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ABSTRACT: We previously reported an intramolecular migrative cyclization of propargylsufones and sulfonylalkynamides giving oxa- and
azacycles, respectively. To confirm the postulated reaction mechanism, the reaction was conducted with chiral nucleophiles such as N-
heterocyclic carbenes, phosphines, and pyridines, or with sulfinate anions and chiral cations. As expected, migrative cyclization proceeded to
give the enantiomerically enriched products. These results strongly support the postulated mechanism and provide the first example of the
asymmetric version of this reaction.
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sulfonyl migration.*® This transformation can be regarded as
an example of y-umpolung bond formation because the latent

: , ; ©oa 67
polarity of the y-position is negative.™ We proposed the fol Scheme 1. Migrative Cyclization of Sulfonylalkynol and Sulfonylalkynamides

lowing mechanism: (1) Tautomerization of propargyl sulfone and the Postulated Reaction Mechanism: Nu = nucleophiles such as NHC,
1 occurs to generate sulfonylallene 1.2 (2) Conjugate addition DMAP, and phosphines.

of the nucleophilic catalysts to | followed by proton transfer
provides allyl sulfone Il, which undergoes an intramolecular
Sn2'-type reaction to liberate p-toluenesulfinate anions (Ts")
along with lll. (3) Conjugate addition of Ts™ to | followed by
proton transfer provides allylic sulfone IV, whose S\2'-type
cyclization leads to 2 and regeneration of Ts™. According to
the postulated reaction mechanism,>® we envisaged that the
cyclization of IV could enantioselectively produce 2 in the
presence of chiral cations. We expected that a counter cation

of cyclizing alkoxide IV would be cationic co-product Ill and ) . ) . .
that observation of enantioenrichment in 2 with chiral Il First, we tested the reaction using two representative chiral

would strongly support the mechanism. Here, we report the NHCs as the nucleophile. According to the postulated mech-

first examples of this type of cyclization reaction with asym- anism, chiral cation Ill should be generated by the reaction of
metric induction.® chiral NHC and sulfonylallene I, and act as a chiral counter

1a:X=0 2a
As part of our ongoing studies to develop catalytic reactions,’ 1b: X =NTs 20
we recently reported that an oxa- and azacycle-forming reac- ﬂ m
tion of sulfonylalkynols and sulfonylalkynamides was trig- H Ts
gered by nucleophiles, such as an N-heterocyclic carbene X /CATS Ts™ X _ Ts
(NHC),? 4-dimethylaminopyridine (DMAP), and phosphines <_//| i v
(Scheme 1).% In the presence of catalytic amounts of these Nuw Te
nucleophiles, bond formation with the internal O- or N- Nu* Nu*
nucleophile occurred at the y-position of sulfone with 1,2- X- P Ts ) X

Il
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cation in the cyclization of intermediate IV. Thus, sulfonyl-
alkynol 1a was heated to 60 °C in toluene in the presence of
Cs,CO;3 and NHC precursor A (2 mol% each); however,
THF derivative 2a was obtained as a racemic mixture in only
24% vyield after 12 h (Scheme 2). The reaction with Cs,CO3;
and precursor B' (2 mol% each) was much slower, giving
racemic 2a in 5% yield after 30 h in refluxing toluene.

Next, we utilized chiral phosphines as the nucleophile
(Scheme 3).% Although binaphthyl-based chiral phosphines
such as MOP™ and QUINAP," spiroindane-type SITCP,™
and the chiral diphosphine Chiraphos" failed to induce enan-
tioselectivity, the chiral diphosphines Degphos,’ DIPAMP,"
and Me-DUPHOS™ provided slightly enantioenriched S-2a
with 53:47 enantiomeric ratio (er). The absolute configuration
of the major enantiomer was assigned on the basis of the
electronic circular dichroism (ECD) spectrum (vide infra).

We also examined chiral pyridine-derived nucleophiles.
We expected the hydrogen-bonding abilities of pyrroli-
dinylpyridine C'® and binaphthyl-derived pyridine D* devel-
oped by Kawabata and Suga, respectively, to favorably affect
enantiodifferentiation in the cyclization step (Scheme 4). In-
terestingly, the reactions with C and D proceeded at room
temperature, probably because the basicity of these nucleo-
philes facilitated the generation of allenic tautomer I. A signif-
icant amount of dihydropyran 3a, however, was produced
along with tetrahydrofuran S-2a. This is probably also due to
the high basicity inducing intramolecular conjugate addition
of the hydroxy group, which competes with the intermolecular
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Scheme 2. Reaction of 1a with Chiral NHC Precursors A and B.
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Scheme 3. Reaction of 1a with Chiral Phosphines.3

conjugate addition of the external nucleophiles such as C, D,
and Ts7, in sulfonylallene 1. To avoid the undesired reaction,
we utilized sulfonylalkanol 1c, because the undesired intra-
molecular conjugate addition of sulfonylallene | is relatively
slow due to the formation of a seven-membered ring. Alt-
hough the reaction was rather slow, desired products 2c
were produced at 80 °C after 27 and 20 h in improved yields
(43% and 19%) with C and D, respectively. It is noteworthy
that the reaction of 1c with D produced R-2c¢ with significant
enantioenrichment (59:41 er)?' for the first time, providing
strong support for our proposed mechanism shown in
Scheme 1.

