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A novel phosphine-catalyzed intermolecular [3 + 2] cycloaddition of ynones and N-substituted isatins was
developed. In this reaction, substituted ynones, serving as a C; synthon, were successfully applied in
intermolecular annulation reactions. A number of functionalized spirooxazolines were obtained in high

yields and stereoselectivity.

Introduction

Oxindole skeletons with a spirocyclic quaternary stereocenter
occur widely in a large number of clinical pharmaceuticals and
natural products.’ Thus, methods for the synthesis of these com-
pounds are highly important in organic chemistry. Although the
stereoselective preparation of spirooxindoles has been addressed
in elegant studies, such as organocatalyst promoted reactions,’
and transition metal-catalyzed processes,” a straightforward and
flexible method is still needed.

Recently, phosphine-catalyzed domino reaction has become a
powerful tool in generating carbo- and heterocycles.* Compared
with the well studied electron-deficient alkenes,” alkynes always
have some special reactivity, such as in the [3 + 2].° [2 + 4]” and
[1 + n]® cycloaddition (Scheme 1) and so on.” Relatively little
attention has been focused on ynone derivatives; only recently
Tomita and Fu successively exploited elegant intramolecular
cycloaddition reactions.'® Nevertheless, the unsatisfactory yields
and restricted substrate scope were often problematic. The inter-
molecular version has also been little investigated."' Based upon
this pioneering work and our studies on phosphine-catalyzed
domino reactions,'? now we report the novel phosphine-cata-
lyzed intermolecular cycloaddition of ynones and N-substituted
isatins. In this reaction, a variety of functionalized spirooxazo-
lines were obtained in high yields and stereoselectivity.

Results and discussion

We initiated our study by evaluating the reaction of 1a and 2a in
CHCIl; at room temperature with 10 mol% PPh; as catalyst
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Scheme 1 Phosphine-catalyzed formal cycloaddition reactions of elec-
tron-deficient alkynes.

(Table 1, entry 1). To our delight, compound 3a was obtained in
58% yield. In order to improve the yield of 3a, benzoic acid
(30 mol%) was used as an additive, which was found to favor
the reaction (entry 2). Decreasing the additive loading had an
obviously adverse impact on the yield (entries 3, 6). Then,
various phosphine catalysts were studied (entries 2-5) and
PPh,Et found to give the best result (entry 3) among these tests.
What is more, the reaction time had little affect on the yield
(entries 3, 7). Reducing the catalyst loading, a prolonged
reaction time was required (entries 3, 8). Screening of other
solvents, such as DMEF, toluene and THF, allowed no better
result to be obtained (entries 9—12). In addition, the structure and
stereochemistry of 3a were characterized by a combination of
NMR, HRMS spectra and single-crystal X-ray analysis
(Fig. 1)."?
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Table 1 Studies on the reaction of ynone 1a with N-methyl isatin 2a to
generate spirooxazoline”

Table 2 Investigating the scope of ynones 1 and isatin derivatives 2 in
the reaction”

/U\ . (:E[g: catalyst
Ph N PhCOOH,
\ solvent, rt
1a 2a
Entry Solvent Catalyst Time/h Yield” (%)
1€ CHCl, PPhs 8 58
2 CHCl, PPhs 9 86
3 CHCl; PPh,Et 4 86
4 CHCl; PPhEt, 36 43/
5 CHCl4 PBu; 24 0
6! CHCl, PPh,Et 4 69
7 CHCl4 PPh,Et 6 87
8¢ CHCl, PPh,Et 16 90
9 Toluene PPh,Et 7 84
10 DMF PPh,Et 24 NR
11 CH,Cl, PPh,Et 5 87
12 THF PPh,Et 36 45/

“Unless otherwise noted, the reactions were carried out on 0.5 mmol
scale in solvent (2.0 mL), 30% mol of PhCOOH and 10% mol PPh,Et
was used. The ratio of 1a:2a was 2: 1. " Isolated yields. ¢ The reaction
was carried out without PhCOOH 910 mol% PhCOOH was used.
¢5 mol% PthEt was used.” In the entry 4 23% stamng material 2a was
recovered; in the entry 5 62% 2a was recovered; in the entry 12 30% 2a
was recovered.

Fig. 1

X-ray crystal structure of 3a.

