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Abstract—We report herein two different ring-opening patterns of methylenecyclopropanes (MCPs) in the presence of two Brønsted acids
heptadecafluorooctane-1-sulfonic acid (C8F17SO3H) and toluene p-sulfonic acid (TsOH) under mild conditions: (a) the ring-opening of
MCPs by H2O and subsequent etherification give the corresponding homoallylic ethers in the presence of heptadecafluorooctane-1-sulfonic
acid; (b) the direct ring-opening of MCPs by the Brønsted acid gives the corresponding homoallylic alcohol derivatives in the presence of
toluene p-sulfonic acid.
q 2004 Elsevier Ltd. All rights reserved.
Scheme 1. Ring-opening reactions of MCPs 1 in the presence of
C8F17SO3H/H2O and TsOH$H2O.
1. Introduction

Transition metal-catalyzed reactions of methylenecyclopro-
panes (MCPs) 1 have been widely explored in this area of
study over the past decades.1 The attractive feature of these
compounds is their surprising stability along with a high
level of strain.2–4 Strangely, less attention has been paid for
the Lewis acid or Brønsted acid-mediated reactions of
MCPs.5 In the continuum of Lewis acid or Brønsted acid-
mediated transformations of MCPs 1, we have found that
MCPs 1 can react with various reagents such as alcohols,
amines, and imines in a different ring-opening pattern.6

These progresses stimulate us to investigate further the
Lewis acid or Brønsted acid-mediated ring-opening reac-
tions of MCPs 1. Recently, Yamamoto and co-workers
reported that the cyclopropyl ring of MCPs can be opened
by water to give the homoallylic alcohol under severe
reaction conditions, such as the use of a sealed pressure vial
under an inert gas atmosphere and at higher temperature
(80 8C) without organic solvent.7 In the recent program of
Brønsted acid-mediated transformations of MCPs 1, we
found that the corresponding anion (counter ion) of the
employed Brønsted acid played a significant role in the ring-
opening reactions under milder conditions: a) the cyclopro-
pyl ring of MCPs 1 can be opened by H2O and subsequent
etherification to give the homoallylic ethers in the presence
0040–4020/$ - see front matter q 2004 Elsevier Ltd. All rights reserved.
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of heptadecafluorooctane-1-sulfonic acid (C8F17SO3H) in
which the corresponding anion C8F17SO3

K is a weak
nucleophile; (b) the cyclopropyl ring of MCPs 1 can be
opened directly by the Brønsted acid toluene p-sulfonic acid
(TsOH) to give the homoallylic alcohol derivatives
(sulfonated homoallylic alcohols) in which the corres-
ponding anion TsOK is a strong nucleophile. In this paper
we wish to report the full details of these interesting results
(Scheme 1).
2. Results and discussion

At the outset of our investigation, the reaction of MCP 1a
with H2O (1 equiv) was chosen as a model reaction and
carried out under various reaction conditions to confirm the
optimum reaction conditions. Table 1 shows the represen-
tative results. After several trials and errors, we were
pleased to find out that the reaction of MCP 1a with H2O in
the presence of C8F17SO3H (0.1 equiv) gave the homo-
allylic ether 2a in 63% yield along with the homoallylic
Tetrahedron 60 (2004) 11895–11901



Table 1. The screening of the catalysts of the ring-opening of MCPs by
H2O and subsequent etherification

Entrya Catalyst Time/(h) Yield/(%)b

2a 3a

1 Zn(OTf)2 72 — —
2 Cu(OTf)2 72 Trace Trace
3 Eu(OTf)3 72 — —
4 Sc(OTf)3 72 Trace —
5 Yb(OTf)3 72 Trace —
6 BF3OEt2 72 Trace 11
7 CF3SO3H 72 49 5
8 Zr(OTf)4 72 21 Trace
9 C8F17SO3H 72 63 8
10c Zr(OTf)4 48 48 Trace
11c C8F17SO3H 24 71 —
12d C8F17SO3H 24 67 Trace
13c,e C8F17SO3H 24 11 25
14c,f C8F17SO3H 24 36 18

a Otherwise specified, 0.1 equiv of catalysts were used.
b Isolated yields.
c 0.3 equiv of catalysts were used.
d 1.0 equiv of catalyst was used.
e CH3CN as the solvent.
f n-Hexane as the solvent.

Table 3. Reaction of MCPs 1 with H2O (1.0 equiv) under the catalysis of
C8F17SO3H (0.3 equiv) in DCE

Entry R1/R2 Time/h Yield (%)a

2 3

1 1b, p-MeOC6H4/p-MeOC6H4 1 2b, 52 —
2 1c, p-MeOC6H4/C6H5 2 2c, 60 Trace
3 1d, p-MeC6H4/p-MeC6H4 4 2d, 56 —
4 1e, o-ClC6H4/C6H5 24 2e, 63 3e, 9
5 1f, p-ClC6H4/p-ClC6H4 24 2f, 42 —
6 1g, p-FC6H4/p-FC6H4 24 2g, 94 3g, 6

a Isolated yields.