External Chiral Counter Cation

According to the postulated mechanism, addition of external
sulfinate anions should promote the reaction, even in the
absence of a nucleophile trigger. Indeed, in the presence of
NaTs and Cs,CO; (20 mol% each), the reaction of 1a pro-
ceeded in toluene at 80 °C to give 2a in 83% yield after 6 h
(Table 1, entry 2). When sodium 4-methoxybenzenesulfinate
(NaO,SPMP) was used in place of NaTs, crossover of sul-
fonyl groups was observed to produce tetrahydrofuran 4
bearing a 4-methoxybenzenesulfonyl (PMPSO,) group in
11% yield along with 2a in 78% vyield (Scheme 5). These
results also strongly support the proposed mechanism.

It is noteworthy that the reaction failed to proceed in the
absence of the base (entry 1). This may indicate that the
base is necessary for the tautomerization to generate allenic
intermediate | in situ, and/or that cesium cations should solu-
bilize Ts™ as counter cations. While K,COj3 also promoted the
reaction to give 2a in 62% (entry 3), most of 1a was recov-
ered with Na,COj3; and Li,CO3, and 2a was produced in only
4% and 15% vyield, respectively (entries 4 and 5).

The result shown in entry 4 indicates that the solubility of the
sodium salts of carbonate and sulfinate is too low in toluene
at 80 °C to promote the reaction. Thus, we expected that

Ts
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Scheme 4. Reaction of 1a and 1¢ with Chiral Pyridines C and D. [a] The er
was not determined.
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Scheme 5. Crossover Experiment of 1a with NaO,SPMP.



addition of an external chiral cation as a phase transfer cata-
lyst should solubilize the anions forming ion pairs. This would
lead to the formation of an ion pair of the chiral cation and
intermediate IV, which would undergo cyclization in the
asymmetric environment to give an enantioenriched product
(Scheme 1).

Thus, the reaction of 1a was conducted with NaTs and
Na,COs using binaphthyl-derived chiral ammonium salt E*
as a catalyst. The catalyst promoted the reaction to give 2a in
40% vyield after 23 h, but enantioselectivity was not observed
(entry 6). Although neither bisbinaphthyl-type F,?* biphenyl-
type G, nor quinidine-derived H® realized enantioinduction

Table 1. Reaction of 1a in the Presence of NaTs.

NaTs 20 mol%

OH base 20 mol% T
K/Ts catalyst 20 mol% %
toluene
1a 80 °C 2a
entry base catalyst[a) Ei:;e yield of 2a er® of 2a
1 - - 6 0% -
2 Cs,CO; - 6 83% -
3 K,CO, - 6 62% -
4 Na,COs - 6 4% -
5 Li,CO, - 6 15% -
6 Na,COs E 23 40% 50:50
7 Na,COs F 23 48% 50:50
8 Na,CO, G 2 67% 50:50
9 Na,COs H 23 40% 50:50
10 Na,COs J 23 93% 54:46
11 Na,COs K 23 92% 61:39
12 Na,COs L 23 91% 50:50
139 Na,COs, M 16.5  90% 64:36
14 Na,COs N 23 88% 45:55

N H
H:R =H, R'=9-anthrylmethyl
J:R=H, R'=35(CF3),CeHsCH,
K:R = Bn, R' = 3,5-(CF3),CgH3CH, N:R = 3,5-(CF3),CgHaCH,
L:R = Me, R' = 3,5-(CF3),CH3CH,
M:R = R' = 3,5-(CF3),C¢HsCH>

[b] Ratio of S- and R-2a. The absolute configuration of 2a was assigned by
the ECD spectrum (vide infra). [c] NaTs (10 mol%), Na,COj3 (5 mol%).

(entries 7-9), the use of N-bistrifluoromethylbenzylated quin-
idine J% resulted in slight enantioenrichment (54:46 er, entry
10). Significant effects of an O-substituent of the cation were
observed, and O-benzylated catalyst K increased the enan-
tioselectivity to give S-2a with 61:39 er (entry 11), while O-
methylated catalyst L?® provided a racemic product (entry 12).
N,O-Bistrifluoromethylbenzylated catalyst M * further im-
proved the enantioinduction to give S-2a with 64:36 er (entry
13). Interestingly, pseudoenantiomeric quinine-derived cata-
lyst N* exhibited much lower asymmetric induction to
provide mainly R-2a with 45:55 er (entry 14). The reaction of
1a proceeded with reduced amounts of NaTs and Na,CO;
(10 and 5 mol%, respectively) at 60 °C to give S-2a with
65:35 er in 88% yield after 20 h (Table 2, entry 1).

Catalyst M, which was thus far best for migrative cycliza-
tion of 1a, was then applied to the reactions of other sulfonyl-
alkynols 1 (Table 2, entries 2—4). The cyclization of tertiary
alcohol 1d also proceeded with enantioenrichment to give
2,2,5-trisubstituted tetrahydrofuran S-2d with 57:43 er in 72%
yield (entry 2). The asymmetric induction was also observed
in a 6-membered ring formation of 1e and 1c¢, and dihydropy-
ran S-2e and benzodihydropyran S-2c were produced with
55:45 and 54:46 er in 62% and 50% yields, respectively (en-
tries 3 and 4).