Having established the optimal reaction conditions, the toler-
ance of the reaction was then investigated. Various ynones and
N-protected isatins were evaluated (Table 2). Basically, the reac-
tion proceeded smoothly to give the desired products in high
yields under the standard conditions. Substrates with different
steric parameters were tolerated, affording the products in good
to excellent yields (entries 1-5) except for the N-Ac isatin 1c
(entry 3); its lower yield may be on account of decomposition of
the starting material during the reaction. The electronic property
of compound 1 has little influence on the reaction. However, the
yield was to some degree sensitive to the electronic property of
the substituent on the phenyl ring of substrates 2 and benefited
from electronic donating groups. Even with steric hindrance at
the a-position of the ynone, the desired product 3f could also be
obtained in high yield, albeit a prolonged reaction time was
needed (entry 6).

PPh,Et o o
(10 mol%)

X
PhCOOH R2— o

(30 mol%), N
CHClg, 1t s L

Entry  R! R? R’ t/ Yield” (%)
1 CeHy H CH; 3 86 (3a)

2 CeH,4 H Bn 4 90 (3b)

3 CeHy H Ac 2 51 (3¢)

4 CeH, H Allyl 3 82 (3d)

5 CeHy H CH,CO,Et 4 78 (3e)

6° CeH,4 H CH; 24 73 (3f)

7 CeHy p-CH;  CH; 4 90 (3g)

8 CeH, p-Cl CH; 6 74 (3h)

9 CeHy 0-Cl CH; 6 75 (3i)

10 p-MeCH, H CH; 3.5 94(3))

11 p-MeCgH,  p-CH;  CHs 5 93 (3k)

12 p-MeCeH,  p-Cl CH; 5 74 (31)

13 p-MeCgH,  0-Cl CH; 55 77 (3m)
14 p-FC(,H4 H CH; 5 81 (3“)

15 p-FCeH, p-CH;  CH; 55  87(30)

16 p-FCH, p-Cl CH; 5 72 3p)

17 p-FCeH, 0-Cl CH, 5 85 (3q)

“Unless otherwise noted, the reactions were carried out in 0.5 mmol
scale in solvent (2.0 mL). The ratio of the 1:2 is 2.0:1.0. ?Isolated
yields. € In entry 6 1f 4-methyl-1-phenylpent-1-yn-3-one was used.

OO OH
PPhy
Ph

o] \ (0]

o (R-LB o
AN (10 mol%)
P + RZ—: yield: 45%
= N PhCOOH 0 ee 13%
Ph \ (30 mol%), N
CHCl3, 1t, 10d \
1 2
3a

Scheme 2 Asymmetric annulation.

Preliminary studies on the asymmetric variant of this reaction
was tested with the optically pure bifunctional catalyst LB, (R)-
(2'-(diphenylphosphino)-[1,1'-binaphthalen]-2-0l). We obtained
a promising 13% enantiomeric excess for 3a in 45% yield with
29% yield of recovered 2 (Scheme 2).

In order to demonstrate the function of the additive and the
proton migration process, control experiments were run. Accord-
ing to the experiment result of entry 1 in Table 1 as well as the
great influence of additive on the reaction, we thought that the
proton migration process might be accelerated by the proton of
PhCO,H. To explore this possibility, two equivalent of deuterox-
ide were added to the reaction system'* and deuterated product
3a’ was obtained in 76% yield with 74% D incorporation at the
& carbon (Scheme 3 eq (1)). Furthermore, the reaction of 1a-dj
and 2a in dry CHCl; was also carried out. However, 3a’" was
isolated in 73% yield and only 13-46% D at o and & carbons
(Scheme 3 eq (2)). These results clearly indicated that H/D

This journal is © The Royal Society of Chemistry 2012

Org. Biomol. Chem., 2012, 10, 7628-7634 | 7629


http://dx.doi.org/10.1039/c2ob26338f

Downloaded by University of California- San Diego on 01 September 2012

Published on 02 August 2012 on http://pubs.rsc.org | doi:10.1039/C20B26338F

View Online

PPh,Et
(10 mol%) \
—_—
PhCOOH x
(30 mol%), o
CHClIj3 (dry), rt, 0
2.0 equiv D,0, 5.0 h N

1a + 2a

D PPh,Et
é (10 mol%)
Ph D + 28 ——>
PhCOOH
(30 mol%),
CHCl3, 1t, 7.0 h

Ph._ D (73%)

PPhoEt
(10 mol%) \
—_—_—
X
CHClIj3 (dry), rt,
2.0 equivD,0,5.0h o
yield: 46% o)

1a + 2a

PPhy
PPh \

®
|
I

Scheme 4 Plausible mechanism.