Table 4. The reaction of toluene-4-sulfonic acid with various MCPs 1
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alcohol 3a in 8% yield within 72 h (Table 1, entry 9). The
product 2a was also obtained in somewhat lower yields,
either in the catalysis of CF3SO3H (0.1 equiv) or Zr(OTf)4

(0.1 equiv) (Table 1, entries 7 and 8). Investigation into
other catalysts showed that Zn(OTf)2, Cu(OTf)2, Eu(OTf)3,
Sc(OTf)3, Yb(OTf)3 and BF3$OEt2 were not effective
promoters for this reaction (Table 1, entries 1–6). Further
screening showed that this reaction can complete within
24 h to give 2a as a sole product in 71% yield when
0.3 equiv of C8F17SO3H was used (Table 1, entry 11) and
increasing the amount of C8F17SO3H to 1.0 equiv gave 2a in
comparable yield also as a sole product (Table 1, entry 12).
In addition, product 2a was obtained in somewhat lower
yields along with 3a when CH3CN and n-hexane were used
as the solvents (Table 1, entries 13 and 14). Of the solvents
screened, 1,2-dichloroethane (DCE) proved to be a suitable
solvent, giving the best results.

The equivalents of H2O were investigated for this ring-
opening reaction of MCPs. The results are summarized in
Table 2. As can be seen from Table 2, the best result was
obtained when 1.0 equiv H2O was used (Table 2, entry 1).
Increasing the amount of H2O to 2.0–4.0 equiv gave product
2a in somewhat lower yields along with the formation of
Table 2. The effects of the amount of water used

Entrya H2O (equiv) Yield (%)b

2a 3a

1 1.0 71 —
2 2.0 62 4
3 3.0 46 14
4 4.0 28 9
5 5.0 Trace Trace
6 90.0 — —

a All reactions were carried out for 24 h.
b Isolated yields.
homoallylic alcohol 3a (Table 2, entries 2–4). Traces of 2a
and 3a were obtained when 5.0 equiv of H2O was used and
no reaction took place when 90.0 equiv of H2O was used
(Table 2, entries 5, 6). Thus, these optimized reaction
conditions were 1.0 equiv of H2O as the reagent, 0.3 equiv
of C8F17SO3H as the catalyst and DCE as the solvent.

In the following series of reactions, we examined the
reactivity of a variety of MCPs 1 under these optimized
conditions to surrey the generality of this reaction. The
results are shown in Table 3. We were delighted to find out
that the reactions proceeded smoothly to give the corres-
ponding homoallylic ether 2 as a sole product in good to
excellent yields in most cases except for MCP 1e and 1g in
which less than 10% of the homoallylic alcohol were
obtained (Table 3, entries 4 and 6). For MCPs 1b, 1c and
1d, in which electron-donating groups on the phenyl ring, the
reaction time was dramatically reduced (Table 3, entries
1–3). For the unsymmetric MCPs 1c and 1e, only one isomer
of the product 2 were obtained and we cannot explain these
phenomena at present stage (Table 3, entries 2 and 4) (see
their 1H and 13C NMR spectra in Supporting Information).

Interestingly, we found that the ring of MCPs 1 can be
opened by the corresponding anion when toluene p-sulfonic
acid monohydrate (TsOH$H2O) was used as the Brønsted
acid reagent in 1,2-dichloroethane (DCE). The results are
shown in Table 4. As can be seen from Table 4, all reactions
Entry R1/R2 Time/min Yield/%a, 4 (E/Z)

1 1a, C6H5/C6H5 4 98
2 1b, p-MeOC6H4/p-MeOC6H4 5 96
3b 1c, p-MeOC6H4/C6H5 5 99 (1:1)
4 1d, p-MeC6H4/p-MeC6H4 5 77
5b 1e, o-ClC6H4/C6H5 25 93 (7.8:1)
6 1f, p-ClC6H4/p-ClC6H4 20 92
7 1g, p-FC6H4/p-FC6H4 30 96
8b 1h, p-EtOC6H4/Me 5 97 (2.5:1)

a Isolated yields.
b Mixtures of (Z)- and (E)-isomers.



Scheme 2. Plausible reaction mechanism.
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proceeded smoothly to give the homoallylic alcohol
derivatives 4 in excellent yields within 30 min. In this
case, the ambient H2O did not participate in the ring-
opening reaction. For the unsymmetric MCPs 1b, 1e and 1h,
the products 4b, 4e and 4h were obtained as mixtures of Z-
and E-isomers (Table 4, entries 3, 5 and 8). Using MeCN as
the solvent, a Ritter reaction product was obtained as the
by-product (Scheme 2).8

The structures of products 2, 3 and 4 were determined by 1H
NMR and 13C NMR spectroscopic data, microanalysis and
HRMS.