The reaction with 1b bearing an N-nucleophile was also
tested. Under the same conditions, tetrahydropyridine was
formed to a significant degree by cyclization of allenic inter-
mediate | to give S-2b with 56:44 er and 3b in 76% combined
yield as a 67:33 mixture (entry 5). In these reactions, the
catalyst showed high substrate specificity and the observed
asymmetric induction was much lower in the reaction of sub-
strates other than 1a.

The observed substrate specificity of the catalyst encour-
aged us to explore a more suitable catalyst for 1b. Catalyst K
performed the same level of asymmetric induction (56:44 er)
to give a mixture of 2b and 3b with a higher 2b-content (51%
vs 69%; entry 1 vs 2). Catalyst G promoted the reaction more
2b-selectively, providing an 89:11 mixture of 2b and 3b in

Table 2. Reaction of Sulfonylalkynols 1 Using M as a Catalyst.

M 20 mol%
NaTs 10 mol%, Na,CO3 5 mol%
1 S-2
toluene, 60 °C, 20 h
entry 1 S-2! yield er
1 1a S-2a 88 65:35
J OH / b
o)
2 7" M 72 57:43
1d S-2d
Ts
OH oM
3 = N 62 55:45
Te S-2e
4 1c S-2¢ 50 54:46
5 1b S-2b 5101 56:44

[a] The absolute configuration of S-2a and S-2b was assigned by the ECD
spectrum (vide infra), and those of 2c—d were tentatively assigned by
analogy. [b] 3b was produced in 25% yield (see also Table 3, entry 1).
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94% combined yield with 53:47 er (entry 3). While the reac-
tion with catalyst M at rt was much slower, producing an
83:17 mixture of 2b and 3b (57:43 er) in 81% yield after 96 h
(entry 4), the reaction rate with catalyst G was sufficient at rt,
producing an 83:17 mixture of 2b and 3b in 98% yield after
20 h with a slightly higher enantiomeric ratio of 59:42 (entry
6). The reaction using catalyst K at rt produced 2b with an
improved enantiomeric ratio (61:39), but the yield (48%) and
2b:3b ratio (60:40) were lower (entry 5), and a lower temper-
ature (0 °C) did not confer additional benefit to the asymmet-
ric induction, giving a 94:6 mixture of 2b and 3b with 60:40 er
(entry 7). Although the reaction with catalyst G was also slow
at 0 °C, the formation of 3b was suppressed and the enanti-
oselectivity was increased to provide 2b with 62:38 er and 3b
in 41% yield with a 96:4 ratio as well as 50% recovery of 1b
(entry 8).

Assignment of the Absolute Configuration of 2a and 2b

The absolute configurations of 2a and 2b were assigned by
the ECD method, which is widely utilized for assigning the
absolute configuration of natural products.®® First, significant-
ly contributing conformers of 2a were searched using the
conformer analysis with the MMFF (Merck Molecular Force
Field). The conformers’ geometries were fully optimized at
the B3LYP/6-31G* theoretical level, and the ECD spectra
were calculated at the TD-B3LYP/6-31+G* theoretical level
with correction of the polarizable continuum model (PCM) for
MeOH. Comparison of the experimentally observed ECD
spectrum of 2a (64:36 er) in MeOH with the weighted aver-
age of the calculated spectra for S-2a based on the
Bolzmann distribution revealed that the mainly produced
enantiomer should be S-2a (Figure 1).

In the same way, the absolute configuration of 2b was
assigned to be an S-configuration as well. Figure 2 shows

Table 3. Reaction of Sulfonylalkynamde 1b

catalyst 20 mol% Ts

NaTs 10 mol%, Na,CO3 5 mol% N T
1b 2 + r '
toluene

3b
entry  catalyst temp time yield”  2b:3b e of2b
1° M 60 °C 20 h 76% 67:33 56:44
2 K 60 °C 20 h 90% 77:23 56:44
3 G 60 °C 20 h 94% 89:11 53:47
4 M rt 96 h 81% 83:17 57:43
5 K rt 120 h 48%"° 60:40 61:39
(69%)
6 G rt 20 h 98% 83:17 59:42
7 K 0°C 120 h 37%° 94: 6 60:40
(50%)
8 G 0°C 72 h 41%" 96: 4 62:38
(82%)

[a] Combined yields of 2b and 3b. The yields in the parentheses are based
on recovered 1b. [b] S:R [c] Data from Table 2, entry 5 for comparison. [d]
With recovery of 1b (30%). [e] With recovery of 1b (26%). [f] With recovery

of 1b (50%).

the experimentally observed spectrum of 2b (62:38 er) and
the calculated spectrum for S-2b.

Conclusion

The present study demonstrated that the addition of sulfinate
anions allowed for migrative cyclization of sulfonylalkynols to
proceed without a nucleophilic additive and that crossover of
the sulfonyl groups occurred in the presence of sulfinate ani-
ons different from those leaving the substrate. Moreover,
significant asymmetric induction was observed in the reac-
tions of sulfonylalkynols and N-p-tosylsulfonylalkynamine in
the presence of chiral DMAP-derivative D, and chiral cations
G or M. Although the enantioselectivity was moderate and
substrate-specific, and the reaction has room for improve-
ment, the results strongly support the previously proposed
reaction mechanism and provide the first example of an
asymmetric version of this reaction.