exchange is easy in the reaction system and the proton in solvent
accelerated the proton migration. In order to further clarify
whether D incorporation at the & carbon in the last step went
through deprotonation/protonation or 1,2 migration, the reaction
was carried out only with 2.0 equiv of deuteroxide and without
acid additive. Deuterated product 3a’ was obtained in 46% yield
with 73% D incorporation at the & carbon (Scheme 3 eq (3)),
which indicated that the 8-D incorporations in the last step went
through deprotonation/protonation rather than 1,2 migration.
According to the experimental results and previous
studies,'®!! we proposed the mechanism as follows (Scheme 4).
The reaction is initiated by the conjugate addition of the phos-
phine to 1a, producing the intermediate 1. Then an intramolecu-
lar proton migration occurred to give another enolate
intermediate 11.'%* A nucleophilic attack of the resulting enolate

on the carbonyl group at the 3-position of 2a produces inter-
mediate III. Next, a second conjugate addition happens to gener-
ate IV. Tautomerization and elimination'®” of the phosphine
affords the spirooxazoline 3a.

The high level of functionalization presented in the final pro-
ducts 3 promotes us to investigate the primary transformations.
5a was obtained in 78% yield by a B-addition of allenoates'?
the presence of DABCO (eq (1)):

DABCO
(30 mol%)

wa\cooa

3a 4+
4 COOEt toluene, rt, M (1 )
o 40h © 5a
3a:4=12 \ 78% yield
Conclusions

In summary, we have developed an efficient method for the syn-
thesis of a new class of spirocyclic oxindole derivative in high
yields and stereoselectivity. Ynones served as the first C; syn-
thons successfully used in intermolecular annulation. The utility
of ynones was expanded in this reaction and they might be
applied extensively to other phosphine-catalyzed systems. More
mechanistic details and further work on the application of the
present reaction is currently being investigated in our group.

Experimental
General information

All the solvents were used without further purification. The 'H
NMR and spectra was recorded at 400 MHz, '*C NMR was
recorded at 100 MHz. 'H and '*C NMR Chemical shifts were
calibrated to tetramethylsilane as an external reference. Coupling
constants are given in Hz. The following abbreviations are used
to indicate the multiplicity: s, singlet; d, doublet: t, triplet; q,
quartet; m, multiplet; HRMS were obtained on an IonSpec
FT-ICR mass spectrometer with ESI resource. Melting points
were measured on a RY-I apparatus and are reported uncorrected.
Ynones'® and N-methyl isatin'” compounds were prepared
according to the known methods.

General procedure for the synthesis of spirooxazolines

Ynones 1 (2.00 eq), N-methyl isatins 2 (0.50 mmol) and benzoic
acid (30 mol%) were dissolved in CHCIl; (2.0 mL), and then,
PPh,Et (10 mol%) was added to this solution. The reaction was
stirred at room temperature. As indicated by TLC, after complete
conversion, all volatiles were removed in vacuo and the residue
was purified via column chromatography (petroleum ether
(60-90)—ethyl acetate = 6 : 1).

(E)-5-Benzylidene-1'-methyl-3 H-spiro[ furan-2,3’-indoline|-2’,4-
(5H)-dione (3a). The product is a white solid with mp:
181-183 °C. 13% ee, [a ]D = +130.5 (¢ = 0.4 in CHCl;); IR
(KBr) 1741, 1728, 1645, 1618, 1494, 1469 em™'. "H NMR
(400 MHz, CDCl3) 6 7.68 (d, J = 7.2 Hz, 2H), 7.44 (t, J =
7.8 Hz, 1H), 7.39 (d, J = 7.4 Hz, 1H), 7.34-7.20 (m, 3H), 7.15
(t, J=17.6 Hz, 1H), 6.93 (d, J = 7.8 Hz, 1H), 6.49 (s, 1H), 3.25
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(s, 3H), 3.10 (d, J = 18.2 Hz, 1H), 2.93 (d, J = 18.2 Hz, 1H).
13C NMR (101 MHz, CDCl;) § 196.51, 173.83, 146.05, 144.15,
133.09, 131.33, 130.54, 128.58, 128.50, 127.14, 124.27, 123.78,
109.06, 106.99, 80.97, 42.45, 26.56. HRMS (ESI/[M + Na]")
Cacld for: C19H;5sNO3;Na 328.0950, found 328.0949.

