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Abstract. Reactions of w-phenylalkenes 1a—31a with sulfur trioxide were studied in the temperature
range - 60 to 25°C using dichloromethane as solvent and 1.5 mol equiv. of dioxane as reactivity
moderator. w-Phenylalkenes la-7a react just like simple alkenes: at low temperature, they yield the
(thermally unstable) B-sultones 1b—7b and 4c—-7c, which at 25°C are converted into the correspond-
ing carbyl sulfates. Reactions of w-phenylalkenes 8a—10a, which have a —(CH,),- linkage between
the Ph and the C=C moieties, with 1.1 equiv. of SO, at —60°C yield very rapidly and quantitatively
the 1-(1-sulfoalkyl)-1,2,3,4-tetrahydronaphthalenes 8f and 9f (= 10f). Reaction of w-phenylalkenes
11a and 12a, having a —(CH,),~ linkage between Ph and C=C, with 1.1 mol equiv. of SO, at
- 60°C leads to quantitative and stereospecific formation of 1-methyl-1,2,3,4-tetrahydronaphthalene-
-2-sulfonic acids 11h and 12h, respectively. The 5-(chlorophenyl)-2-pentenes 13a-16a clearly demon-
strate the presence of B-sultones 13b-16b and 13c-16c as the sole initial products leading to the
Friedel-Crafts cyclization products 13h—16h. Reaction of 1,3-diphenyl-1-propenes 26a and 27a with
1.5 equiv. of SO, at -60°C quantitatively yields B-sultones 26¢ and 27c, which upon raising the
temperature to —20°C, are slowly converted into trans-1-phenylindane-2-sulfonic acid (34).
Attempted intermolecular Friedel-Crafts type of sulfoalkylation of arenes using B-sultones as
reagent failed. Reaction of, for example, trans-4,5-octanesultone with anisole instead led only to
transfer sulfodeprotonation, to yield (E)-4-octene and 4-methoxybenzenesulfonic acid.
Mechanisms for the formation of the various products are suggested.

Introduction

As part of our studies on the sulfonation of a-olefins and
internal alkenes, we are studying the reaction of mono-
functionalized alkenes with sulfur trioxide. Our objective is
to determine the effect of the substituents on the formation
of the B-sultone and carbyl sulfate and on their chemistry.
In the present paper, we report on the reactions of w-phenyl-
alkenes 1a-31a with sulfur trioxide. The chemistry of con-
jugated phenylalkenes (styrenes) with SO, has been
reported in a previous paper' and the chemistry of alkenoic
acids and allenes will be reported in the near future.

The initial products of sulfonation of alkenes are thermally
unstable B-sultones. The formation of these B-sultones
proceeds in a stereospecific syn cycloaddition reaction, as
shown for Z and E internal alkenes?. Sulfonation of alkenes
with an excess of sulfur trioxide generally leads to carbyl
sulfates. Carbyl sulfate formation is a two-step process;
rapid formation of the B-suitone is followed by slow stereo-
specific conversion into carbyl sulfate. This may be
explained in terms of insertion of SO, into the O-SO,
bond of the B-sultone’.

§ Aliphatic sulfonation 9. For part 8, see ref. 21.

Treatment of phenyl-substituted aikenes and alkanols with
strong Brensted or Lewis acids may lead to cycloalkylation
of the resulting carbenium ions*. The sulfuric acid sulfona-
tion of w-phenyl-1-alkanols has previously been reported®:
reaction of S5-phenyl-1-pentanol and 6-phenyl-1-hexanol
with 909 H,SO, at 25°C for 40 days yielded, after
neutralization, mainly potassium I-(m)ethyl-1,2,3 4-tetra-
hydronaphthalene-7-sulfonate together with a small amount
of the corresponding 5-sulfonate salt. We have studied the
reaction of ®-phenyl-1-alkanols with sulfur trioxide. Sul-
fonation of 5-phenyl-1-pentanol with 2.0 equiv. of SO, in
dioxane or nitromethane as solvent, yielded 5-phenyl-
-1-pentyl hydrogen sulfate and 5-(4-sulfophenyl)-1-pentyl
hydrogen sulfate, respectively, but no cycloalkylation pro-
duct was formed®.

Many examples of reactions of w-phenylalkenes with
Brensted acids have been reported®. For instance, reaction
of 3,3-dimethyl-4-phenyl-1-butene with concentrated H,SO,
gave a mixture of a trisubstituted indane and disubstituted
tetraline in 60%, yield’. In this paper, we report the scope
and limitations of the reactions of w-phenylalkenes with
SO,, which may act both as a sulfonating reagent and as a
Lewis acid.
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Results

Reactions of w-phenylalkenes 1a—31a with (in general, 1.0,
1.5 and 2.0 mol equiv. of) SO, were studied. The applied
standard conditions were: dichloromethane as solvent and
1.5 mol equiv. of dioxane (relative to the amount of SO,) as
reactivity moderator® (method A, see Experimental). In
order to obtain information on the primary sulfonation pro-
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ducts, the reactions were carried out at low temperature,
and the reaction mixtures were analyzed by '"H NMR spec-
troscopy. The '"H NMR and some '*C NMR assignments of
the w-phenylalkenes and their sulfo products are compiled
in Tables I-IX or in the experimental section.

Table I 'H NMR data of w-phenyl-1-alkenes.
Hlb
Z TH 'H NMR (CDCl,, 8, ppm)*
H2
Alkene n C'H, C*H C’H, C*H, C°H, C°H, Ph

1a 1 5.16 (m) 6.10 (m) 3.49 (d) 7.32(m)
34

2a 2 5.06 (m) 591 (m) 2.43 (qr) 2.77(t) 7.26 (m)
6.7 12

3a 4 5.02 (m) 5.85 (m) 2.14 (qr) 1.49 (m) 1.70 (m) 267 (t) 7.25 (m)
11 13

8a 3 5.07 (m) 5.84 (m) 2.12 (qr) 1.74 (qn) 2.64 (t) 7.21 (m)

s

Underlined data represent coupling constants in Hz.
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Table Il 'H NMR data of B-sultone products of w-phenyl-1-alkenes.
Rl
R 1
R R SO, dioxane o R?
——< B / 'H NMR (CD,Cl,, 5, ppm)*
R* R? 0,5
B-Sultone R! R? R? R* R! R? R? R*
1b Ph-CH, H H H 7.32 (m) 477(q) 4.31 (dd) 4.62 (dd)
3.22(m) 6.36 2.70 149
12.84 12.84
2b Ph-(CH,), H H H 7.20 (m) 4.54 (m) 4.17 (dd) 4.61(dd)
2.75 (m) 5.09 162
2.20 (m) 12.06 12.06
3b Ph-(CH,), H H H 7.19 (m) 4.56 (m) 4.22 (dd) 4.68 (dd)
2.61(t) 548 7.65
1.64 (q) 12.48 12.48
1.44 (m)
1.90 (m)
4 Ph-(CH,), H H H 7.16 (m) 4.57 (m) 4.23 (dd) 4.68 (dd)
" 5.1 1.66
12.38 12.38
* Underlined data represent coupling constants in Hz.  ° This B-sultone is a minor product and so exact absorptions could not be
detected.
Table I1I 'H NMR data of carbyl sulfate products of w-phenyl-1-alkenes.
0,
S 2
R? R' o \ .
SO, dioxane O0Z——8S R! H NMR (CD,Cl,, 8, ppm)
> < 02 R4
R* R?
R3
{ Carbyl! sulfate R' R? R? R* R' R? R? R*
1d Ph-CH, H H H 7.39 (m) 5.30 (m) 3.55 (dd) 3.79 (dd)
3.26 (m) 114 1.8
145 145
2d Ph-(CH,), H H H 7.29 (m) 5.10 (m) 3.60 (dd) 3.76 (dd)
2.84 (m) 111 2.1
2.26 (m) 14.6 14.6
3d Ph-(CH,), H H H 7.20 (m) 5.14 (m) 3.60 (dd) 3.78 (dd)
2.65 (1) 113 1.86
2.01 (m) 14.46 14.46
1.89 (m)
8d Ph-(CH,), H H H -* -° -0 -°

» Underlined data represent coupling constants in Hz.  ® Carbyl sulfate not detected.