Experimental Section

General. All melting points are uncorrected. Silica gel was used for
column chromatography. NMR (400 and 100 MHz for 'H and '°C,
respectively) was measured in DMSO-d6 unless otherwise men-
tioned. Chemical shifts () and coupling constants (J) are presented
in parts per million relative to tetramethylsilane and hertz, respective-
ly. Abbreviations are as follows: s, singlet; d, doublet; t, triplet; q,
quartet; m, multiplet; br, broad. *C peak multiplicity assignments

2a (64:36 er)
— - - caledS2a [ 20

200 210 220 230 240 250 260 270 280 290 300
wavelength (nm)

Figure 1. Experimentally Observed and Calculated ECD Spectra of 2a.
The vertical line (Ag) of the observed spectrum (left) is scaled by 20% of
that of the calculated spectrum (right).

N ——2b(62:38en) | 49
\ - — = calcd S-2b

200 210 220 230 240 250 260 270 280 290 300
wavelength (nm)

Figure 2. Experimentally Observed and Calculated ECD Spectra of 2b.
The vertical line (Ag) of the observed spectrum (left) is scaled by 20% of
that of the calculated spectrum (right).
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were made based on DEPT data. For IR spectroscopy, the wave
numbers of maximum absorption peaks are reported in cm™'. TOF
mass spectrometer was used for ESI-MS. Anhydrous solvents were
purchased and used without further desiccation.

Preparation of the Catalysts. The chiral phosphines and catalyst F
were purchased and used as received. Catalysts A,*' B,* E,** H,2*®
and J* were prepared by the reported procedures.

(R)-2,10-Di-tert-butyl-3,9-dimethoxy-6-methyl-6-(1-naphthalen-1-
ylethyl)-4,8-bis(3,5-bistrifluoromethylphenyl)-6,7-dihydro-5H-
dibenzo[c,e]-azepinium Chloride (G): To a solution of (R)-2,10-di-
tert-butyl-3,9-dimethoxy-6-methyl-6-(1-naphthalen-1-ylethyl)-4,8-
bis(3,5-bistrifluoromethylphenyl)-6,7-dihydro-5H-dibenzo[c,e]-
azepinium bromide® (208 mg, 0.200 mmol) in CH,Cl, (50 mL) and
water (5 mL), was added NaCl (58 mg, 1.0 mmol). The mixture was
stirred vigorously at rt for 3 h. The organic layer was separated and
washed with brine, which was extracted with CH,Cl, (3 x 20 mL). The
combined organic layers were dried over Na,SO,4 and concentrated in
vacuo to give the title compound (173 mg, 87%) as a yellow solid of
mp 114.5-116 °C with [a]o?® +74.3 (c 1.00, CHCI3): 'H NMR: 8.32 (s,
1H), 8.08 (s, 2H), 8.03 (s, 1H), 7.92 (d, J = 8.5, 1H), 7.91 (d, J = 7.5,
1H), 7.86 (s, 1H), 7.55 (s, 2H), 7.49 (t, J = 7.5, 1H), 7.39-7.26 (m,
3H), 7.06 (d, J = 8.5, 1H), 6.81 (s, 1H), 5.45 (d, J = 14.5, 1H), 5.18 (q,
J=17.0,1H), 4.16 (d, J = 14.5, 1H ), 3.38 (d, J = 13.0, 1H), 3.20 (s,
3H), 3.01 (s, 3H), 2.91 (s, 3H), 2.82 (d, J = 13.0, 1H), 1.60 (s, 9H),
1.46 (s, 9H), 1.09 (d, J = 7.0, 3H). '*C NMR: 158.1 (C), 157.9 (C),
147.7 (C), 137.7 (C), 137.5 (C),137.3 (C), 137.1 (C),135.5 (C), 134.4
(C), 134.0 (C), 132.8 (q, J = 30, C), 132.4 (CH), 131.9 (CH), 131.7
(C), 131.1 (q, J = 32, C), 130.8 (q, J = 32, C), 130.7 (m, CH), 130.4
(CH), 129.7 (m, CH), 129.1 (CH), 128.8 (CH), 128.2 (CH), 127.3 (C),
126.5 (CH), 126.2 (CH), 125.5 (C), 125.0 (CH), 123.6 (C), 122.8 (q, J
=273, C), 122.7 (q, J = 270, C), 122.7 (m, CH), 122.3 (q, J = 272, C),
121.8 (m, CH), 119.2 (CH), 62.1 (CH), 61.0 (CHj3), 60.8 (CH3), 59.1
(CHy), 57.7 (CH,), 42.4 (CHj3), 35.8 (C), 35.7 (C), 30.7 (CHg3), 30.6
(CH3), 15.5 (CHs). IR (KBr): 2962, 1467, 1446, 1396, 1365, 1327,
1281, 1244, 1181,1139, 1083, 1055, 900, 851, 802, 717, 683.
HRMS-ESI (m/z): [M — CI]" calcd for Cs3HsoF12NO2, 960.3644; found,
960.3667.