(E)-1'-Benzyl-5-benzylidene-3 H-spiro[ furan-2,3'-indoline]-2',4-
(5H)-dione (3b). The product is a red solid with mp:
179-182 °C. IR (KBr) 1735, 1720, 1635, 1616, 1490,
1469 cm™'. "TH NMR (400 MHz, CDCl5) & 7.69 (d, J = 7.1 Hz,
2H), 7.44-7.20 (m, 10H), 7.10 (dd, J = 11.1, 4.0 Hz, 1H), 6.81
(d, J=17.9 Hz, 1H), 6.51 (s, 1H), 5.04-4.65 (m, 2H), 3.14 (d,
J = 182 Hz, 1H), 298 (d, J = 18.1 Hz, 1H). *C NMR
(101 MHz, CDCl3) & 196.40, 174.04, 146.03, 143.36, 135.04,
133.14, 131.26, 130.54, 129.01, 128.60, 128.53, 128.02, 127.41,
127.01, 124.43, 123.78, 110.09, 107.08, 81.00, 44.07, 42.35.
13C NMR (101 MHz, CDCl;) & 196.40, 174.04, 146.03, 143.36,
135.04, 133.14, 131.26, 130.54, 129.01, 128.60, 128.53, 128.02,
127.41, 127.01, 124.43, 123.78, 110.09, 107.08, 81.00, 44.07,
42.35. HRMS (ESI/[M + Na]") Cacld for: C,sH;oNOsNa
404.1263, found 404.1259.

(E)-1'-Acetyl-5-benzylidene-3 H-spiro[ furan-2,3'-indoline]-2',4-
(5H)-dione (3c¢). The product is a white solid with mp:
188-190 °C. IR (KBr) 1755, 1739, 1722, 1645, 1610, 1533,
1467 cm™'. "TH NMR (400 MHz, CDCl;) & 8.34 (d, J = 8.2 Hz,
1H), 7.67 (d, J = 7.4 Hz, 2H), 7.58-7.40 (m, 2H), 7.38-7.18 (m,
4H), 6.52 (s, 1H), 3.12 (d, J = 18.3 Hz, 1H), 2.99 (d, J =
18.2 Hz, 1H), 2.69 (s, 3H). *C NMR (101 MHz, CDCl3) §
195.42, 174.70, 170.33, 145.55, 140.84, 132.78, 131.82, 130.59,
128.87, 128.60, 126.34, 125.95, 124.20, 117.36, 107.57, 80.91,
43.05, 26.50. HRMS (ESI//M + Na]") Cacld for:
CoH;sNO4Na 356.0899, found 356.0895.

(E)-1'-Allyl-5-benzylidene-3H-spiro[ furan-2,3’-indoline]-2’,4-
(5H)-dione (3d). The product is an orange yellow solid with mp:
175-177 °C. IR (KBr) 1737, 1716, 1639, 1616, 1489,
1467 cm™!. TH NMR (400 MHz, CDCl;) 6 7.67 (d, J= 7.2 Hz,
2H), 7.43-7.36 (m, 2H), 7.34-7.19 (m, 3H), 7.13 (t, /= 7.5 Hz,
1H), 6.92 (d, J= 7.9 Hz, 1H), 6.49 (s, 1H), 5.95-5.76 (m, 1H),
5.31 (d, J=9.6 Hz, 1H), 5.28 (s, 1H), 4.49-4.12 (m, 1H), 3.10
(d, J = 18.1 Hz, 1H), 2.95 (d, J = 18.2 Hz, 1H). *C NMR
(101 MHz, CDCl;) 6§ 196.40, 173.60, 146.07, 143.41, 133.12,
131.23, 130.76, 130.52, 128.56, 128.50, 127.06, 124.37, 123.72,
118.32, 109.98, 106.95, 80.92, 42.65, 42.44. HRMS (ESI/
[M + NaJ") Cacld for: C,;H,7;NO;Na 354.1106, found 354.1107.

(E)-Ethyl-2-(5-benzylidene-2',4-diox0-4,5-dihydro-3 H-spiro-
[furan-2,3'-indolin]-1'-yl) acetate (3e). The product is a white
solid with mp: 171-173 °C. IR (KBr) 1735, 1728, 1720, 1645,
1616, 1492, 1467 cm™'. "H NMR (400 MHz, CDCl;) & 7.68 (d,
J =172 Hz, 2H), 7.41 (t, J = 7.2 Hz, 2H), 7.33-7.21 (m, 3H),
7.16 (t, J = 7.5 Hz, 1H), 6.82 (d, J = 8.0 Hz, 1H), 6.49 (s, 1H),
4.59 (d, J = 17.6 Hz, 1H), 436 (d, J = 17.6 Hz, 1H), 4.24 (q,
J=7.1Hz, 2H), 3.13 (d, J= 18.3 Hz, 1H), 2.97 (d, J= 18.3 Hz,
1H), 1.28 (t, J = 7.1 Hz, 3H). *C NMR (101 MHz, CDCl3) &
196.23, 173.93, 166.99, 145.99, 142.87, 133.05, 131.30, 130.54,
128.61, 128.51, 126.84, 124.52, 124.12, 109.13, 107.12, 80.87,
62.06, 42.57, 41.52, 14.12. HRMS (ESI/[M + Na]") Cacld for:
C»,H,oNOsNa 400.1161, found 400.1153.

