H-W 

Laboratories, Phoenix, AZ. 

3,6-Dihydroxy-exo-9-(phenylthio)-endo-l0-chlorotricyclo[6.2.l.~~~]undeca-2(7)~~-t~ene 

(4). A solution of 1 (0.944 g, 5.43 mmol) in CH2C12 (8 mL) was cooled to -78 “C by application of an 

external dry ice-acetone cold bath. To this cooled solution was added dropwise with stirring a solution of 

PhSCl(776 mg, 5.37 mmol) in CH2Cl2 (2 ml). The reaction mixture was allowed to warm gradually to 

-50 ‘C and then was stirred at this termperature for 4 h. The cold bath was removed, and the reaction mix- 

ture was allowed to warm gradually to room temperature and then stirred at this temperature for 1 h. The 

reaction mixture was concentrated in vucuo, thereby affording crude 4 as a yellow oil. Upon trituration 

with CHC13-hexane, the crude product solidified. This solid was collected by suction filtration, air-dried, 

and then recrystallized from CHClg-hexane. Pure 4 was thereby obtained as colorless flakes (1.5 g. 87%): 

mp 99-100 ‘C, IR (KBr) 3296 (br, m), 1633 (m), 1457 (s), 1288 (s), 1224 (s). 846 (s), 738 cm-l (s); IH 

NMR (acetone-de) 6 1.95 (m, lH), 2.15 (dt,J= 9.9, 1.4Hz, 1 H), 3.11 (t,J = 3.1 Hz, 1 H), 3.61 (s, 1 H), 

3.92 (m, 1 H), 4.45 (t, J = 3.7 Hz, 1 H), 6.52 (AB,JAB = 8.5 Hz, 1 H), 6.56 (AB, JAB = 8.5 Hz, 1 H). 

7.20-7.50 (m, 5 H), 7.65 (s, 1 H), 7.82 (s, 1 H); l3C NMR (acetone-&) 6 46.34 (t), 47.41 (d), 48.96 (d), 
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solid was collected by suction filtration, air-dried, and then the residue was purified via column 

chromatography on silica gel by using 17% EtOAc-hexrute as eluent. Pure 6 (155 mg, 57%) was thereby 

obtained as a colorless microcrystalline solid: mp 179-180 ‘C, IR (KBr): 3366 (br, m), 1633 (m), 1429 

(s), 1259 cm-1 (s); IH NMR (CDC13) 6 1.70 (m, 1 H), 2.22 (dt, J = 11.3, 1.4 I-Ix, 1 II), 2.80 (s, 1 H), 2.88 

(m, 2 H), 3.12 (m. 2 H), 3.30 (m, 1 H). 4.46 (d, J = 4.9 I-Ix. 1 H), 6.09 (AB, JAB = 10.2 Hz, 1 H), 6.92 

(AB, JAB = 10.2 I-Ix, 1 H), 7.10-7.40 (m, 5 H); 13C NMR (CDC13) 6 34.90 (t), 45.49 (d), 47.32 (d), 48.07 

(d), 49.00 (d), 51.32 (d), 87.65 (d), 100.9 (s), 126.1 (d), 128.7 (d). 129.1 (d), 129.7 (d), 134.8 (s), 149.7 

(d), 197.9 (s). Anal. Calcd for CI7HI603S: C, 67.98; H, 5.37. Found C. 67.75; H, 5.50. The structures of 

two polymorphic forms of 6 have been established unequivocally by application of single crystal X-ray 

crystallographic methods (vi& injru). 

3,6-Dihydroxy-exo-9-syn-ll-dichlorotricyclo[6.2.1.02~7]undeca-2(7),3~-triene (7a). A solution 

of freshly prepared14 PhICl2 (0.41 g, 1.49 mmol) in CH2C12 (10 mL) under argon was cooled to -78 “C 

by application of an external dry ice-acetone cold bath. To this cold solution was added with stirring 

SbCl5 (1.5 mL of a 1.0 M solution in C!I-I$12, 1.5 mmol). The reaction mixture immediately darkened 

upon addition of this SbCl5 solution. To the resulting mixture was added dropwise a solution of 1 (260 

mg, 1.49 mmol) in CH2C12 (2 mL). The reaction mixture was stlrmd at -78 ‘C for 0.5 h after the addition 

of 1 had been completed. The cold bath then was removed, and the reaction mixture was allowed to warm 

gradually to room temperatum. Saturated aqueous NaHC@ (10 mL) was added, and the resulting mixture 

was extracted with CHC13 (3 x 15 mL). The combined organic extracts were dried (MgSO4) and filtered, 

and the filtrate was concentrated in vacua. The residue, a dark brown oil, was purified via column 

chromatography on silica gel by eluting with 9% EtOAc-hexane. Recrystallization of the material thereby 

obtained from CHCl3-hexane afforded pure 7a (153 mg, 42%) as a colorless microcrystalline solid: mp 