0-Benzyl-N-(3,5-bis(trifluoromethyl)benzyl)quinidinium Chloride
(K): To a suspension of O-benzylquinidine® (360 mg, 0.868 mmol) in
THF (4.4 mL) was added 3,5-bis(trifluoromethyl)benzyl bromide (0.18
mL, 0.96 mmol). The stirred mixture was heated under reflux for 14 h,
concentrated in vacuo, and purified by flash chromatography
(MeOH/CHCI; 1:10 to 1:5) to give a yellow solid. To a solution of the
yellow solid (300 mg, 0.416 mmol) in CH,Cl, (5 mL) and water (0.5
mL), was added NaCl (120 mg, 2.05 mmol). The resulting mixture
was stirred vigorously at rt for 21 h. The organic layer was separated
and washed with brine, which was extracted with CH,Cl, (3 x 20 mL).
The combined organic layers were dried over Na,SO, and concen-
trated in vacuo to give the title compound (203 mg, 34%) as a yellow
solid of mp 157.8—161.5 °C with [a]p*® +99.0 (c 1.00, CHCl5): '"H NMR
(500 MHz): 8.84 (d, J = 5.5, 1H), 8.53 (s, 2H), 8.37 (s, 1H), 8.05 (d, J
= 9.5, 1H), 7.74 (br m, 1H), 7.60-7.50 (br m, 1H), 7.57 (d, J = 7.0,
2H), 7.52 (d, J = 9.5, 1H), 7.44 (t, J = 7.0, 2H), 7.38 (t, J = 7.0, 1H),
6.48 (br m, 1H), 5.92 (ddd, J = 17.0, 10.0, 6.5, 1H), 5.18 (br m, 1H),
5.14 (d, J=10.0, 1H), 5.11 (d, J = 17.0, 1H), 4.96 (br d, J = 13.0, 1H),
4.89 (d, J = 11.5, 1H), 4.49 (d, J = 11.5, 1H), 4.27 (br m, 1H), 4.16—
3.88 (m, 5H), 3.52 (br t, J = 10.0, 1H), 2.96 (br q, J = 10.0, 1H), 2.61—
2.50 (m, 2H), 1.94 (br s, 1H), 1.81-1.68 (m, 2H), 1.36 (br m, 1H). '*C
NMR (500 MHz): 157.8 (C), 147.3 (CH), 144.1 (C), 139.3 (C), 137.1
(CH), 134.7 (CH), 131.3 (CH), 131.2 (C), 130.8 (g, J = 33, C), 128.5
(CH), 128.4 (CH), 128.1 (CH), 126.6 (C), 124.1 (CH), 123.2 (q, J =
271, C), 122.0 (CH), 116.8 (CHy), 102.4 (CH), 72.2 (CH), 70.3 (CH,),
67.6 (CH), 61.5 (CH), 55.9 (CH>), 55.5 (CHj3), 54.5 (CH,), 36.7 (CH),
26.5 (CH), 23.0 (CHy), 21.1 (CHy). IR (KBr): 2956, 1622, 1509, 1475,
1372, 1281, 1178, 1135, 1024, 903, 828, 703, 682. HRMS-ESI (m/z):
[M — CI]" caled for CasH3sFsN2O2, 641.2597; found, 641.2606.

N-(3,5-Bis(trifluoromethyl)benzyl)-O-methylquinidinium Chloride
(L): To a solution of N-(3,5-bis(trifluoromethyl)benzyl)-O-
methylquinidinium bromide® (511 mg, 0.791 mmol) in CH.Cl, (30
mL) and water (3 mL), was added NaCl (229 mg, 3.96 mmol). The
mixture was stirred vigorously at rt for 5 h. The organic layer was
separated and washed with brine, which was extracted with CH,Cl,
(3 x 20 mL). The combined organic layers were dried over Na,SO,
and concentrated in vacuo to give the title compound (453 mg, 44%)
as a yellow solid of mp 166171 °C with [a]p>' +155 (¢ 0.98, CHCI5):
'H NMR: 8.84 (d, J = 4.0, 1H), 8.73 (br m, 2H), 8.36 (br m, 1H), 8.03
(br m, 1H), 7.66 (br m, 1H), 7.60-7.45 (br m, 2H), 6.22 (br m, 1H),
6.01 (ddd, J = 17.0, 10.0, 7.0, 1H), 5.29-5.26 (br m, 3H), 5.01 (br m,
1H), 4.50-4.22 (br m, 2H), 4.09 (br s, 3H), 3.93 (br m, 1H), 3.51 (br m,
1H), 3.48 (br s, 3H), 2.95 (br m, 1H), 2.65 (br m, 1H), 2.46 (br m, 1H),
1.91 (br s, 1H), 1.80-1.70 (br m, 2H), 1.27 (br m, 1H). *C NMR:
157.7 (C), 147.1 (CH), 144.2 (C), 138.9 (C), 137.2 (CH), 134.9 (CH),
131.5 (C), 131.1 (CH), 130.6 (q, J = 33, C), 126.7 (C), 123.7 (CH),
123.2 (q, J = 271, C), 121.8 (CH), 120.2 (CH), 116.8 (CH), 102.3
(CH), 79.5 (CH), 67.5 (CH), 61.3 (CH,), 56.5 (CH3), 55.9 (CH), 55.2
(CHy), 54.5 (CH,), 36.7 (CH), 26.5 (CH), 23.0 (CH,), 21.0 (CH,). IR
(KBr): 2947, 1622, 1508, 1474, 1373, 1281, 1177, 1135, 1071, 907,
755, 678. HRMS-ESI (m/z): [M — CII" caled for CaoH31FsN2O2,
565.2284; found, 565.2314.