A plausible mechanism for these two different ring-opening
reactions of MCPs 1 is shown in Scheme 2. The initial
protonation of MCPs 1 with Brønsted acid gives the
intermediate A. The cyclopropylmethyl cation intermediate
A is further stabilized by two substituents on the double
bond.9 The intermediate A is attacked by H2O if the
corresponding anion of the Brønsted acid is a weak
nucleophile (in the case of C8F17SO3

K) to give product 3.
Subsequent ring-opening nucleophilic attack of 3 to another
cation intermediate A gives product 2. The intermediate A
can also be attacked by the corresponding anion of the
Brønsted acid if it is a strong nucleophile (in the case of
TsOK) to furnish product 4. In the case of MeCN as the
solvent, the cation intermediate A will be attacked by the
solvent (MeCN) to give the cation intermediate B which is
quenched by H2O to give the Ritter-type by-product
(Scheme 2).
3. Conclusion

In conclusion, we have found two different ring-opening
patterns of MCPs 1 in different Brønsted acid-mediated
systems. The nucleophilicity of the anion of the employed
Brønsted acid has dramatic effect on the ring-opening
modes of MCPs 1: the cyclopropyl ring of MCPs 1 can be
opened by water when the corresponding anion is a weak
nucleophile such as heptadecafluorooctane-1-sulfonic acid
(C8F17SO3H) as the Brønsted acid mediator; and the
cyclopropyl ring of MCPs 1 also can be opened by the
corresponding anion when it is a strong nucleophile such as
toluene p-sulfonic acid (TsOH) as the Brønsted acid
mediator. Other Brønsted acids will be investigated in this
ring-opening system in the near future. In addition, efforts
are underway to elucidate the mechanistic details and
subsequent transformation thereof. Work along these lines
is currently in progress.
4. Experimental

4.1. General remarks

1H NMR spectra were recorded on a 300 MHz spectrometer
in CDCl3 using tetramethylsilane as the internal standard.
Infrared spectra were measured on a PERKIN-ELMER 983
spectrometer. Mass spectra were recorded with a HP-5989
instrument and HRMS was measured by a Finnigan MAC

mass spectrometer. Satisfactory CHN microanalyses were
obtained with a Carlo-Erba 1106 analyzer. Melting points
are uncorrected. All reactions were monitored by TLC with
Huanghai GF254 silica gel coated plates. Flash Column
Chromatography was carried out using 300–400 mesh silica
gel.

4.2. General procedure for the ring-opening of MCPs by
H2O and subsequent etherification in the catalysis of
heptadecafluorooctane-1-sulfonic acid (C8F17SO3H)

Under an argon atmosphere, MCPs 1 (0.30 mmol), H2O
(0.30 mmol) and C8F17SO3H (0.1 mmol), were added into a
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flame-dried Schlenk tube with freshly distilled 1,2-dichloro-
ethane (DCE) (1.0 mL). The obtained white solid suspended
reaction mixture was stirred at room temperature. The
solvent was removed under reduced pressure and then the
residue was purified by a flash column chromatography.

4.2.1. Di(4,4-diphenyl-but-3-en-1-yl) ether (2a). A white
solid, Mp: 103–106 8C; IR (neat): n 3078, 3054, 3023, 2856,
2778, 1945, 1889, 1734, 1597, 1494, 1443 cmK1; 1H NMR
(CDCl3, TMS, 300 MHz): d 2.43 (dt, JZ6.3, 7.2 Hz, 4H),
3.51 (t, JZ6.3 Hz, 4H), 6.61 (t, JZ7.2 Hz, 2H), 7.20–7.39
(m, 20H, Ar). 13C NMR (CDCl3, 75 MHz, TMS): d 30.4,
70.4, 126.0, 126.90, 126.93, 127.2, 128.0, 128.2, 129.9,
139.9, 142.5, 143.1. MS (%) m/z 430 (MC, 0.25), 237
(50.68), 206 (75.71), 91 (100). HRMS Calcd. for
C32H30ONaC (Maldi)10: 453.2201, Found: 453.2189
(MCNaC).

4.2.2. 4,4-diphenyl-but-3-en-1-ol (3a). A colorless liquid;
IR (neat): n 3344, 3055, 2926, 1493, 1443, 1047, 1031 cmK1.
1H NMR (CDCl3, TMS, 300 MHz): d 2.40 (dt, JZ6.6,
7.5 Hz, 2H), 3.72 (t, JZ6.6 Hz, 2H), 6.11 (t, JZ7.5 Hz,
1H), 7.17–7.40 (m, 10H, Ar). 13C NMR (CDCl3, 75 MHz,
TMS): d 33.3, 62.6, 125.2, 127.07, 127.09, 127.2, 128.1,
128.2, 129.8, 139.8, 142.4, 144.2. MS (%) m/z 224 (MC),
193, 178, 165, 115. HRMS Calcd. for C16H16O (EI):
224.1201, Found: 224.1215.