Formation of B-sultones and carbyl sulfates* ble B-sultones 1b-3b which at 20°C are subsequently con-
verted slowly into the corresponding carby! sulfates 1d-3d.
Using 4.0 equiv. of SO;, the formation of 6-(w-phenylalkyl)-
-1,3,2,4-dioxadithiane 2,2,4,4,-tetraoxides 1d-3d is followed
by relatively slow sulfonation of the phenyl group at the
para position, providing the corresponding o [(4-sulfo-
phenyl)alkyl]-1,3,2 4-dioxadithiane 2,2,4.4,-tetraoxides.

Sulfonation of w-phenyl-1-alkenes 1a-3a with 2.0 equiv. of
SO;, at ~60°C leads to the formation of thermally unsta-

* IUPAC names: B-sultone = 1,2-oxathiane 2,2-dioxide; in m,n-
-sultone, m refers to position of SO,.
Carbyl sulfate = 1,3,2 4-dioxadithiane 2,24 4.-tetraoxide.
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Table IV 'H NMR data of 5-phenyl-2-pentene derivatives®.
RJ Rl
> < 'H NMR (CD(l,, 8, ppm)
R* R?
RY= (CHz)zRS
Alkene Substituents R® C'H C°H CH, C*H, R®
9a R! = Me 1.70(dd) | ------- 553 (m) ------- 2.36 (m) 2.72(t) 7.25 (m)
R?2=R*=H 33 1.0
R®> = C,H, 12
10a R'=R*=H 1.67(dd) | ------- 5.56 (m) -------- 2.48 (m) 2.78 (1) 7.36 (m)
R? = Me 5.0 12
R% = C H; 0.9
14a R'=R*=H 1.55(d) | ------- 543 (m) ------- 2.33 (m) 2.64 (t) 7.12(d)
R? = Me 58 1.5 7.24 (d)
R®> = 4'-CIC(H,
16a R'=R*=H 1.59(d) | ------- 553 (m) ------- 2.41 (m) 2.81 (1) 7.21 (m, 3H)
R? = Me 49 1.2 7.36 (dd, 1H)
R® = 2'-CIC{H,
18a R'=R*=H 155(dd) | ------- 5.46 (m) ------- 235 (m) 275 (t) 7.15 (m, 2H)
R? = Me 5.6 1.0 7.36 (s, 1H)
R® = 2’ 4'-Cl,CH, 09
20a R'=R*=H 161(d) | ------- 553 (m) ------- 2.45 (m) 298 (t) 7.05 (dt, 1H)
R? = Me 49 1.8 7.26 (d, 2H)
R® = 2',6"-Cl,C,H,
21a R' = R2 = Me 1.59 (s) - 5.24 (m) 2.32(m) 2.66 (t) 7.23 (m)
R*=H 1.72 (s) 6.0
R® = C,H,
25a R'=H 1.52 5.23 (m) - 2.33 (m) 2.70 (m) 7.26 (m)
R?=R?® = Me (E/Z) 1.73
R® = C H;

* The substrates are numbered starting at the double bond.

and/or R?, as appropriate.

® Underlined data represent coupling constants in Hz.

¢ R stands for R!

Table V. 'H NMR data of B-sultone products of 5-phenyl-2-pentene derivatives.
RI
3 1
R SO, dioxane R3
—< * R? 'H NMR (CD,Cl,, §, ppm)?
4 R2 OZS
R4
B-Sultone R! R2 R? R* R! R? R? R*
21c Me Me Ph(CH,), H 1.63 (s) 1.51 (s) -" 4.41 (dd)
4.5
11.0
22¢ Me Et H Ph(CH,), 1.59 (s) -r 4.36 (dd) -"
4.9
9.5
23¢ Me Et Ph(CH,), H 1.50 (s) -° -® 4.40 (dd)
4.9
10.9
24b Ph(CH,), Me H Me - 1.56 (s) 4.85(q) 1.47 (d)
13 13
25b Ph(CH,), Me Me H ~-° 1.56 (s) 1.42 (d) 4.65(q)
15 15

2 Underlined numbers represent coupling constants in Hz.

b This signal could not be detected.
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Table VI 'H NMR data of tetraline derivatives.
'H NMR (3, ppm)* Solvent®
hTetraline Substrate R? R* C’H C*H, C*H, CH (Ar) l
11h R*=X=H 3.32(m) 1.42 (d) 3.12 (m) 2.08 (m) 2.79 (m) 7.04 (m) D,0
R* = Me. 1.2
1i R*=H, X = SO,K 3.46 (m) 146 (d) 3.46 (m) 230 (m) 3.03 (m) 7.77 (m) D,0
R = Me 12 734 (d)
12h R*=X=H 1.27 (d) 3.32(m) 3.12(m) 2.08 (m) 2.79 (m) 7.04 (m) D,O
R* = Me 6.8
12i R*=H, X = SO.K 140(d) { ------- 346(m) ------ 2.30 (m) 3.03 (m) 7.77 (m) D,0O
R* = Me 6.8 7.34 (d)
13h R*=H,X=Cl 3.47 (m) 1.45 (d) 3.47 (m) 2.23 (m) 2.89 (m) 7.08 (m) CD.Cl,
R* = Me 71
14h R*=H,X =Cl 1.37(d) | ------ 3.49-345 ------ 2.23 (m) 2.89 (m) 7.08 (m) CD,Cl,
R* = Me 6.9
15h X=R*=H 3.48 (m) 1.48(d) 3.48 (m) 2.25 (m) + 2.9 (br) 7.15 (m) CD,Cl,
R® = CI, R* = Me 1.2
16h R*=X=H 137(d) | ---e-- 348 (m) -~ 225 (m) +2.9 (br) 7.15 (m) CD,Cl,
R*=Cl, R* = Me 6.9
21h R* = R* = Me 1.54 (s) 1.67 (s) 3.32(dd) 2.45 (m) 2.92 (m) 7.28 (br) CD,(Cl,
X =H 111 2.16 (m)
2.7
28h R'=X=H 4.67 (d) 7.19 (m) 3.68 (m) 2.28 (m) 3.03 (m) 7.19 (m) CD.,Cl,
R*=Ph 5.5
29h R*=X=H 7.19 (m) 4.78 (d) 3.68 (m) 2.28 (m) 3.03(m) 7.19 (m) CD,Cl,
R*=Ph 4.6

* Underlined data represent coupling constants in Hz.