83-84 OC; IR (RBr) 3312 (br, m). 3035 (m), 1604 (m), 1495 (s), 1381 (m). 1246 (m), 1036 (s). 807 cm-1 

(s); IH NMR (acetone-dg) 6 2.22 (dd. J = 13.0, 8.1 I-Ix, 1 H), 2.55 (dt, J = 13.1.3.8 Hz, lH), 3.68 (m, 1 

H), 3.79 (t, J = I.6 Hz, HI), 3.90 (ddd, J= 8.0.4.4, 1.2 Hz, 1 II), 4.15 (t, J = 1.2 I-Ix, 1 I-I), 6.56 (s, 2 H), 

7.95 (br s, 2 H); 13C NMR (acetone-d6) S 36.65 (t), 47.68 (d). 53.93 (d), 57.56 (d), 66.91 (d), 116.3 (d), 

117.0 (d), 129.1 (s), 130.8 (s), 144.8 (s), 145.0 (s). The structure of 7a has been established unequivocally 

by application of single crystal X-ray crystallographic methods (vi& @F-u). 

Compound 7a was further characterized as the corresponding di-O-acetyl derivative, 7b. Thus, a 

mixture of 7a (100 mg, 0.4 mmol), Et3N (242 mg, 2.4 mmol) and N,Wdimethylaminopyridine (15 mg, 
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catalytic amount) in dry CH2Cl2 (10 mL) was cooled to OY! by application of an external ice-water bath. 

To this cooled mixture was added dropwise with stirring acetic anhydride (Ac20, 102 mg, 1.2 mmol). 

After the addition of Ac20 had been completed. the cold bath was removed. The reaction mixture was 

allowed to warm gradually to room temperature, and stirring was continued for 12 h. The reaction mixture 

was diluted with water (25 n&J, and the resulting aqueous suspension was extracted with CH$& (3 x 10 

mL). The combined organic extracts were washed sequentially with 10% aqueous HCl(l0 mL) , water 

(20 mL) and brine (25 mL). The organic layer was dried (Na2S04) and filtered, and the filtrate was 

concentrated in vacuu. The residue thereby obtained was purified via column chromatography on silica 

gel by eluting with 15% EtOAc-hexane. Pure 7b (124 mg. 95 %) was thereby obtained as a colorless 

microcrystalline solid: mp 155-156 ‘C; IB (KBr) 2997 (w), 2944 (w), 1761 (s), 1481 (s), 1439 (w), 1365 

(m), 1296 (m), 1174 (vs), 1032 cm-l (m); lH NMB (CDCl3) 6 2.28 (s, 3 H), 2.32 (s, 3 H), 2.21-2.42 (m, 1 

H), 2.62 (dt, J = 13.0,4.0 Hz, 1 H), 3.45 (bs, 1 H), 3.57 (bs, 1 H), 4.01 (dd, J = 9.2,5.6 Hz, 1 H), 4.06 (br 

s, 1 H), 6.87 (s, 2 H); 13C NMR (CDCl3) 6 20.76 (q, 2 C), 35.01 (t), 40.07 (d), 54.12 (d), 55.49 (d), 65.71 

(d), 121.41 (d), 121.95 (d), 135.25 (s), 137.11 (s), 141.81 (s), 142.04 (s), 168.71 (s, 2 C); Anal. Calcd for 

Ct5H14Cl2@: C, 54.73; H, 4.29; Found: C, 54.95; H, 4.20. 

3,6-Dihydroxy-exo-9-fluoro-syn-ll-chlo~tricyc~[6.2.1.~7]und~-2(7)~~-t~ene (8). A sus- 

pension of AgBF4 (125 mg, 0.64 mmol) in dry CH2C12 (3 mL) under argon was cooled to -30 OC by 

appli-cation of an external dry ice-acetone cold bath. To this cold solution was added portionwise with 

stirring freshly pmpared14 solid PhIC12 (175 mg, 0.64 mmol), and the resulting mixture was stirred under 

argon at -30 ‘C for 0.5 h. Compound 1 (112 mg, 0.64 mmol) then was added, and the resulting mixture 

was stirred under argon for an additional 2 h. The external cold bath was removed, and the reaction 

mixture was allowed to warm gradually to room temperature and then stirred for 0.5 h at this temperature. 

Water (20 mL) was added, and the resulting aqueous suspension was extracted with CHC13 (3 x 20 mL). 

The combined organic layers were dried (MgS04) and filtered, and the filtrate was concentrated in vacua. 