N-(3,5-Bis(trifluoromethyl)benzyl)-0-(3,5-bis(trifluoromethyl)-
benzyl)quinidinium Chloride (M): To a solution of N-(3,5-
bis(trifluoromethyl)benzyl)-O-(3,5-bis(trifluoromethyl)benzyl)quinidin-
ium bromide®® (551 mg, 0.640 mmol) in CH,Cl, (30 mL) and water (3
mL), was added NaCl (186 mg, 3.20 mmol). The mixture was stirred
vigorously at rt for 20 h. The organic layer was separated and
washed with brine, which was extracted with CH,Cl, (3 x 20 mL). The
combined organic layers were dried over Na,SO,4 and concentrated in
vacuo to give the title compound (435 mg, 85%) as a yellow solid of
mp 168171 °C with [a]p® +78.1 (c 1.00, CHCl3): "H NMR: 8.80 (br d,
J=4.0, 1H), 8.57 (br m, 2H), 8.37 (br m, 1H), 8.29 (br s, 1H), 8.08 (br
s, 1H), 8.04 (br d, J = 9.0, 1H), 7.77 (br s, 1H), 7.60-7.45 (m, 2H),
6.65 (br m, 1H), 5.97 (m, 1H), 5.40-5.05 (m, 5H), 4.69 (br d, J = 12.0,
1H), 4.40-3.85 (br m, 5H), 3.55 (br m, 1H), 2.97 (br m, 1H), 2.70—
2.60 (m, 2H), 1.97 (br s, 1H), 1.88-1.68 (br m, 2H), 1.44 (br m, 1H).
3C NMR: 158.2 (C), 147.8 (CH ), 144.6 (C), 141.3 (C), 139.2 (C),
137.6 (CH), 135.1 (CH), 131.9 (CH), 131.6 (C), 131.2 (q, J = 33, C),
130.8 (q, J = 33, C), 129.3 (CH), 126.8 (C), 124.7 (CH), 123.8 (q, J =
271, C), 123.6 (q, J = 271, C), 122.1 (CH), 117.1 (CH,), 102.9 (CH),
73.0 (CH), 69.3 (CHy), 69.2 (CH), 62.2 (CH,), 56.2 (CH), 55.1 (CH3),
55.0 (CH,), 37.3 (CH), 26.7 (CH), 23.4 (CH,), 21.4 (CH,). IR (KBr):
2955, 1623, 1509, 1464, 1373, 1280, 1178, 1135, 1032, 902, 842,
707, 682. HRMS-ESI (m/z): [M — CI]" calcd for CagHasF12N202,
777.2345; found, 777.2338.

N-(3,5-Bis(trifluoromethyl)benzyl)-0-(3,5-bis(trifluoromethyl)-

benzyl)quininium Chloride (N): To a suspension of N-(3,5-
bis(trifluoromethyl)benzyl)quininium bromide®® (778 mg, 1.25 mmol)
in CH.Cl, (8.0 mL), were added 3,5-bis(trifluoromethyl)benzyl bro-
mide (1.1 mL, 6.3 mmol) and 50% aqueous KOH (700 uL, 6.25
mmol). The mixture was stirred vigorously at rt for 6 h, diluted with
water (5 mL), and extracted with CH,Cl, (3 x 10 mL). The combined
organic layers were dried over Na,SO,, concentrated in vacuo, and
purified by flash chromatography (MeOH/CHCI; 1:30 to 1:8) to give a
yellow solid. To a solution of the yellow solid (750 mg, 0.875 mmol) in
CH,Cl, (30 mL) and water (3 mL), was added NaCl (254 mg, 4.38
mmol). The mixture was stirred vigorously at rt for 2.5 h. The organic
layer was separated and washed with brine, which was extracted with
CH,Cl; (3 x 20 mL). The combined organic layers were dried over
Na,SO4 and concentrated in vacuo to give the titte compound (633
mg, 62%) as a yellow solid of mp 166.5-170 °C with [a]o>' =74.6 (c
1.00, CHCI3): '"H NMR: 8.78 (d, J = 4.0, 1H), 8.65 (s, 2H), 8.32 (s, 2H),
8.20 (br s, 1H), 7.98 (d, J = 8.0, 1H), 7.97 (s, 1H), 7.75 (br m, 1H),
7.51 (brs, 1H), 7.37 (dd, J = 8.0, 2.0, 1H), 7.07 (br s, 1H), 6.50 (br s,
1H), 5.75 (ddd, J = 16.0, 10.0, 7.0, 1H), 5.50 (d, J = 12.0, 1H), 5.37 (d,
J=12.0, 1H), 5.16 (d, J = 16.0, 1H), 4.99 (d, J = 10.0, 1H), 4.74 (d, J
=12.0, 1H), 4.17 (br m, 1H), 4.15-3.95 (m, 2H), 3.94 (s, 3H), 3.50—
3.30 (m, 2H), 2.65 (m, 1H), 2.57 (m, 1H), 2.00-2.07 (br m, 2H), 1.80
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(br m, 1H), 1.68 (br m, 1H). *C NMR: 157.6 (C), 147.2 (CH), 144.1
(C), 140.9 (C), 139.6 (C), 137.6 (CH), 134.7 (CH), 131.5 (C), 131.2
(CH), 130.6 (q, J =33, C), 130.2 (q, J = 33, C), 129.1 (CH), 126.1 (C),
123.7 (CH), 123.2 (q, J = 271, C), 123.1 (q, J = 271, C), 121.9 (CH),
121.3 (CH), 120.0 (CH), 116.7 (CH;), 101.6 (CH), 71.8 (CH), 69.0
(CH), 68.6 (CHy), 61.5 (CHy), 58.4 (CH,), 55.5 (CHjs), 50.4 (CH,),
37.0 (CH), 26.2 (CH), 23.9 (CH), 19.9 (CH,). IR (KBr): 2976, 1623,
1509, 1474, 1374, 1281, 1179, 1136, 1072, 903, 843, 682. HRMS—
ESI (miz): [M — CI]" caled for CagHs3F12N20,, 777.2345; found,
777.2344.