4.2.3. Di[4,4-bis(4-methoxyphenyl)-but-3-en-1-yl] ether
(2b). A colorless liquid, IR (CH2Cl2): n 3002, 2956, 2933,
2907, 2836, 2052, 1730, 1645, 1604, 1510, 1462, 1248 cmK1.
1H NMR (CDCl3, TMS, 300 MHz): d 2.39 (dt, JZ6.6,
6.9 Hz, 4H), 3.48 (t, JZ6.6 Hz, 4H), 3.78 (s, 3H, CH3O),
3.81 (s, 3H, CH3O), 5.99 (t, JZ6.9 Hz, 2H), 6.77 (d, JZ
8.7 Hz, 4H, Ar), 6.87 (d, JZ8.7 Hz, 4H, Ar), 7.10 (d, JZ
8.7 Hz, 4H, Ar), 7.14 (d, JZ8.7 Hz, 4H, Ar). 13C NMR
(CDCl3, 75 MHz, TMS): d 30.4, 55.17, 55.21, 70.5, 113.3,
113.4, 113.5, 124.0, 128.38, 131.0, 132.2, 142.0, 158.4,
162.8. MS (%) m/z 550 (MC, 0.55), 266 (66.78), 236 (100).
HRMS Calcd. for C32H30ONaC (Maldi): 573.2615, Found:
573.2612 (MCNaC).

4.2.4. Di{4,4-[1-phenyl-1-(4-methoxyphenyl)]-but-3-
en-1-yl} ether (2c). A colorless liquid, IR (CH2Cl2): n
3054, 3030, 3003, 2955, 2935, 2904, 2859, 2837, 2793, 2548,
2311, 2059, 1893, 1719, 1654, 1606, 1575, 1510, 1493 cmK1.
1H NMR (CDCl3, TMS, 300 MHz): d 2.31 (dt, JZ6.6,
7.5 Hz, 4H), 3.36–3.44 (m, 4H), 3.69 (s, 3H, CH3O), 3.72
(s, 3H, CH3O), 5.96 (t, JZ7.5 Hz, 1H), 6.00 (t, JZ7.5 Hz,
1H), 6.68 (d, JZ9.0 Hz, 2H, Ar), 6.80 (d, JZ8.4 Hz, 2H,
Ar), 7.16–7.40 (m, 14H, Ar). 13C NMR (CDCl3, 75 MHz,
TMS): d 30.4, 30.5, 55.16, 55.19, 70.46, 70.49, 113.4, 113.5,
124.2, 125.7, 126.8, 126.9, 127.3, 128.0, 128.1, 128.3,
129.8, 131.0, 132.2, 135.3, 140.2, 142.5, 142.7, 143.0,
158.5, 158.7. MS (%) m/z 490 (MC, 0.50), 267 (20.58), 236
(100). HRMS Calcd. for C34H34O3NaC (Maldi): 513.2429,
Found: 513.2400 (MCNaC).

4.2.5. Di[4,4-bis-(4-methylphenyl)-but-3-en-1-yl] ether
(2d). A colorless liquid, IR (CH2Cl2): n 3023, 2946, 2920,
2865, 2733, 1900, 1719, 1656, 1608, 1511, 1449, 1278 cmK1.
1H NMR (CDCl3, TMS, 300 MHz): d 2.30–2.46 (m, 16H),
3.51 (t, JZ6.9 Hz, 4H), 6.61 (t, JZ7.2 Hz, 2H), 7.04–7.20
(m, 16H, Ar). 13C NMR (CDCl3, 75 MHz, TMS): d 21.1,
21.2, 30.4, 70.5, 124.9, 125.7, 127.2, 128.7, 128.8, 129.8,
136.5, 137.1, 140.0, 142.8. MS (%) m/z 486 (MC, 1.5), 265
(28.11), 234 (100). HRMS Calcd. for C36H38ONaC (Maldi):
509.2817, Found: 509.2815 (MCNaC).

4.2.6. Di{4,4-[1-phenyl-1-(2-chlorophenyl)]-but-3-en-
1-yl} ether (2e). A yellow liquid, IR (CH2Cl2): n 3080,
3055, 3024, 2947, 2858, 2791, 1937, 1800, 1730, 1597,
1494, 1473, 1445, 1434, 1360 cmK1. 1H NMR (CDCl3,
TMS, 300 MHz): d 2.14 (dt, JZ6.9, 7.5 Hz, 4H), 3.39
(t, JZ6.9 Hz, 4H), 6.23 (t, JZ7.5 Hz, 2H), 7.09–7.21
(m, 16H, Ar), 7.33–7.36 (m, 2H, Ar). 13C NMR (CDCl3,
75 MHz, TMS): d 30.4, 69.9, 126.1, 126.7, 127.0, 127.1,
128.2, 128.6, 129.7, 131.7, 133.8, 138.5, 140.1, 140.3. MS
(%) m/z 498 (MC, 0.20), 271 (83.66), 201 (100). HRMS
Calcd. for C32H28Cl2ONaC (Maldi): 521.1416, Found:
521.1409 (MCNaC).