Sulfonation of a 1:2.1 mixture of (E)- (4a) and (Z)-
-4-phenyl-2-butenes (5a) with 2.0 equiv. of SO, at -60°C
gave immediately a complex mixture of trans- and cis-2,3-
-sultones (4b + Sb)and isomeric 3,2-sultones (4¢ + Sc¢). Simi-
lar results were found for the reaction of a 1:4 mixture of
(E)- (6a) and (Z)-7-phenyl-2-heptene (7a). For both
(4a + Sa) and (6a + 7a), the 2,3-sultone/3,2-sultone
ratio = 4: 1, the trans/cis ratio of the sultones is the same as
the starting E/Z ratio of w-phenyl-2-alkenes 4a—7a. After
raising the temperature to 20°C, the sultones are converted
slowly into their corresponding carbyl sulfates.

Friedel-Crafts type of cycloalkylation reactions

Reaction of 5-phenyl-1-pentene (8a) with 1.1 equiv. of SO,
at - 60°C yields rapidly and quantitatively I-(sulfomethyl)-
-1,2,3 4-tetrahydronaphthalene (8f). Initial products, such as
the B-sultone or its carbyl sulfate, could not be detected,
even at —60°C. Reaction of 8a with =2 equiv. of SO, at
-60°C leads to the rapid formation of 8f, followed, at
room temperature, by slow sulfonation at the phenyl ring to
yield 1-(sulfomethyl)-1,2,3,4-tetrahydronaphthalene-7-sul-

b Spectra in D,0 as solvent refer to the corresponding potassium sulfonate.

fonic acid (8g). Reaction of 8a with 1.2 equiv. of SO, accord-
ing to method B (see Experimental) gave potassium 1-(sul-
fomethyl)-1,2,3 4-tetrahydronaphthalene in 93, yield.
Reaction of (E)- (9a) and (Z )-6-phenyl-2-hexene (10a) with
1.2 equiv. of SO,, at low temperature, leads to the exclusive
formation of 1-(1-sulfoethyl)-1,2,3,4-tetrahydronaphtalene
(9f). This Friedel-Crafts type of cyclization is extremely
fast: at —60°C, it is complete within 10 min.

Sulfonation of mixtures of different ratios of (E)- (11a) and
(Z )-5-phenyl-2-pentene (12a) (1.0:3.0, 1.0: 1.0 and 4.6: 1.0)
with 2.0 equiv. of SO, leads to a similar intramolecular
Friedel-Crafts alkylation, to yield quantitatively the trans
and cis isomers of |-methyl-1,2,3,4-tetrahydronaphthalene-
-2-sulfonic acid (11h and 12h)° in the same ratio as the
starting E/Z ratio of the 2-pentenes 11a and 12a. Reaction
of a mixture of 11a and 12a with an excess (=4 equiv.) of
SO, according to method B gave a mixture of the trans and
cis isomers of dipotassium 1-methyl-1,2,3 4-tetrahydronaph-
thalene-2,7-disuifonate (11i and 12i).

Reaction of a 1: 3 mixture of (E)- (13a) and (Z )-5-(4-chloro-
phenyl)-2-pentenes (14a) and a 1:2.8 mixture of (E)- (15a)
and (Z)-5-(2-chlorophenyl)-2-pentenes (16a) with 1.0 equiv.
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Table VII
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13C NMR data of tetraline derivatives.

N '*C NMR (3, ppm) Solvent*
R* R?
Tetraline Substrate R® C(1) C(2) C(3) C(4) C(5-8)

1th R’=X=H 25.2 321 63.2 22,0 26.4 +126 D,0
R* = Me

12h R*=X=H 19.3 340 61.2 18.9 28.5 1126 D,0
R’ =Me

13h R?=H, 26.4 356 63.4 244 27.7 +130 D,0
X=0C
R* = Me

14h R* = H, 20.2 36.1 61.3 20.8 29.7 +132 D,O
X=q
R? = Me

21h R*=R*=Me 25.6 38.2 69.8 23.0 29.6 +127 CD.Cl,
X=H 30.8

28h R*=X=H - 44.6 62.3 19.0 28.2 - CD.Cl,
R* = Ph

2%h R*=X=H - 45.1 64.7 222 26.8 - CD,Cl,
R*? = Ph

* Spectra in D,0O as solvent refer to the corresponding potassium sulfonate.  ® R stands for R* and/or R*, as appropriate.
Table VIII 'H NMR data of 1,ur-diphenylalkenes.
'H NMR (CDCl,, 8, ppm)?

Alkene 2x Ph H* H? H? H! H"
26a, n=1 7.35 (m) 357y | e 6.50 (m) --------
27a m=0 3.72(d) l
28a, n=2 7.39 (m) 292 (1) 265(m) | -------- 6.50 (m) --------
29a m=0 8.1 2.77 (m) l
30a, n=3 7.27 (m) 2.68 (m) 1.81 (m) 230(m) | -eee---- 641 (m)--------
31a m=0 |

4 Underlined data represent coupling constants in Hz.
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Table IX CHO and CHS 'H NMR data of B-sultone products of

1.w-diphenylalkenes.

'H NMR (CD,Cl,, §, ppm)?
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Table X 2.3- and 3,2-sultone ratios on sulfonation of 2-alkenes and
w-phenyl-2-alkenes® with SO+ in dichloromethane at - 60°C.

—
B-Sultone Config. HY H'
26a trans n=1 5.25(d) 494 (q)
m=0 6.3 64
27a cis 5.72(d) 5.41 (m)
8.5
29a cis n=2 5.63(d) 5.08 (m)
m=0 84
30a trans n=3 510(d) | 4.71(q)
m=0 6.2 6.9
31a cis 5.67 (d) 5.11 (m)
8.4

* Underlined data represent coupling constants in Hz.

of SO, yields at low temperature ( — 60°C) a mixture of the
trans- and cis-2,3-sultones (13b + 14b and 15b + 16b), the
trans- and cis-3,2-sultones (13¢ + 14c and 15¢ + 16¢) and
the Friedel-Crafts cyclization products 1-methyl-7-chloro-
-1,2,3,4-tetrahydronaphthalene-2-sulfonic acids (13h + 14h)
and [-methyl-5-chloro-1,2,3,4-tetrahydronaphthalene-2-sul-
fonic acids (15h + 16h), respectively. For both the reaction
of 13a + 14a and 15a + 16a, the 2,3-sultone/3,2-sultone
ratio is 2:3 (see Table X). The trans and cis isomers of the
sultones and of the cyclization products are in the same
ratios as the starting E/Z ratios of the starting materials
13a-16a. After raising the temperature to 20°C, the sul-
tones were converted rapidly into the substituted tetralines
13h + 14h and 15h + 16h, respectively. Sulfonation of a
mixture of (E)- (17a) and (Z)-5-(2,4-dichlorophenyl)-2-pen-
tene (18a) and of a mixture of (£)- (19a) and (Z)-5-
-(2,6-dichlorophenyl)-2-pentene (20a) with 1.0 equiv. of SO,
at - 60°C leads to complete conversion into the 2,3- and
3,2-sultones, again in a ratio of 2:3. Reaction of the mix-
tures of geometric isomers 17a + 18a and 19a + 20a with
>2.0 equiv. of SO, leads, after the initial fast formation of
B-sultones, to subsequent slow conversion into the corre-
sponding carbyl sulfates 17d—20d and 17e-20e; in fact, the
conversion of the f-sultones after 5 days at room tempera-
ture is only 60%. Reaction of an isomeric mixture of
5-(4-chlorophenyl)-2-pentenes (13a and 14a) with 0.9 equiv.
of SO, at —-60°C gave a 8.5:0.5: 1.0 mixture of the sub-
stituted tetralines (13h and 14h), B-sultones [2,3-sultones
(13b and 14b) and 3,2-sultones (13¢ an 14¢)] and starting