Preparation of Substrates. Propargyl sulfones 1a—1e were pre-
pared in the reported procedures.?

General Procedure for Chiral Pyridine Mediated Reactions. 1-(1-
Tosylvinyl)isochromane (2c): A 10 mL flame-dried test tube with a
magnetic stirring bar was charged with 1¢ (31.4 mg, 100 ymol) and D
(3.7 mg, 5.0 ymol). The tube was filled with argon by evacuate-and-
refill processes. After addition of toluene (0.5 mL), the mixture was
stirred at 80 °C for 36 h, cooled to rt, and concentrated. The residue
was purified by column chromatography (hexane/EtOAc 2:1) to give
the title compound (6.0 mg, 19%) as a yellow oil. The spectroscopic
data were identical to those reported.? The enantiomeric ratio was
determined to be 59:41 by chiral stationary phase HPLC analysis
(CHIRALPAK AD-H, hexane/i-PrOH 10:1, 1.1 mL/min, 254 nm, tgr =
15.7 min for R and 21.2 min for S). The absolute configuration of the
major enantiomer was opposite to that provided by catalysts C and M,
and thus tentatively assigned to R by analogy to 2a.

General Procedure for Chiral Ammonium Mediated Reactions. 2-
(1-Tosylvinyl)tetrahydrofuran (2a): A 10 mL flame-dried test tube
was charged with a magnetic stirring bar, M (16.3 mg, 20.0 ymol),
NaTs (1.8 mg, 10 pmol), and Na,CO; (0.5 mg, 5.0 ymol). The tube
was filled with argon by evacuate-and-refill processes. After addition
of toluene (0.5 mL), the mixture was stirred at 60 °C for 5 min. Then,
1a (25.2 mg, 100 ymol) in toluene (1.0 mL) was added, and the mix-
ture was stirred at 60 °C for 20 h, cooled to room temperature, and
diluted with EtOAc (10 mL) and H,O (5 mL). The organic layer was
separated, washed with brine (10 mL), dried over Na,SO,, and con-
centrated. The residue was purified by column chromatography (hex-
ane/EtOAc 5:2) to give the title compound (22.1 mg, 88%) in 65:35 er
as a colorless oil with [a]p®® +2.63 (¢ 1.00, CHCls). The spectroscopic
data were identical to those reported.? The enantiomeric ratio was
determined by chiral stationary phase HPLC analysis (CHIRALPAK
AD-H, hexane/i-PrOH 97:3, 1.0 mL/min, 254 nm, tg = 17.4 min for S
and 22.0 min for R). The absolute configuration of the major enanti-
omer was assigned to S by the ECD method (vide infra).

1-Tosyl-2-(1-tosylvinyl)pyrrolidine (2b) and 1-Tosyl-6-
(tosylmethyl)-1,2,3,4-tetrahydropyridine (3b): The typical proce-
dure using G (19.9 mg, 20.0 ymol) and 1b (40.6 mg, 100 pmol) in
place of M and 1a, and purification by column chromatography (hex-
ane/EtOAc 2:1) gave a 96:4 mixture of 2b in 62:38 er and 3b (16.8
mg, 40% and 2%, respectively) as a yellow oil with [a]o?® —35 (c 0.46,
CHCIl3). The spectroscopic data were identical to those reported.?
The ratio of 2b and 3b was determined by the integral area of the 'H
NMR signals at 6.46 and 5.66 ppm. The enantiomeric ratio of 2b was
determined by chiral stationary phase HPLC analysis (CHIRALPAK
3A, hexane/i-PrOH 85:15, 1.0 mL/min, 254 nm, tr = 16.1 min for S-2b,
18.3 min for R-2b, and 32.8 min for 3b). The absolute configuration of
the major enantiomer of 2b was assigned to S by the ECD method
(vide infra).