4.2.7. 1-Phenyl-1-(2-chlorophenyl)-but-3-en-1-ol (3e).
A yellow liquid, IR (CH2Cl2): n 3321, 3056, 3024, 2928,
2881, 1945, 1712, 1594, 1560, 1494, 1473, 1445, 1434 cmK1.
1H NMR (CDCl3, TMS, 300 MHz): d 2.19 (dt, JZ6.6,
7.2 Hz, 2H), 3.65 (t, JZ6.6 Hz, 2H), 6.23 (t, JZ7.2 Hz,
1H), 7.12–7.25 (m, 8H, Ar), 7.37–7.40 (m, 1H, Ar). 13C
NMR (CDCl3, 75 MHz, TMS): d 33.4, 62.1, 126.17, 126.24,
126.5, 126.8, 127.3, 128.3, 128.8, 129.7, 131.6, 133.7,
138.4, 140.0. MS (%) m/z 258 (MC, 46.87), 227 (100).
HRMS Calcd. for C16H15ClONaC (Maldi): 281.0733,
Found: 281.0704 (MCNaC).

4.2.8. Di[4,4-bis(4-chlorophenyl)-but-3-en-1-yl] ether
(2f). A bright yellow liquid, IR (CH2Cl2): n 3044, 2857,
2785, 1893, 1778, 1586, 1491, 1405 cmK1. 1H NMR
(CDCl3, TMS, 300 MHz): d 2.38 (dt, JZ6.6, 7.5 Hz, 4H),
3.49 (t, JZ6.6 Hz, 4H), 6.12 (t, JZ7.5 Hz, 2H), 7.095
(d, JZ7.8 Hz, 4H, Ar), 7.103 (d, JZ7.8 Hz, 4H, Ar), 7.21
(d, JZ7.8 Hz, 4H, Ar), 7.31 (d, JZ7.8 Hz, 4H, Ar). 13C
NMR (CDCl3, 75 MHz, TMS): d 30.4, 70.2, 127.2, 128.3,
128.4, 128.5, 131.2, 133.0, 133.1, 137.8, 140.6, 141.0. MS
(%) m/z 566 (MC, 0.20), 305 (41.37), 275 (10.83), 125
(100). HRMS Calcd. for C32H27Cl4OC (Maldi): 567.0815,
Found: 567.0811 (MCHC).

4.2.9. Di[4,4-bis(4-fluorophenyl)-but-3-en-1-yl] ether
(2g). A colorless liquid, IR (CH2Cl2): n 3045, 2955, 2863,
2778, 2030, 1893, 1782, 1715, 1656, 1601, 1508, 1401,
1225 cmK1. 1H NMR (CDCl3, TMS, 300 MHz): d 2.39 (dt,
JZ6.0, 6.9 Hz, 4H), 3.51 (t, JZ6.9 Hz, 4H), 6.07 (t, JZ
6.0 Hz, 2H), 6.92 (d, JZ6.9 Hz, 4H, Ar), 6.97 (d, JZ
6.9 Hz, 4H, Ar), 7.03 (d, JZ6.9 Hz, 4H, Ar), 7.07–7.18 (m,
4H, Ar). 13C NMR (CDCl3, 75 MHz, TMS): d 30.4, 70.3,
115.0 (d, JC–FZ21.60 Hz), 115.2 (d, JC–FZ20.25 Hz),
126.3, 127.4 (d, JC–FZ7.28 Hz), 128.7 (d, JC–FZ7.58 Hz),
131.4 (d, JC–FZ7.28 Hz), 135.6 (d, JC–FZ3.68 Hz), 138.6
(d, JC–FZ3.08 Hz), 141.2, 161.9 (d, JC–FZ246.68 Hz),
162.1 (d, JC–FZ244.65 Hz). MS (%) m/z 502 (MC, 0.15),
273 (27.26), 242 (60.00), 109 (100). HRMS Calcd. for
C32H26F4ONaC (Maldi): 525.1805, Found: 525.1812
(MCNaC).

4.2.10. Di[4,4-bis(fluorophenyl)-but-3-en-1-ol (3g).
A yellow liquid, IR (CH2Cl2): n 3341, 3045, 2928, 2881,
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1893, 1719, 1602, 1508, 1409, 1225 cmK1. 1H NMR
(CDCl3, TMS, 300 MHz): d 2.31 (dt, JZ6.3, 7.2 Hz, 2H),
3.66 (t, JZ6.3 Hz, 2H), 5.98 (t, JZ7.2 Hz, 1H), 6.85–7.13
(m, 8H, Ar). 13C NMR (CDCl3, 75 MHz, TMS): d 33.2,
62.5, 115.0 (d, JC–FZ21.15 Hz), 115.3 (d, JC–FZ42.9 Hz),
125.6, 128.8 (d, JC–FZ7.88 Hz), 131.4 (d, JC–FZ8.03 Hz),
135.4 (d, JC–FZ3.75 Hz), 142.2, 162.0 (d, JC–FZ
244.95 Hz), 162.1 (d, JC–FZ244.80 Hz). MS (%) m/z 260
(MC, 29.31), 229 (100). HRMS Calcd. for C16H14F2O (EI):
260.1013, Found: 260.0989.