B-Sultone composition
Alkene® at -60°C (%)

2,3(b) 3,2(c)
(E)-2-hexene® 82 18
(Z )-2-hexene® 80 20
(E)-2-octene?? 80 20
(E)-7-phenyl-2-heptene (6a) 79 21
(Z )-7-phenyl-2-heptene (7a) 80 20
(E)-5-(2-chlorophenyl)-2-pentene  (13a) 36 64
(Z )-5-(2-chlorophenyl)-2-pentene  (14a) 38 62
(E)-5-(4-chlorophenyl)-2-pentene  (15a) 37 63
(Z )-5-(4-chlorophenyl)-2-pentene  (16a) 39 61
(E')-5-(2,4-dichlorophenyl)-2-pentene  (17a) 41 59
(Z )-5-(2 4-dichlorophenyl)-2-pentene  (18a) 40 60
(E)-5-(2,6-dichlorophenyl)-2-pentene  (19a) 39 61
(Z)-5-(2,6-dichlorophenyl)-2-pentene  (20a) 39 61
(E)-4-phenyl-2-butene (4a) 83 17
(Z )-4-phenyl-2-butene (5a) 81 19
(E)-3-phenyl-2-propene ' =98 <2
(Z)-3-phenyl-2-propene’ 298 <2

* For reasons of convenience the l-phenyl-1-propenes are num-
bered as being a w-phenyl-2-alkene.  ® The 6-phenyl-2-hexenes
(%9a and 10a) and S-phenyl-2-pentenes (11a and 12a) at - 60°C
cyclize too rapidly to determine the ratio of the intermediary 2,3-
and 3,2-sultones.

compound. After raising the temperature to 25°C, the com-
position of the reaction mixture remained the same; only
after 12 h at room temperature were all the various sultones
present converted into tetralines 13h and 14h. However,
upon injection of 0.2 equiv. of SO, into the reaction mixture
formed at — 60°C, the B-sultone products and the uncon-
verted substrate were rapidly converted into substituted
tetralines 13h and 14h.

The (characteristic) '"H NMR data of the 2,3- and 3,2-sul-
tones, resulting from 13a-20a'®, are listed in Table XI.
5-Phenyl-2-pentenes. Reaction of S-phenyl-2-methyl-2-pen-
tene (21a) with 1.0 equiv. of SO, at low temperature
(- 60°C) yields quantitatively 3,2-sultone 2lc. This rapid
sultone formation is followed, at 0°C, by slow conversion
into 1,1-dimethyl-1,2,3 4-tetrahydronaphthalene-2-sulfonic
acid (21h). The '*C NMR data of 2lc are given in the
Experimental. Reaction of 2l1a with 1.0 equiv. of SO,
according to method B gave the potassium salt of 21h.
Sulfonation of a 1.3:1 mixture of (Z)- (22a) and
(E)-6-phenyl-3-methyl-3-hexene (23a) with 1.0 equiv. of
S0,, at —60°C also leads to the complete formation of a
1.3: 1 mixture of the cis- and trans-4,3-sultones 22¢ and 23¢,
which are then both slowly converted into (E)-6-phenyl-
-3-methyl-2-hexene-4-sulfonic acid (32k). A similar reaction
occurs with a 1:1 mixture of (E)- (24a) and (Z )-5-phenyl-
-3-methyl-2-pentene (25a). After rapid formation (at
~60°C) of cis- and trans-2,3-sultones 24b and 25b, slow

Table XI 'H NMR data of 2.3- and 32-sultones of 13a-20a.
Sultone (13-20) Configuration H? (3, (£ 0.05) ppm) H? (5, (+0.05) ppm)
2,3-sultone (13b, 15b, 17b, 19b) trans 447 (m) 4.14 (m)
(14b, 16b, 18b, 20b) cis 495 (q)* 4.59 (m)
3,2-sultone (13¢, 15¢, 17¢, 19¢) trans 4.34 (m) 4.34 (m)
(14c¢, 16¢, 18¢, 20¢) cis 4.79 (m) 4.79 (m)

“J 7.64 Hz.
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conversion (at 0°C) into only (E)-5-phenyl-3-methyl-
-3-pentene-2-sulfonic acid (33k) took place. Reaction of 22a
and 23a with 2.0 equiv. of SO, and subsequent alkaline
work-up gave only potassium (E)-6-phenyl-3-methyl-
-2-hexene-4-sulfonate (321) in high yield (90%,).
1.0-Diphenylalkenes. Reaction of a 1: 1 mixture of (E)- (26a)
and (Z)-1,3-diphenyl-1-propene (27a) with 1.0 equiv. of SO,
at —60°C leads to formation of a 1:1 mixture of the
2,1-sultones 26¢ and 27c. The trans-2,1-sultone 26¢ is at
—20°C slowly converted into trans-carbyl sulfate 26e,
whereas cis-2,1-sultone 27¢ is at 0°C slowly converted into
1-phenylindane-2-sulfonic acid (34) (one isomer only''). At
room temperature, trans-carbyl sulfate 26e is also eventually
converted into disubstituted indane 34.

Reaction of a mixture of isomers (E)- (28a) and (Z)-
-1,4-diphenyl-1-butene (29a) in a ratio of 2.5:1 with
1.5 equiv. of SO, at —60°C leads to the stereospecific for-
mation of trans- and cis-2,1-sultones 28¢ and 29¢ (trans/cis
2.5:1), compounds which are relatively rapidly converted
into a mixture of trans- (28h) and cis-1-phenyl-1,2,3 4-tetra-
hydronaphthalene-2-sulfonic acid (29h) in the same iso-
meric ratio as the starting material. Sulfonation of a 1.7: 1
mixture of (E)- (30a) and (Z)-1,5-diphenyl-1-pentene (31a)
with 2.0 equiv. of SO, leads at —60°C to the rapid for-

-20°C, the 2,1-sultones are both slowly converted into
trans-carbyl sulfate 30e'>,

Attempts to effect intermolecular Friedel-Crafts type of alkyla-
tion

Reaction of cis-4-octene with 1.0 equiv. of SO, in chloro-
form at -40°C leads to quantitative formation of the
4,5-sultone'?, After raising the temperature to 20°C and
adding 1.2 mol equiv. of methoxybenzene, the reaction
mixture was found to contain (Z )-4-octene, cis-4,5-octane-
sultone, 1-methoxybenzene and Il-methoxybenzene-4-sul-
fonic acid'® as the only components, illustrating transfer-
sulfonation of the arene by the B-sultone. Similar reactions
were carried out with 1-octene and trans-4-octene in order
to establish the effect of the B-sultone structure (see
Table XII). The results clearly demonstrate the difference in
transfer sulfonation in the order 1,2- > cis-4,5- > trans-4,5-
-octanesultone. We have also varied the arene and have
compared toluene, anisole and 1,3-dimethoxybenzene in
their reactions with cis-4,5-octanesultone in chloroform (see
Table XII). Toluene with cis-4,5-octanesultone does not
lead to transfer sulfonation. The experimental data of the
transfer sulfonation of anisole and 1,3-dimethoxybenzene

are compiled in Table XII. In order to test whether the

mation of trans- (30¢) and cis-2,1-sultones (31¢), respec-
intermolecular Friedel-Crafts alkylation can be induced by

tively, in a 1.7:1 ratio. After raising the temperature to

Table XII  Reaction of arenes with B-sultones'® in 0.50 ml of CD,Cl, and 0.36 mmol dioxane-d, at 22°C.