(E)-5-Benzylidene-1',3,3-trimethyl-3 H-spiro| furan-2,3'-indoline]-
2',4(5H)-dione (3f). The product is a yellow solid with mp:
199-201 °C. IR (KBr) 1741, 1716, 1643, 1612, 1492,
1465 cm™'. "TH NMR (400 MHz, CDCl;) § 7.70 (d, J = 7.5 Hz,
2H), 7.49 (dd, J = 10.7, 7.7 Hz, 2H), 7.34-7.12 (m, 4H), 6.93
(d, J=7.8 Hz, 1H), 6.51 (s, 1H), 3.18 (s, 3H), 1.33 (s, 3H), 1.07
(s, 3H). >C NMR (101 MHz, CDCl3) 6 201.47, 174.23, 145.55,
14531, 133.50, 131.27, 130.37, 128.41, 128.17, 127.16, 123.06,
122.93, 108.92, 106.77, 87.99, 49.19, 26.21, 22.26, 16.94.
HRMS (ESI/[M + Nal") Cacld for: C,;H;oNOsNa 356.1263,
found 356.1249.

(E)-5-Benzylidene-1',5'-dimethyl-3H-spiro[ furan-2,3'-indoline]-
2',4(5H)-dione (3g). The product is a white solid with mp:
206208 °C. IR (KBr) 1735, 1716, 1625, 1604, 1500,
1471 cm™". "H NMR (400 MHz, CDCly) 6 7.68 (d, J = 7.3 Hz,
2H), 7.35-7.13 (m, 5H), 6.81 (d, J = 7.9 Hz, 1H), 6.48 (s, 1H),
3.23 (s, 3H), 3.09 (d, J = 18.2 Hz, 1H), 2.91 (d, J = 18.2 Hz,
1H), 2.34 (s, 3H). 3¢ NMR (101 MHz, CDCl3) 6 196.64,
173.77, 146.13, 141.68, 133.56, 133.14, 131.48, 130.53, 128.52,
128.48, 127.14, 124.99, 108.79, 106.83, 81.13, 42.50, 26.56,
21.03. HRMS (ESI/[M + Nal]") Cacld for: C,yoH;;NO;Na
342.1106, found 342.1108.

(E)-5-Benzylidene-5'-chloro-1'-methyl-3H-spiro[ furan-2,3'-
indoline]-2',4(5H)-dione (3h). The product is a white solid with
mp: 212-214 °C. IR (KBr) 1745, 1724, 1647, 1618, 1492,
1463 cm™'. "TH NMR (400 MHz, CDCl;) § 7.67 (d, J = 7.2 Hz,
2H), 7.41 (d, J = 8.3 Hz, 1H), 7.37 (s, 1H), 7.34-7.20 (m, 3H),
6.85 (d, J = 8.3 Hz, 1H), 6.50 (s, 1H), 3.24 (s, 3H), 3.09 (d, J =
18.2 Hz, 1H), 2.91 (d, J = 18.2 Hz, 1H). *C NMR (101 MHz,
CDCly) & 195.74, 173.42, 145.65, 142.63, 132.88, 131.19,
130.57, 129.18, 128.75, 128.67, 128.53, 124.80, 110.08, 107.47,
80.68, 42.32, 26.67. HRMS (ESI//[M + Nal]") Cacld for:
C1oH,4CINO;Na 362.0560, found 362.0551.

(E)-5-Benzylidene-7'-chloro-1'-methyl-3H-spiro[ furan-2,3'-
indoline]-2',4(5H)-dione (3i). The product is a white solid with
mp: 195-197 °C. IR (KBr) 1737, 1724, 1647, 1612, 1587,
1463 cm™'. "TH NMR (400 MHz, CDCl;) 6 7.67 (d, J = 7.2 Hz,
1H), 7.41 (d, J = 8.3 Hz, 1H), 7.37 (s, 1H), 7.34-7.20 (m, 2H),
6.85 (d, J = 8.3 Hz, 1H), 6.50 (s, 1H), 3.24 (s, 2H), 3.09 (d, J =
18.2 Hz, 1H), 2.91 (d, J = 18.2 Hz, 1H). *C NMR (101 MHz,
CDCly) & 195.78, 170.29, 145.84, 134.72, 134.33, 133.03,
132.10, 130.63, 129.68, 129.17, 128.88, 128.76, 127.86, 127.38,
127.07, 107.41, 84.22, 53.55, 44.28. HRMS (ESI/[M + Na]")
Cacld for: C;oH;4CINOsNa 362.0560, found 362.0561.