4.3. The direct ring-opening of MCPs by toluene
p-sulfonic acid (TsOH)

Under an argon atmosphere, MCPs 1 (0.50 mmol) and
toluene p-sulfonic acid (TsOH$H2O) (0.55 mmol) were
added into a Schlenk tube with 1,2-dichloroethane (DCE)
(2.0 mL). After gentle heating to make TsOH soluble in
DCE, the reaction mixture was stirred at room temperature.
The solvent was removed under reduced pressure and then
the residue was purified by a flash column chromatography.

4.3.1. Toluene-4-sulfonic acid 4,4-diphenyl-but-3-en-1-yl
ester (4a). A white solid, Mp: 84–86 8C; IR (thin film): n
3027, 1958, 1494, 1444, 1360, 1189, 1176, 1097 cmK1; 1H
NMR (CDCl3, TMS, 300 MHz): d 2.42–2.47 (m, 5H), 4.08
(t, JZ6.6 Hz, 2H), 5.90 (t, JZ7.2 Hz, 1H), 7.07–7.15 (m,
4H, Ar), 7.23–7.35 (m, 8H, Ar), 7.76 (d, JZ8.1 Hz, 2H. Ar);
13C NMR (CDCl3, TMS, 75 MHz): d 21.6, 29.4, 69.8,
122.7, 127.17, 127.23, 127.8, 128.1, 128.3, 129.6, 129.8,
133.0, 139.2, 141.8, 142.2, 144.7, 144.9; MS (%) m/z 377
(MCK1, 0.84), 206 (100), 191 (25.36); Anal. Calcd. for
C23H22O3S requires C, 72.99; H, 5.86; Found: C, 72.91; H,
5.86%.

4.3.2. Toluene-4-sulfonic acid 4,4-bis(4-methoxyphenyl)
but-3-en-1-yl ester (4b). A colorless oil, IR (thin film): n
2956, 2837, 1606, 1575, 1541, 1463, 1359, 1290, 1247,
1176, 1079, 1033 cmK1; 1H NMR (CDCl3, TMS,
300 MHz): d 2.40–2.47 (m, 5H), 3.79 (s, 3H, CH3O), 3.83
(s, 3H, CH3O), 4.06 (t, JZ6.6 Hz, 2H), 5.75 (t, JZ7.5 Hz,
1H), 6.78 (d, JZ8.7 Hz, 2H, Ar), 6.87 (d, JZ8.7 Hz, 2H,
Ar), 6.99 (d, JZ9.0 Hz, 2H, Ar), 7.06 (d, JZ9.0 Hz, 2H,
Ar), 7.28 (d, JZ8.4 Hz, 2H, Ar), 7.76 (d, JZ8.4 Hz, 2H,
Ar); 13C NMR (CDCl3, TMS, 75 MHz): d 21.6, 29.4, 55.21,
55.25, 70.0, 113.4, 113.6, 120.6, 127.9, 128.4, 129.8, 130.7,
131.7, 133.0, 135.0, 144.0, 144.6, 158.7, 158.9; MS (%) m/z
438 (MC, 14.83), 266 (100), 253 (49.35), 235 (92.98);
HRMS Calcd. for C25H27O5SC (Maldi): 439.1572, Found:
439.1574 (MCHC).