Reaction mixture composition {(mmol)
Reaction
Substrate Reagent time (min) Arene-4- .
Arene B-Sultone o Alkene
-sulfonic acid
toluene cis-4,5-octanesultone 0 0.290 0.182 0 0.058
120 0.290 0.182 0 0.058
1430 0.290 0.182 0 0.058
anisole cis-4,5-octanesultone 0 0.290 0.168 0 0.072
110 0.271 0.149 0.019 0.091
220 0.261 0.139 0.029 0.101
355 0.247 0.125 0.043 0.115
1425 0.184 0.062 0.106 0.178
1,3-dimethoxybenzene cis-4,5-octanesultone 0 0.290 0.162 0 0.078
90 0.258 0.130 0.032 0.110
215 0.226 0.098 0.064 0.142
345 0.195 0.067 0.095 0.173
1415 0.128 0 0.162 0.240
anisole trans-4,5-octanesultone 0 0.290 0.189 0 0.051
95 0277 0.176 0.013 0.064
215 0.273 0.172 0.017 0.068
335 0.267 0.166 0.023 0.074
1425 0.223 0.122 0.067 0.118
anisole 1,2-octanesultone® 0 0.290 0.143 0 0.061
110 0.263 0.116 0.027 0.088
230 0.235 0.088 0.055 0.116
400 0.207 0.060 0.083 0.144
1430 0.157 0 0.143 0.204
anisole cis-4,5-octanesultone + 0 0.290 0.194 0 0.046
0.072 mmol SO, 110 0.167 0.194 0.113 0.046
(at ¢ 10 min) 235 0.148 0.175 0.142 0.065
355 0.129 0.156 0.161 0.084
1400 0.146 0.073 0.244 0.167
toluene cis-4,5-octanesultone + 0 0.290 0.184 0 0.056
0.072 mmol SO, 105 0.290 0.240 0 0
(at ¢ 10 min)

@ The cis- and trans-4,5-octanesultone yield (Z)- and (E)-4-octene, respectively. ° At —60°C in addition to the 1,2-octanesultone, 15%,
of B,y-unsaturated sulfonic acid was formed, probably by a direct “ene” type of reaction, the amount of which remained constant at 22°C
for 1430 min??,
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SO, catalysis, as was observed for the cycloalkylation of the
5-(4-chlorophenyl)-2-pentenes 13a and 14a, we added
0.3 equiv. of SO, directly after mixing cis-4,5-octanesultone
with 1.2 equiv. of anisole at 22°C. This led only to the very
rapid formation of 0.3 equiv. of anisole-4-sulfonic acid and
did not lead to any Friedel-Crafts alkylation. Mixing of
cis-4,5-octanesultone with 1.2 equiv. of toluene and addition
of 0.3 equiv. of SO, led to the sulfonation of the remaining
(Z)-4-octene (¢f., Table XII) and not to the sulfonation of
toluene. Attempts at intermolecular Friedel-Crafts alkyla-
tion of 1,3-xylene with trans-4,5-octanesultone as reagent,
using 2.1 mol equiv. of aluminum chloride as a catalyst*?
did not lead to any alkylated product.

Discussion

Reaction of w-phenyl-1-alkenes 1a-3a with sulfur trioxide
at —60°C yields quantitatively B-sultones 1b-3b'S. At
25°C, these B-sultones in the presence of a residual of SO,
are converted into their corresponding carbyl sulfates
1d-3d. With the w-phenylalkenes, there is intramolecular
competition between the C=C and phenyl moieties for
reaction with SO,. With 1.0 equiv. of SO,, no sulfo-depro-
tonation of the phenyl group is observed beyond the limits
of '"H NMR detection which is 29,. Applying the relation-
ship of the relative substrate conversion for two competitive
intramolecular reactions as a function of time, as reported
by Ingold'®, to each of the three w- phenylalkenes 1la-3a, it
follows that k une/kphenyr 2 100. This is in line with the
value of 130 reported by Takei et al.'” for the intermolecular
competition of 1-hexadecene and dodecylbenzene. With
respect to the relative reactivity of the B-sultone and phenyl
group towards SO,, we also did not observe sulfo-depro-
tonation of the phenyl group beyond the limits of '"H NMR
detection.

Reaction of 5-phenyl-1-pentene (8a), which has a -(CH,),.
-linkage between the Ph and the C=C, with 1.1 equiv. of
SO, at — 60°C yields very rapidly and quantitatively 1-(sul-
fomethyl)-1,2,3 4-tetrahydronaphthalene (8f). We propose
that the formation of 8f proceeds as shown in Scheme I.
Initial B-sultone formation is followed by S\2 displacement
of the phenyl C(2') on the oxygen-carrying carbon.
Although we have not been able to demonstrate the pres-
ence, even at — 60°C, of a B-sultone or carbyl sulfate as
intermediate in this sulfocyclization reaction, we propose
the existence of a B-sultone because of the results found for
reactions of the (monochlorophenyl)alkenes with SO, (see
later). Sulfonation of 5-phenyl-1-pentene (8a) with an excess
of sulfur trioxide (>2equiv.) at —60°C leads to cyclo-
alkylation, which is followed at 20°C by sulfonation of the
phenyl ring of the resulting tetraline 8f to yield 1-(sulfo-
methyl)-1,2,3,4-tetrahydronaphthalene-7-sulfonic acid (see

-

.
S0,
m lm

$,05

Mechanisms for cytloalkylation of S-phenyl-1-pentene (8a) with SO,.

Scheme 1). Exclusive sulfonation at position 7 is in line with
the results of Schaasberg—Nienhuis'®, who observed that the
rate constants for the sulfonation of w-phenyl-1-alkene-
sulfonic acids with sulfuric acid at the para position increase
strongly with increasing length of the intermediate poly-
methylene chain'®. Reaction of the 5-phenyl-2-hexenes
(9a + 10a), which also have a —(CH,),— linkage between
the Ph and the C=C, with 1.1 equiv. of SO; at —-60°C
yields very rapidly and quantitatively 1-(1-sulfoethyl)-
-1,2,3 4-tetrahydronaphthalene (9f).

Reaction of (E)- (11a) and (Z)-5-phenyl-2-pentenes (12a),
which have a —(CH,),— linkage between the Ph and C=C,
with 1.1 equiv. of SO, at - 60°C leads to the quantitative
formation of 11h and 12h, respectively. For a series of
experiments with varying ratios of (E)- and (Z)-5-phenyl-
-2-pentene (1:3, 1:1 and 4.6:1), sulfocyclization was in
each experiment found to lead to the same ratio of the
resulting trans and cis isomers as that of the starting (E) and
(Z) isomers, indicating (i) that B-sultones are the likely
intermediates and (ii) that cyclization proceeds stereo-
specifically (see Scheme 2).