The residue, a yellow oil, was purified via column chromatography on silica gel by eluting with 9% 

EtOAc-hexane. Pure 8 was thereby obtained as a colorless microcrystalline solid (78 mg, 53%): mp 143- 

145 ‘C, IB (KBr) 3268 (br, m), 1668 (m), 1499 (s). 1239 (m), 1055 (s), 844 cm-t (s); IH NMB (acetone- 

dg) 6 2.05 (m, 1 H), 2.40 (ddt, J = 30.3, 13.2,2.8 Hz, 1 H), 3.65 (br s, 1 H), 3.88 (d, J = 7.0 Hz, 1 H), 

4.19 (s, 1 H), 4.73 (dd. Jm = 56.2 Hz, Jm = 6.7 Hz, 1 H), 6.55 (s, 2 H), 7.78 (s. 1 H), 7.94 (s. 1 H); 13C 

NMB (acetone-de) 8 34.28 (d, J = 21.2 Hz), 46.85 (s), 52.64 (d, J = 21.5 Hz), 67.03 (s), 95.01 (d, J = 
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194.8 I-Ix), 116.5 (s), 117.3 (s), 126.4 (s), 126.6 (s), 132.7 (s), 145.5 (d, J = 37.2 I-Ix); 1% NMR (acetone- 

&) 6 3.32 (dddd, J = 56.4, 30.2, 12.1, 7.2 Hz, 1 F). Anal. Calcd for CltHl&lF~: C, 57.89; I-I, 4.42. 

Found: C, 57.78; H, 4.55. The structure of 8 has been established unequivocally by application of single 

crystal X-ray crystallographic methods (vi& it&z). 

X-ray Structure Determination of 5,6, 7a, and 8. All data were collected on an Enraf-Nonius 

CAD-4 diffractometer by using MO Ku radiation (J. = 0.71073 A) and a graphite monochromator. 

Standard procedures developed in our laboratory for this purpose have been described previously.17 X-ray 

data thereby obtained for 5,6,7a, and 8 are presented in Table 1. 

Table 1. X-ray stmcturc data for 5.6 (polymorphs A and B), 7a. and 8. 

Compound 5 
@dgorph A) bol&rph W 

7a 8 

Formula c21H22ao6s c17H1603s c17H1603s C11H10C1202 C11H1oC~O2 

Sire (mm) 
space Croup 
a (A) 
b (A) 
c (A) 
a(? 
b e) 
g e) 
; (A? 

DC (g-cm-j) 
m (cm-l) 
2enax 
Total refl. 
Unique refl. 
Rim 
I r 3s(I) 
Parameters 
R, WR 
Ws)max 
rmin; rmax 

.08 x .lO x .22 

z35 (2) 
7.454 (2) 
19.120 (4) 
83.16 (1) 
87.74 (2) 

Ei82g0 
2 
1.445 
3.15 
40 
1926 
1926 
_ _ 

632 
121 
.0767, .0875 
CO.01 
0.38, -0.30 

.08x.12x.62 
+W 
.05 x .07 x .21 

Pbca 
9.0202 (7) 
13.0568 (9) 
24.551 (2) 

07x.22x.48 
P21P21P21 
6.7333 (9) 
8.0319 (6) 
26.078 (2) 

.08 x .12 x .33 

:579 (8) 
18.3040 (8) 
11.325 (1) 

90.250 (9) 

2851.5 (3) 
8 
1.380 
2.20 

zk4 
2064 
_ _ 
1141 

.Lz4 0495 
cO.01’ * 
0.44, -0.32 

1410.3 (3) 
4 
1.415 
2.26 
44 
1055 
1055 

828 
105 
.0497, .0491 
4.01 
0.34, -0.40 

1.535 
5.58 
44 
1383 
1085 
- _ 
1085 
115 
.1275, .15% 
<o.Ol 
0.83, -0.76 

1483.7 (7) 
6 
1.536 
3.72 
44 
2063 
1898 
0.032 
1002 
194 
.0795, .0875 
CO.01 
0.83, -0.72 

Data were corrected for Lorentz and polarixation effects but not for absorption. The structnres 

were solved by direct methods 1~1~18 (6, polymorph B), MIlLTAN (6, polymorph A), and SHJZXS- 

8620 (5 and S)]. In each case, the model was refined by using full-matrix least-squares techniques. The 

treatment of thermal parameters was based upon a number of observed data. Thus, anisotropic parameters 

were incorporated for the S and 0 atoms in 6, polymorph B, the Cl atom in 8, all non-hydrogen and non- 

phenyl carbons in 6, pdymorph A, and in 5. Sufficient data were available to enable anisotropic 

treatment of all non-hydrogen atoms. Hydrogen atoms were located on difference maps and then included 
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in the model in idealized positions [v(H) = 1.3 Beg(C)]. All computations other than those specified were 

performed by using MolEN.21 Scattering facters were taken from the usual sources.~~ 
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