4.3.3. Toluene-4-sulfonic acid 4-(4-methoxyphenyl)-4-
phenylbut-3-en-1-yl ester (4c). A yellow oil, IR (thin
film): n 2957, 2837, 1606, 1510, 1360, 1291, 1248, 1176,
1097, 1033 cmK1; (Z- or E-isomer) 1H NMR (CDCl3, TMS,
300 MHz) d 2.39–2.48 (m, 5H), 3.78 (s, 3H, CH3O), 4.06 (t,
JZ6.9 Hz, 2H), 5.81 (t, JZ6.9 Hz, 1H), 6.78 (d, JZ8.7 Hz,
2H, Ar), 6.99–7.15 (m, 4H, Ar), 7.23–7.36 (m, 5H, Ar), 7.75
(d, JZ8.1 Hz, 2H, Ar); (E- or Z-isomer) 1H NMR (CDCl3,
TMS, 300 MHz): d 2.39–2.48 (m, 5H), 3.83 (s, 3H, CH3O),
4.08 (t, JZ6.6 Hz, 2H), 5.83 (t, JZ6.9 Hz, 1H), 6.87 (d, JZ
8.7 Hz, 2H, Ar), 6.99–7.15 (m, 4H, Ar), 7.23–7.36 (m, 5H,
Ar), 7.76 (d, JZ8.1 Hz, 2H, Ar); (Z- or E-isomer) 13C NMR
(CDCl3, TMS, 75 MHz): d 21.5, 29.2, 55.0, 69.8, 113.3,
120.7, 127.0, 127.7, 128.1, 129.4, 130.6, 132.8, 139.4,
144.2, 144.6, 158.6. (E- or Z-isomer) 13C NMR (CDCl3,
TMS, 75 MHz): d 21.5, 29.3, 55.0, 69.9, 113.5, 122.4,
127.1, 127.9, 128.1, 129.7, 131.3, 134.4, 142.2, 144.4,
144.6, 158.8. MS (%) m/z 408 (MC, 4.59), 236 (72.85), 91
(100); HRMS Calcd. for C24H25O4SC (Maldi): 409.1488,
Found: 409.1468 (MCHC).

4.3.4. Toluene-4-sulfonic acid 4,4-di-p-tolyl-but-3-en-
1-yl ester (4d). A white solid, Mp: 93–95 8C; IR (thin
film): n 2957, 2930, 1606, 1510, 1494, 1444, 1360, 1291,
1247, 1176, 1097, 1033 cmK1; 1H NMR (CDCl3, TMS,
300 MHz): d 2.32 (s, 3H, CH3), 2.37 (s, 3H, CH3), 2.42 (s,
3H, CH3), 2.43 (td, JZ6.6, 7.2 Hz, 2H), 4.06 (t, JZ6.6 Hz,
2H), 5.82 (t, JZ7.2 Hz, 1H), 6.96 (d, JZ8.1 Hz, 2H, Ar),
7.01–7.07 (m, 4H, Ar), 7.14 (d, JZ7.5 Hz, 2H, Ar), 7.28 (d,
JZ8.1 Hz, 2H, Ar), 7.76 (d, JZ8.1 Hz, 2H, Ar); 13C NMR
(CDCl3, TMS, 75 MHz): d 21.0, 21.1, 21.5, 29.3, 69.9,
121.5, 127.0, 127.8, 128.7, 128.9, 129.4, 129.7, 130.1,
132.8, 136.3, 136.7, 136.9, 139.2, 144.6; MS (%) m/z: 406
(MC, 1), 346 (3.72), 234 (38.64), 219 (50.67), 59 (100);
Anal. Calcd. for C25H26O3S requires C, 73.86; H, 6.45;
Found: C, 73.79; H, 6.46%.

4.3.5. Toluene-4-sulfonic acid 4-(2-chlorophenyl)-4-
phenylbut-3-en-1-yl ester (4e). A white solid, Mp: 101–
103 8C; IR (thin film): n 2924, 1598, 1494, 1468, 1444,
1360, 1177, 1189, 1097, 1056, 1035 cmK1; (Z-isomer) 1H
NMR (CDCl3, TMS, 300 MHz): d 2.27 (dt, JZ6.3, 7.2 Hz,
2H), 2.38 (s, 3H, CH3), 4.06 (t, JZ6.3 Hz, 2H), 6.07 (t, JZ
7.2 Hz, 1H), 7.06–7.13 (m, 3H, Ar), 7.17–7.27 (m, 8H, Ar),
7.38–7.41 (m, 1H, Ar), 7.75 (d, JZ8.1 Hz, 2H, ArH);
(Z-isomer) 13C NMR (CDCl3, TMS, 75 MHz): d 21.5, 29.3,
69.3, 123.9, 126.1, 126.8, 127.1, 127.3, 127.72, 128.1,
128.8, 129.7, 131.26, 132.7, 137.7, 139.5, 141.7, 144.7;
(E-isomer) 1H NMR (CDCl3, TMS, 300 MHz): d 2.61 (dt,
JZ6.3, 7.2 Hz, 2H), 2.38 (s, 3H, CH3), 4.11 (t, JZ6.3 Hz,
2H), 5.60 (t, JZ7.2 Hz, 1H), 7.06–7.13 (m, 3H, Ar), 7.17–
7.27 (m, 8H, Ar), 7.38–7.41 (m, 1H, Ar), 7.75 (d, JZ8.1 Hz,
2H, Ar); (E-isomer) 13C NMR (CDCl3, TMS, 75 MHz): d
22.1, 28.8, 69.5, 126.4, 126.7, 127.70, 127.9, 128.5, 129.0,
129.58, 129.61, 131.34, 132.9, 133.3, 138.4, 139.5, 141.8,
142.6. MS (%) m/z 240 (MC–TsOH) (100), 205 (89.98);
Anal. Calcd. for C23H21ClO3S requires C, 66.90; H, 5.13;
Found: C, 66.80; H, 5.11%.