1
S0,
N Me - 60°C
2

>97%

Scheme 2. Cycloalkylation of (E)-5-phenyl-2-pentene (11a).

According to the results on the sulfonation of (E)-2-octene
obtained by Bakker’® and on those of (E)- (6a) and
(Z )-7-phenyl-2-heptene (7a), one would expect that, with
both the 5-phenyl-2-pentenes (1la and 12a) and the
6-phenyl-2-hexenes (9a and 10a), a mixture of 2,3- and
3,2-sultones will be formed in a ratio of 4:1 (¢f., Table X).
The formation of only one final cyclization carbon skeleton
(297%,), viz., 1-methyl-1,2 3 4-tetrahydronaphthalene-2-sul-
fonic acids (11h and 12h) and 1-(1-sulfoethyl)-1,2,3 4-tetra-
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hydronaphthalene (9f), respectively, is, therefore, un-
expected. Apparently, an equilibrium must exist between
the isomeric m,n- and nm-sultones of which the inter-
converting steps have to be very fast, even at —60°C,
which may proceed by a direct or indirect interconversion
via the starting phenylalkene and sulfur trioxide (see later).
The present results clearly show that the reaction is stereo-
specific and proceeds with inversion at C(2). Therefore, we
describe the sulfocyclization as an S2 reaction at C(2), as
depicted in Scheme 3. This assignment is in line with the

SO4H
H
H P

Me
———
inversion at C(2)

trans

trans

Scheme 3.
tanesultone.

Sn2 cycloalkylation of trans-5-phenyl-3,2-pen-

mechanism for the hydrolysis of aliphatic B-sultones which
proceeds with inversion under neutral and acidic reaction
conditions?'. .2 type of reactions of trans- (9b) and cis-
-6-phenyl-2,3-hexanesultone (10b) and trans- (11¢) and cis-
-5-phenyl-3,2-pentanesultone (12¢) lead (see Scheme 4) to
c-complexes A and B, respectively. The final cyclization
products C and D are subsequently formed by proton trans-
fer in a six-membered cyclic transition state. We never
observed formation of an indane skeleton for sulfur trioxide
cycloalkylation of simple w-phenylalkenes as observed by
Colonge’ using sulfuric as reagent.

R _SO4H

x

I3

=

E3
—o

I D

&,
O

-I

Scheme 4.

A method to demonstrate the presence of B-sultones, as
precursor for cycloalkylation, is to introduce one or two
deactivating chloro substituents in the phenyl ring which
will reduce nucleophilicity of the phenyl group and thus
lower the rate of the Friedel-Crafts type of cyclizaton. In
fact reaction of 5-(4-chlorophenyl)-2-pentenes (13a and 14a)
and 5-(2-chlorophenyl)-2-pentenes (15a and 16a) with SO,
at —60°C gave a mixture of 2,3- and 3,2-sultone in ratio
2:3. However, subsequent Friedel-Crafts reaction is still
quite fast at that temperature. The reaction of 5-(2,4-
-dichlorophenyl)-2-pentene (17a and 18a) and 5-(2,6-
-dichlorophenyl)-2-pentene (19a and 20a) with SO, at
-60°C, also gave a mixture of 2,3- and 3,2-sultones in a
ratio 2:3. With these substrates, the B-sultone does not
undergo Friedel-Crafts cyclization to form the substituted
tetraline, because the 6-position of the phenyl group is not
sufficiently reactive (as with 17a and 18a), or it is blocked
by chlorine (as with 19a and 20a). Reaction of both
(17a + 18a) and (19a + 20a) with excess of sulfur trioxide
(=2 equiv.) leads, after rapid formation at - 60°C of the
two m,n- and n,m-alkanesultones, to formation of the corre-
sponding carbyl sulfates. This reaction is very slow at 25°C:
after 5 days, only 609, of the B-sultones were converted.
The ratio of unconverted p-sultones remains 2 : 3, illustrat-
ing that rate coefficients for SO, insertion into the O- SO,
bond are approximately equal for the two B-sultones.

Reaction of 1,4-diphenyl-1-butenes (28a and 29a) with
1.5 equiv. of SO, at — 60°C leads, analogously to that of the
geometric isomers of 5-phenyl-2-pentene (11a and 12a), to
quantitative formation of 1-phenyl-1,2,3 4-tetrahydronaph-
thalene-2-sulfonic acids (28h and 29h). This sulfocyclization
proceeds stereospecifically and is very fast even at — 60°C.
Reaction of 1,3-diphenyl-1-propenes (26a and 27a) with
1.5 equiv. of SO, at — 60°C quantitatively yields the trans-
and cis-2,1-sultones, respectively, which upon raising the
temperature to —20°C are slowly converted into 1-phenyl-
indan-2-sulfonic acid (34). Starting with a 1:1 mixture of
(E)- and (Z )-1,3-diphenyl-1-propene, only one isomer of 34

Qo
X

« of
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b

General mechanism for cycloalkylation of w-phenylalkenes.
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is formed, which is probably the trans isomer for steric
reasons, illustrating that the cycloalkylation is not sterco-
specific. It is, therefore, proposed that the sulfocyclization
proceeds via the conjugatively stabilized benzylic sulfonate
dipolar intermediate (see Scheme S).

’ S0,
-60°C

Ph Ph

Efz=1:1 trans [cis=1:1

-20°C

: i SO,
¥

Ph

Scheme 5. Mechanisms for cycloalkylation of (E)- (26a) and
(Z)-1,3-diphenyl-1-propene (27a) with SO;.

@““‘

Such a dipolar intermediate is also important in the sulfona-
tion of a 1.7: 1 mixture of (£)- (30a) and (Z)-1,5-diphenyl-
-1-pentene (31a) with 2.0 equiv. of SO;. At —60°C, stereo-
specific formation of B-sultones 30c and 31c took place,
followed by non-stereospecific conversion, via the dipolar
intermediate, into the trans-carbyl sulfate 30e. It thus
appears that benzylic sulfonate dipolar species’ are essen-
tial intermediates in the reduction, or even the total loss of
stereospecificity in the Friedel-Crafts cyclization upon sul-
fonation of 1,3- and 1,5-diphenyl-1-alkenes with SO, at tem-
peratures above —20°C.

Intermolecular Friedel-Crafts alkylation of arenes by sul-
tones was reported by Truce and Hoerger*?, who showed
that 1,4-butanesultone readily reacts with aromatic
compounds in the presence of aluminum chloride as

1004 { .
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Figure 1. Transfer sulfonation of anisole by 1,2- (———-),
cis-4.5- (————) and trans-4,5-octanesultone (- — - — - ).
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Figure 2.  Transfer sulfonation of toluene (----- - - . ), anisole
(——) and 1,3-dimethoxybenzene (——-~—) by cis-4,5-
-octanesultone.

catalyst to give good yields of 4-aryl-1-butanesulfonates.
For the dependence of the rate of cycloalkylation of
5-(4-chlorophenyl)-2-pentene (13a) on the SO, concen-
tration, it appears that the tetralinesulfonic acid formation
is catalyzed by SO, (see Scheme 1, steps 2 + 3).