(E)-1'-Methyl-5-(4-methylbenzylidene)-3H-spiro[ furan-2,3’-
indoline]-2',4(5H)-dione (3j). The product is a light yellow solid
with mp: 198-200 °C. IR (KBr) 1746, 1720, 1635, 1620, 1494,
1473 cm™". "TH NMR (400 MHz, CDCl;) § 7.57 (d, J = 8.1 Hz,
1H), 7.49-7.32 (m, 1H), 7.12 (dd, J = 15.7, 7.8 Hz, 1H), 6.92
(d, J = 7.8 Hz, 1H), 6.47 (s, 1H), 3.24 (s, 1H), 3.09 (d, J =
18.2 Hz, 1H), 2.91 (d, J = 18.2 Hz, 1H), 2.31 (s, 3H). *C NMR
(101 MHz, CDCl;) 6 196.46, 173.90, 145.58, 144.11, 138.83,
131.25, 130.53, 130.27, 129.26, 127.30, 124.23, 123.74, 109.02,
107.21, 80.87, 42.53, 26.53, 21.52. HRMS (ESI/[M + Na]")
Cacld for: C,oH;7,NOsNa 342.1106, found 342.1103.

This journal is © The Royal Society of Chemistry 2012
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(E)-1',5'-Dimethyl-5-(4-methylbenzylidene)-3 H-spiro[ furan-
2,3'-indoline]-2',4(5H)-dione (3k). The product is a white solid
with mp: 212-214 °C. IR (KBr) 1743, 1718, 1647, 1604, 1500,
1469 cm™'. "TH NMR (400 MHz, CDCl;) & 7.58 (d, J = 8.1 Hz,
2H), 7.22 (d, J = 8.1 Hz, 1H), 7.18 (s, 1H), 7.10 (d, J = 8.1 Hz,
2H), 6.81 (d, J = 7.9 Hz, 1H), 6.47 (s, 1H), 3.23 (s, 3H), 3.08
(d, J = 18.1 Hz, 1H), 2.89 (d, J = 18.1 Hz, 1H), 2.33 (s, 3H),
231 (s, 3H). *C NMR (101 MHz, CDCl;) & 196.60, 173.84,
145.64, 141.63, 138.79, 133.52, 131.39, 130.54, 130.31, 129.25,
127.36, 124.94, 108.74, 107.12, 81.02, 42.61, 26.55, 21.51,
21.02. HRMS (ESI/[M + Na]") Cacld for: C, H;oNOsNa
356.1263, found 356.1264.

(E)-5’-Chloro-1'-methyl-5-(4-methylbenzy-lidene)-3 H-spiro-
[furan-2,3'-indoline]-2',4(5H)-dione (31). The product is a white
solid with mp: 221-223 °C. IR (KBr) 1743, 1726, 1645, 1612,
1492, 1663 cm™'. "H NMR (400 MHz, CDCLy) 6 7.56 (d, J =
8.1 Hz, 2H), 7.40 (dd, J = 8.3, 2.0 Hz, 1H), 7.36 (d, J = 1.9 Hz,
1H), 7.11 (d, J = 8.0 Hz, 2H), 6.85 (d, J = 8.3 Hz, 1H), 6.49 (s,
1H), 3.23 (s, 3H), 3.09 (d, J = 18.1 Hz, 1H), 2.89 (d, J =
18.1 Hz, 1H), 2.32 (s, 3H). *C NMR (101 MHz, CDCl;) &
195.64, 173.49, 145.17, 142.59, 139.06, 131.10, 130.58, 130.08,
129.30, 129.17, 128.91, 124.75, 110.01, 107.76, 80.58, 42.43,
26.65, 21.51. HRMS (ES/[M + Na]) Cacld for:
C20H16C1NO3N3. 3760716, found 376.0715.

(E)-7'-Chloro-1'-methyl-5-(4-methylbenzylidene)-3 H-spiro-
[furan-2,3'-indoline]-2',4(5H)-dione (3m). The product is a
white solid with mp: 197-199 °C. IR (KBr) 1747, 1720, 1647,
1612, 1512, 1463 cm™'. "H NMR (400 MHz, CDCl;) & 7.55 (d,
J=8.1 Hz, 2H), 7.34 (d, J = 8.2 Hz, 1H), 7.26 (d, J = 6.6 Hz,
1H), 7.10 (d, J = 8.0 Hz, 2H), 7.04 (t, J = 7.8 Hz, 1H), 6.47 (s,
1H), 3.60 (s, 3H), 3.08 (d, J = 18.2 Hz, 1H), 2.87 (d, J =
18.1 Hz, 1H), 2.31 (s, 3H). 13C NMR (101 MHz, CDCls) é
195.86, 174.19, 145.25, 139.97, 139.02, 133.41, 130.56, 130.16,
130.10, 129.30, 124.57, 122.76, 116.46, 107.59, 80.16, 42.76,
29.98, 29.62, 21.53. HRMS (ESI/[/M + Na]") Cacld for:
C,oH16CINO3;Na 376.0716, found 376.0716.