4.3.6. Toluene-4-sulfonic acid 4,4-bis-(4-chlorophenyl)-
but-3-en-1-yl ester (4f). A white solid, Mp: 83–85 8C; IR
(thin film): n 2919, 2850, 1596, 1491, 1464, 1401, 1360,
1188, 1175, 1091, 1014 cmK1; 1H NMR (CDCl3, TMS,
300 MHz) d 2.40–2.45 (m, 5H) 4.10 (t, JZ6.6 Hz, 2H), 5.92
(t, JZ7.8 Hz, 1H), 7.01–7.08 (m, 4H, Ar), 7.21–7.36 (m,
6H, Ar), 7.75 (d, JZ8.4 Hz, 2H, Ar); 13C NMR (CDCl3,
TMS, 75 MHz) d 21.6, 29.4, 69.4, 124.0, 127.8, 128.3,
128.4, 128.7, 129.8, 130.9, 132.9, 133.37, 133.43, 137.2,
139.9, 142.7, 144.8; MS (%) m/z 274 (MC–TsOH) (31.72),
239 (100); Anal. Calcd. for C23H20Cl2S requires C, 61.75;
H, 4.51; Found: C, 61.60; H, 4.67%.

4.3.7. Toluene-4-sulfonic acid 4,4-bis-(4-fluorophenyl)
but-3-en-1-yl ester (4g). A yellow oil, IR (thin film): n
2926, 1601, 1508, 1361, 1223, 1189, 1177, 1096 cmK1; 1H
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NMR (CDCl3, TMS, 300 MHz): d 2.38–2.45 (m, 5H), 4.08
(t, JZ6.6 Hz, 2H), 5.85 (t, JZ7.2 Hz, 1H), 6.94 (dd, JZ9.0,
JHFZ9.0 Hz, 2H, Ar), 7.03–7.11 (m, 6H, Ar), 7.29 (d, JZ
8.1 Hz, 2H, Ar), 7.76 (d, JZ8.1 Hz, 2H, Ar); 13C NMR
(CDCl3, TMS, 75 MHz): d 21.6, 29.3, 69.6, 115.0 (d, JC–FZ
21.5 Hz), 115.4 (d, JC–FZ21.5 Hz), 123.1, 127.8, 128.8
(d, JC–FZ7.9 Hz), 129.8, 131.2, 133.0, 134.9 (d, JC–FZ
36.9 Hz), 137.9 (d, JC–FZ36.9 Hz), 143.0, 144.8, 163.1
(d, JC–FZ245.8 Hz), 162.3 (d, JC–FZ245.8 Hz); MS (%)
m/z 242 (MC–TsOH) (100), 227 (19.43), 133 (30.78), 109
(59.91); HRMS Calcd. for C23H20F2O3SNaC (Maldi):
437.1008, Found: 437.0993 (MCNaC).

4.3.8. Toluene-4-sulfonic acid 4-(4-ethoxyphenyl)pent-3-
en-1-yl ester (4h). A colorless oil, IR (thin film): n 2978,
2928, 1607, 1511, 1478, 1360, 1245, 1188, 1177, 1117,
1097 cmK1; (Z- or E-isomer) 1H NMR (CDCl3, TMS,
300 MHz): d 1.37–1.44 (m, 3H, CH3), 1.95 (s, 3H, CH3),
2.42 (s, 3H, CH3), 2.44–2.60 (m, 2H), 3.98–4.11 (m, 4H),
5.45–5.53 (m, 1H), 6.80–6.86 (m, 2H, Ar), 7.20–7.31 (m,
4H, Ar), 7.66–7.82 (m, 2H, Ar); (E- or Z-isomer) 1H NMR
(CDCl3, TMS, 300 MHz): d 1.37–1.44 (m, 3H, CH3), 1.50
(s, 3H, CH3), 2.43 (s, 3H, CH3), 2.44–2.60 (m, 2H), 3.98–
4.11 (m, 4H), 5.45–5.53 (m, 1H), 6.80–6.86 (m, 2H, Ar),
7.20–7.31 (m, 4H, Ar), 7.66–7.82 (m, 2H, Ar); (Z- or
E-isomer) 13C NMR (CDCl3, TMS, 75 MHz): d 21.6, 28.4,
63.25, 63.33, 69.7, 113.8, 114.0, 125.7, 127.7, 127.8,
129.69, 129.74, 135.3, 144.6, 157.3. (E- or Z-isomer) 13C
NMR (CDCl3, TMS, 75 MHz): d 21.6, 29.6, 63.3, 67.4,
70.1, 114.0, 119.3, 126.5, 127.8, 128.7, 129.7, 132.9, 137.6,
144.6, 158.0. MS (%) m/z 360 (MC, 12.45), 188 (72.15),
173 (100); HRMS Calcd. for C20H26O4SC (Maldi):
361.1504, Found: 361.1468 (MCHC).
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