Attempts to effect intermolecular Friedel-Crafts alkylation
with B-sultones as reagents did not give the desired alkyla-
tion of the aromatic compound, but instead led to transfer
of SO, from the B-sultones to the aromatic compounds (¢f.,
Table XII). Typical conversion curves are shown in Figures
1 and 2. Transfer sulfonation is thought to proceed by
reactions (1) and (2). From steady-state treatment of the
SO, concentration, one arrives for the rate of sulfonation of
arene and for the rate of B-sultone conversion at equations
(3) and (4), respectively. The rate of transfer sulfonation
depends both on the rate of desulfonation of the B-sultone
and the reactivity of the arene relative to that of the
(reformed) alkene.

B-sultone ._—_1—’ alkene + SO, (1)

ArH + SO, —2> ArSO;H (2)

d[ArSO,H] _ k&, [ArH] - [B-sultone]
dt k_,-[alkene] + k, - [ArH]

(3)

_ d[B-sultone] _
dt

k, - [B-sultone] - (1

- 1 ) @)
1 + k,  [ArH]}/(k _ , - [alkene])

Transfer sulfonation of linear olefins by -sultones has previ-
ously been reported®: frans-3,4-hexanesultone with
1.0 equiv. of cyclopentene at 25°C for 20 h led to the for-
mation of 1,2-cyclopentanesultone and (E)-3-hexene (both
at a yield of 35%). The existence of a very fast equilibrium
between the isomeric m,n- and n,m-sultones in the sulfo-
cyclization at — 60°C (see before) cannot be explained by
the relatively very slow desulfonation of the B-sultone and
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subsequent resulfonation, as observed in the above-
mentioned transfer sulfonations at 25°C. The free energy of
activation is apparently very much higher for the disso-
ciation of the B-sultone into alkene and SO, than that for
the interconversion of the two isomeric B-sultones. There-
fore, we propose that the very fast m,n-sultone 2 n,m-sul-
tone interconversion proceeds via a n-complex intermediate
between SO, and the C=C bond of the alkene.

As shown in Table XI, the ratios of the 2,3- and 3,2-sul-
tones for the 5-(monochlorophenyl)- (13a—-16a) and 5-(di-
chlorophenyl)-2-pentenes (17a-20a), viz., of 4: 6, differ sig-
nificantly from the ratios of 8:2 observed for the aliphatic
alkenes, the two 7-phenyl-2-heptenes (6a and 7a) and the
two 4-phenyl-2-butenes (4a and 5a). This deviating B-sul-
tone ratio for 13a-20a (and possibly for 11a and 12a) may
be explained in terms of anchimeric assistance by the phenyl
group in the formation of the 3,2-sultones.

With respect to the synthetic scope of Friedel-Crafts cycli-
zation, sulfocyclization (B-sultone initiated cyclization) of
the phenylalkenes is more attractive than Brensted-acid-
catalyzed cyclization of phenylalkenes in view of the for-
mation of only one product, usually formed in quantitative
yield. In contrast, proton-acid-catalyzed (e.g., trifluoro-
acetic acid?**) cycloalkylation of arylalkenes generally yields,
in addition, a variety of side products, due to hydride
shifts in the initially formed carbenium type intermediates,
among others.

Experimental

The '"HNMR and '*CNMR spectra were recorded on Bruker
WM-250 and AC-200 instruments; mass spectra were recorded on
Varian MAT-711 and ZAB-2HF double-focussing mass spec-
trometers.

Materials

©-Phenylalkenes 2a—10a and 21a-31a were prepared in two steps
from the corresponding primary alcohols, starting by oxidation, as
reported by Corey and Suggs®®, followed by Wittig reaction of the
resulting aldehydes, using the appropriate alkyltriphenylphos-
phonium bromide?®.

(E')- and (Z)-S-phenyl-2-pentene (11a and 12a) were synthesized
by alkylation of 4-phenyl-1-butyne with methyl iodide, as described
by Brandsma®’, followed by hydrogenation of the resulting
5-phenyl-2-pentyne. 11a was hydrogenized using P-2 Nickel as
catalyst®® and 12a using lithium aluminum hydride?®.
5-[(Di)chlorophenyl]-2-pentenes 13a—20a were each prepared via a
three-step synthesis starting from the corresponding 3-[(di)chloro-
phenyl]propenoic acids. Reduction of these compounds, according
to the method reported by Nystrom et al.>, led to the correspond-
ing aryl-1-alkanols, which upon oxidation as described by Swern
et al.*! gave the corresponding w-arylalkanals. A Wittig reaction of
these aldehydes with ethyltriphenylphosphonium bromide?® finally
yielded the corresponding 5-[(di)chlorophenyl]-2-pentenes.
3-Phenyl-1-propene (la) was obtained commercially and used
without further purification.

The 'H NMR data of the substrates are listed in Table I, IV and
VIII and later in the text.

Sulfonation procedures and analysis

Method A (standard procedure). Liquid sulfur trioxide (10 ul,
0.24 mmol) was injected into a stirred solution of 32pl of
dioxane-d; (0.36 mmol) in 0.5 ml of CD,Cl,, cooled at —70°C
under an Ar atmosphere. 20 ul of, e.g., S5-phenyl-2-pentene
(0.24 mmol) was then injected into the stirred solution. The
reaction mixture was transferred under Ar into a cooled NMR
tube and 'H NMR spectra were taken at chosen temperatures,
ranging from —60°C up to room temperature, after appropriate
time intervals in which the NMR tube was kept at —70°C. The
complete procedure took (in total) 4-6 h, unless stated otherwise.

Method B. 1.0 or 0.5 mmol of e.g. 5-phenyl-2-pentene was injected
to a stirred solution of 1.0 mmol of SO, 1.5 mmol of dioxane and
10 ml of dichloromethane, cooled at — 30°C under an Ar atmos-
phere and the mixture stirred for 1 h. The reaction mixture was
warmed to 0°C and then poured into 10 ml of water and
neutralized to pH 7 with an aqueous solution of KOH. Dichloro-
methane was removed by rotary evaporation and, then the remain-
ing water and dioxane were removed by freeze drying. The remain-
ing potassium sulfonates were dissolved in D,O or DMSO-d, and
subjected to NMR analysis.

The structural assignments of the products were made from the
'"H NMR spectra of the reaction mixture solutions, using deu-
terated solvents or from the isolated potassium sulfonates in D,O
[or DMSO-d,] as solvent on the basis of the observed chemical
shifts, absorption area ratios and coupling constants in combi-
nation with substituent shielding parameters®2, The 'H and
13C NMR spectral data of the various products are compiled in
Tables II and III, and in this section. The compositions of the
reaction mixtures were determined by multicomponent 'H NMR
analysis on the basis of specific absorptions of the assigned compo-
nents**,

Starting material

4-Phenyl-2-butene (E/Z 1:2.1) (42 and 5a). '"H NMR (CD,NO,, §,
ppm): 1.67 (m, 3H, CH,), 341 (m, 2H, CH,), 5.63 (m, 2H,
CH=CH), 7.27 (m, 5H, C,H;).

7-Phenyl-2-heptene (E/Z 1:1.4) (6a and 7a). '"H NMR (CD,Cl,, §,
ppm): 140 (m, 2H, CHCH,CH,), 161 (m, 5H, CH,,
C(H,CH,CH,), 2.06 (m, CHCH,), 2.62 (m, 2H, C;H,CH,), 5.42
(m, 2H, CH=CH, 7.22 (m, 5H, C,H).