(E)-5-(4-Fluorobenzylidene)-1’'-methyl-3 H-spiro[ furan-2,3’-
indoline]-2',4(5H)-dione (3n). The product is a white solid with
mp: 208-210 °C. IR (KBr) 1743, 1724, 1651, 1618 cm™". 'H
NMR (400 MHz, CDCly) 6 7.69 (dd, J = 8.5, 5.7 Hz, 2H), 7.48
(t, J=7.8 Hz, 1H), 7.42 (d, J=7.3 Hz, 1H), 7.19 (t, /= 7.5 Hz,
1H), 7.06-6.91 (m, 3H), 6.48 (s, 1H), 3.28 (s, 3H), 3.12 (d, J =
18.2 Hz, 1H), 2.96 (d, J = 18.2 Hz, 1H). *C NMR (101 MHz,
CDCl3) 6 196.31, 173.82, 163.81, 161.32, 145.70, 144.17,
132.35 (d, J = 8.2 Hz), 131.40, 129.35(d, J = 3.3 Hz), 127.02,
124.27, 123.81, 115.71, 115.49, 109.10, 105.83, 81.01, 42.41,
26.55. HRMS (ESI/[M + Nal") Cacld for: C;oH;4FNO;Na
346.0855, found 346.0857.

(E)-5-(4-Fluorobenzylidene)-1',5'-dimethyl-3 H-spiro[ furan-
2,3'-indoline]-2',4(5H)-dione (30). The product is a white solid
with mp: 219-221 °C. IR (KBr) 1743, 1722, 1651, 1627, 1500,
1463 cm™'. "H NMR (400 MHz, CDCl3) & 7.66 (dd, J = 8.6,
5.7 Hz, 2H), 7.24 (t, J = 7.8 Hz, 1H), 7.20 (s, 1H), 6.98 (t, J =
8.7 Hz, 2H), 6.82 (d, J = 7.9 Hz, 1H), 6.44 (s, 1H), 3.23 (s, 3H),
3.09 (d, J = 18.2 Hz, 1H), 2.91 (d, J = 18.2 Hz, 1H), 2.35 (s,
3H). 3C NMR (101 MHz, CDCl;) 6 196.45, 173.76, 163.78,

161.30, 145.77, 145.74, 141.70, 133.61, 132.35 (d, J = 8.2 Hz),
131.55, 129.40 (d, J = 3.4 Hz), 127.01, 124.98, 115.68, 115.47,
108.84, 105.68, 81.17, 42.46, 26.55, 21.02. HRMS (ESI/[M +
Na]") Cacld for: C,oH;sFNO3Na 360.1012, found 360.1013.

(E)-5'-Chloro-5-(4-fluorobenzylidene)-1'-methyl-3 H-spiro[ furan-
2,3'-indoline]-2’,4(5H)-dione (3p). The product is a white solid
with mp: 207-209 °C. IR (KBr) 1743, 1724, 1651, 1620, 1508,
1457 cm™'. "H NMR (400 MHz, CDCl;) § 7.66 (dd, J = 8.7,
5.6 Hz, 2H), 7.42 (dd, J = 8.3, 2.0 Hz, 1H), 7.37 (d, J= 1.9 Hz,
1H), 7.00 (t, J = 8.7 Hz, 2H), 6.87 (d, J = 8.3 Hz, 1H), 6.47 (s,
1H), 3.25 (s, 3H), 3.09 (d, J = 182 Hz, 1H), 291 (d, J =
18.2 Hz, 1H). *C NMR (101 MHz, CDCls) 6 195.53, 173.40,
163.92, 161.43, 145.26, 142.63, 132.43 (d, J = 8.2 Hz), 131.25,
129.24, 129.14 (d, J = 3.3 Hz), 128.58, 124.80, 115.77, 115.55,
110.11, 106.35, 80.70, 42.31, 26.68. HRMS (ESI/[M + Na]")
Cacld for: C;oH;3CIFNO;Na 380.0466, found 380.0469.