1-(1-Tosylvinyl)isochromane (2c): The typical procedure using 1c
(31.4 mg, 100 pymol) in place of 1a and purification by column chro-
matography (hexane/EtOAc 2:1) gave the title compound (15.8 mg,
50%) in 54:46 er as a yellow oil with [a]p?® +14 (¢ 0.80, CHCI5). The
spectroscopic data were identical to those reported.? The enantio-
meric ratio was determined by chiral stationary phase HPLC analysis
(CHIRALPAK AD-H, hexane/i-PrOH 10:1, 1.1 mL/min, 254 nm, tgr =

15.7 min for R and 21.2 min for S). The absolute configuration of the
major enantiomer was tentatively assigned to S by analogy to 2a.

2,2-Diallyl-5-(1-tosylvinyl)tetrahydrofuran (2d): The typical proce-
dure using 1e (33.2 mg, 100 pmol) in place of 1a and purification by
column chromatography (hexane/EtOAc 2:1) gave the title compound
(24.0 mg, 72%) in 57:43 er as a yellow oil with [a]o?® —1.94 (¢ 1.30,
CHCIl3). The spectroscopic data were identical to those reported.?
The enantiomeric ratio was determined by chiral stationary phase
HPLC analysis (CHIRALPAK AS-3, hexane/i-PrOH 19:1, 1.0 mL/min,
254 nm, tg = 17.0 min for R and 20.7 min for S). The absolute config-
uration of the major enantiomer was tentatively assigned to S by
analogy to 2a.

2-(1-Tosylvinyl)tetrahydro-2H-pyran (2e): The typical procedure
using 1d (26.6 mg, 100 pmol) in place of 1a and purification by
column chromatography (hexane/EtOAc 2:1) gave the title compound
(16.4 mg, 62%) in 55:45 er as a yellow oil with [a]p'"® +1.01 (¢ 1.20,
CHCIl3). The spectroscopic data were identical to those reported.?
The enantiomeric ratio was determined by chiral stationary phase
HPLC analysis (CHIRALPAK 3A, hexane/i-PrOH 99:1, 1.0 mL/min,
254 nm, tg = 18.8 min for S and 22.2 min for R). The absolute config-
uration of the major enantiomer was tentatively assigned to S by
analogy to 2a.

Reaction of 1a with Sodium 4-Methoxybenzenesulfinate
(Scheme 5). 2-(1-Tosylvinyl)tetrahydrofuran (2a) and 2-(1-(4-
Methoxybenzenesulfonyl)vinyl)tetrahydrofuran (4): A 30 mL
flame-dried round-bottom flask was charged with a magnetic stirring
bar, sodium 4-methoxybenzenesulfinate (106 mg, 550 umol),*® and
Cs,CO;3 (30.6 mg, 100 pmol). The flask was filled with argon by
evacuate-and-refill processes. After addition of toluene (6.0 mL), the
mixture was heated under reflux for 30 min with continuous stirring.
Then, 1a (126 mg, 500 pmol) in toluene (1.5 mL) was added, and the
mixture was heated under reflux for additional 30 min, cooled to room
temperature, and diluted with EtOAc (10 mL) and H,O (10 mL). The
aqueous layer was separated and extracted with EtOAc (3 x 20 mL).
The combined organic layers were washed with brine (10 mL), dried
over Na,SO,, and concentrated. The residue was purified by column
chromatography (hexane/EtOAc 5:1 to 2:1) to give 2a (98.5 mg, 78%)
as a colorless oil and 4 (14.5 mg, 11%) as a yellow oil: '"H NMR
(CDClg): 7.80 (d, J = 9.0, 2H), 6.99 (d, J = 9.0, 2H), 6.32 (s, 1H), 6.02
(s, 1H), 4.51 (t, J = 7.0, 1H), 3.93 (td, J = 7.0, 6.5, 1H), 3.88 (s, 3H),
3.77 (td, J = 7.0, 6.5, 1H), 2.21 (m, 1H), 2.00-1.80 (m, 3H). "*C NMR
(CDCl3): 163.6 (C), 152.9 (C), 130.9 (C), 130.4 (CH), 122.4 (CHy),
114.4 (CH), 75.7 (CH), 68.6 (CH>), 55.6 (CH3), 33.0 (CH>), 25.6 (CHy).
IR (neat): 2960, 2917, 2854, 1592, 1497, 1380, 1311, 1264, 1165,
1056, 839. HRMS-ESI (m/z): [M + NaJ+ calcd for Cq3H1s04NaS,
291.0667; found, 291.0679.

Assignment of the Absolute Configuration: Calculations of the
ECD Spectra. The conformatinal searches of S-2a and S-2b were
performed with the MMFF using Spartan 18 program.* The geome-
tries of the conformers found for S-2a and S-2b with Boltzmann dis-
tributions over 1% (four and nine conformers, respectively) were
further optimized at the B3LYP/6-31G(d) theoretical level using
Gaussian 09 program.“’ The optimized geometries were subjected to
TDDFT calculations at the B3LYP/6-31+G(d) theoretical level with
the PCM correction for MeOH. The resultant rotatory strengths of the
lowest 30 excited states were converted into Gaussian-type curves
with half-bands of 0.2 eV using SpecDis v1.61.*" The calculated ECD
spectrum of S-2a was shifted by =10 nm.
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