6-Phenyl-2-hexene (E/Z**) (9a and 10a). 'H NMR (CD,Cl,, 8,
ppm): 1.60 (d, J 4.9 Hz, 3H, CH,), 1.66 (m, 2H, CHCH,), 2.10 (m,
2H, CH,CH,CH,), 2.64 (t, J 7.5 Hz, 2H, C,HsCH,), 5.46 (m, 2H,
HC=CH), 7.24 (m, 5H, C,H,).

Products

6-Phenyl-1,2-hexanesultone (3¢). '*C NMR (CD,Cl,, &, ppm): 24.8
(CH,CH,CHO), 315 (CH,CH,Ph), 353 (CH,CHO), 360
(CH,Ph), 64.8 (CH,SO,), 66.2 (CHO), 126.2, 128.7, 128.8, 142.5
(aromatic C).

5-Phenyl-2-methyl-3,2-pentanesultone (21¢). '*C NMR (CD,Cl,, 8§,
ppm): 22.3 (CH,CO), 27.6 (CH,CHS), 28.7 (CH,CO), 33.0
(CH,CH,CHS), 77.0 (CO), 784 (CHSO,), 126.6, 128.5, 128.7,
139.5 (aromatic C).

6-Phenyl-3-methyl-4,3-hexanesultone (cis/trans 1.3 : 1) (22¢ and 23c¢).
BCNMR (CD,Cl,, 3, ppm): 7.9/8.6 (CH,CH,), 19.9/25.2
(CH,CO), 27.3/349 (CH,CH,), 28.2/28.4 (CH,CS), 33.5/33.6
(CCH,CH,), 77.2/79.4 (CHSO,)), 80.0 (CO), 127.0, 128.9, 129.0,
129.1, 139.6 (aromatic C).

Potassium 1-(sulfomethyl)-1.2,3.4-tetrahydronaphthalene (8f).
'"H NMR (D,0, 8, ppm): 1.79 (m, 2H, CH,CH,CH,), 2.02 (m, 2H,
CH,CH,CH), 3.20 (m, 4H, CH,SO;K, CCH,CH,), 3.39 (m, 1H,
CHCH,SO;K), 7.22 (m, 4H, aromatic H). '*C NMR (D,0, 3,
ppm): 188 (CH,CH,CH,), 26.7 (CH,CH,CH), 292
(CHCH,S0:K), 339 (CCH,), 584 (CH,SO;K), 126.2, 126.7
(aromatic C). MS (FAB* ) m/z: 421 [(M + K)*, 67], 383 (40), 303
(100), 253 (35), 147 (51), 91 (24). (FAB ") m/z: 343 (M - K),
100], 225 (54), 80 (34).

1-Sulfomethyl-1,2,3 4-tetrahydronaphthalene-7-sulfonic  acid  (8g).
'"H NMR (CD,(l,, 8, ppm): 1.86 (m, 2H, CH,CH,CH,), 2.06 (m,
2H, CH,CH,CH), 2.85 (m, 2H, CCH,CH,), 3.42 (m, 2H,
CH,SO;H), 3.56 (m, 1H, CHCH,SO;H), 7.27 (d, J 8.1 Hz, 1H,
CH,CCH), 7.64 (dd, J 2.0, 8.0 Hz, 1H, CHCHCSO,H), 7.77 (d, J
1.5 Hz, 1H, CCHCSO;H).

Dipotassium 1-(sulfomethyl)-1,2,3 4-tetrahydronaphthalene-7-sul-
fonate. '*CNMR (D,O, 8§, ppm): 20.2 (CHCH,CH,), 28.7
(CH,CH,CH,), 30.7 (CCH,CH,), 36.5 (CHCH,SO,K), 59.2
(CH,SO;K), 125.1, 127.8, 131.9 (CH(Ar)), 141.6, 142.1, 1435
(C(Ar)).

Potassium 1-(1-sulfoethyl)-1,2,3 4-tetrahydronaphthalene (9f).
'"H NMR (D,O0, 8, ppm): 1.11 (d, J 6.9 Hz, 3H, CH,CHSO,K),
1.5-2.5 (m, 4H, CHCH,CH,), 2.74 (m, 2H, CCH,CH,), 3.67 (m,
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2H, CHCHSO;K), 7.26 (m, 4H, aromatic H). MS (FD) m/z: 317
(M + K)*, 100]; the isotopic pattern of 9f is in agreement with
the molecular structure.

(E)-6-Phenyl-3-methyl-2-hexene-4-sulfonic acid (32k). 'H NMR
(CD,Cl,, 3, ppm): 1.74 (d, J 7.2 Hz, 3H, CH,CH=C), 1.78 (d, J
1.0Hz, 3H, CH,C=CHCH,), 2.00-2.75 [br, 4H,
(CH,),CHSO;H], 3.55 (dd, J 4.0, 11.1 Hz, 1H, CHSO,H), 5.65
(dq,J 1.0, 7.2 Hz, 1H, CH,;CH=C), 7.20 {m, 5H, CH;).

Potassium (E)-6-phenyl-3-methyl-2-hexene-4-sulfonate (321).
3C NMR (D,O, 8, ppm): 153 (1C, H,CCH=C), 16.0 (1C,
H,CC=CH), 32.1 (CH,CHSO;K), 356 (C,H,CH,), 72.0
(CHSO:K), 128.6 (CH=C), 130.2 [4’-C(Ph)], 131.08, 131.1[2"-,
3'-, 5'-, 6'-C(Ph)], 132.7 [1'-C(Ph)], 144.2 (C=C(CH,)CH).

(E)-5-Phenyl-3-methyl-3-pentene-2-sulfonic acid (33k). 'H NMR
(CD,Cl,, 8, ppm): 1.60 (d, J 7.1 Hz,.3H, CH,CHSO,H), 1.88 (s,
3H, CH=CCH,), 347 (d, J 7.2 Hz, 2H, CH,CH), 397 (q, J
7.1 Hz, 1H, CHSO,H), 5.84 (m, 1H, HC=CCH,), 7.27 (m, 5H,
C,H,).

1-Phenylindane-2-sulfonic acid (34). '"H NMR (CD,Cl,, §, ppm):
3.55 (m, 2H, CH,), 4.00 (m, 1H, CHSO,H), 4.87 (d, J 6.6 Hz,
CHC.H,), 6.90 (d, J 7.2 Hz, 1H, 7-H), 7.31 (m, 8H, aromatic H).
13C NMR (CD,CL,, 8, ppm): 34.96 (CH,), 53.9 (CHC,H;), 68.9
(CHSO;H), 124.7,125.5, 127.6, 127.8, 128.0, 128.7, 129.1 (aromatic
C), 140.0 (3a-C), 143.4 (7a-C), 144.2 (8-C). MS (FAB* ) m/z: 351
[(M + K)*, 50], 301 (30), 213 (98), 177 (90). Accurate mass calcu-
lated for C,sH,,0,SK,: 318.9445; found: 318.9445.

Potassium  1-phenyl-1,2,3 4-tetrahydronaphthalene-2-sulfonic  acid
(28h). MS (FD) m/z: 365 [(M + K)*, 100], the isotopic pattern of
28h is in agreement with the molecular structure.
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