(E)-7'-Chloro-5-(4-fluorobenzylidene)-1'-methyl-3 H-spiro[ furan-
2,3'-indoline]-2',4(5H)-dione (3q). The product is a white solid
with mp: 192-194 °C. IR (KBr) 1745, 1718, 1651, 1627, 1500,
1463 cm™'. "H NMR (400 MHz, CDCl3) § 7.65 (dd, J = 8.5,
5.6 Hz, 2H), 7.36 (d, J = 8.2 Hz, 1H), 7.27 (d, J= 7.6 Hz, 1H),
7.06 (t, J = 7.8 Hz, 1H), 6.99 (t, J = 8.7 Hz, 2H), 6.45 (s, 1H),
3.61 (s, 3H), 3.09 (d, J = 18.2 Hz, 1H), 2.89 (d, J = 18.2 Hz,
1H). *C NMR (101 MHz, CDCl3) & 195.68, 174.11, 163.90,
161.41, 145.35, 140.05, 133.55, 132.40 (d, J = 8.2 Hz), 129.89,
129.20 (d, J = 3.1 Hz), 124.61, 122.77, 116.57, 115.75, 115.54,
106.17, 80.29, 42.64, 29.99. HRMS (ESI/[M + Nal") Cacld
for: C;oH3CIFNO3z;Na 380.0466, found 380.0463.

Procedure for the synthesis of 1a-d;

To phenylacetylene (2.04 g, 20.0 mmol) in THF (30 mL) was
injected n-butyllithium (10.0 mL, 25.0 mmol; 2.5 M) dropwise
at —78 °C, after which the solution was allowed to warm up to
room temperature with stirring. The freshly generated phenylace-
tylide lithium reagent was then injected dropwise into a solution
of deuterated acetyl chloride (6.48 g, 80.0 mmol) in THF
(30.0 mL) at —78 °C. After stirring at —78 °C for 2 h, the reac-
tion was quenched slowly with water (20.0 mL). The aqueous
fraction was extracted with diethylether (3 x 20.0 mL). The com-
bined ethereal fraction was then washed with saturated aqueous
brine (3 x 20.0 mL) and dried with magnesium sulfate for
30 min. After the solvent was removed in vacuo, the dark yellow
oil was purified by flash column chromatography (petroleum
ether (60-90)—cthyl acetate = 30: 1) to yield a yellow liquid"®”
(yield 65%).

Procedure for the control experiments and asymmetric version

The same procedure as the general procedure for the synthesis of
spirooxazolines was used. The control experiments were carried
out as follows: (1) Two equivalent deuteroxide was added into
the reaction system. (2) We used la-d; as the starting material
instead of 1a. (3) Two equivalent deuteroxide was added into the
reaction system. For the asymmetric version, LB (R)-(2'-(diphe-
nylphosphino)-[1,1’-binaphthalen]-2-ol) 10 mol% was used as
the catalyst.
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Procedure for the synthesis of 5a

To a mixture of 3a (152 mg, 0.5 mmol) and 4 (112 mg,
1.0 mmol) in toluene (3 ml) was added DABCO (16.8 mg,
0.15 mmol), and the mixture was stirred at room temperature for
4 h then concentrated in vacuo. Finally the residue was purified
via column chromatography (petroleum ether (60-90)—cthyl
acetate = 8: 1) to give 5a 162 mg (yield 78%) as a light yellow
oil. IR (KBr) 1732, 1716, 1651, 1614, 1494, 1471 cm™'. "H
NMR (400 MHz, CDCl;) 8 7.56 (d, J = 7.6 Hz, 2H), 7.40 (td,
J =138, 0.7 Hz, 1H), 730 (d, J = 7.0 Hz, 1H), 7.23 (t, J =
7.7 Hz, 2H), 7.10 (t, J = 7.5 Hz, 2H), 6.89 (d, J = 7.8 Hz, 1H),
5.72 (s, 1H), 5.61 (s, 1H), 5.56 (s, 1H), 4.15 (q, /= 7.1 Hz, 2H),
3.24 (s, 3H), 2.52 (s, 3H), 1.26 (t, J = 7.1 Hz, 3H). *C NMR
(101 MHz, CDCl;) 6§ 172.25, 168.70, 166.98, 150.58, 150.16,
143.94, 134.69, 131.31, 128.56, 128.27, 126.25, 125.91, 125.41,
123.54, 111.56, 108.88, 100.46, 98.10, 88.64, 60.04, 26.77,
17.61, 14.33. HRMS (ESI/[M + Na]") Cacld for:
C,5H,3NOsNa 440.1474, found 440.1472.
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