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ABSTRACT: The first highly diastereo- and enantioselective synthesis of bridged O,0O-acetals
embedded with spirooxindoles has been developed. Dioxindoles and 2-hydroxy cinnamldehydes
were employed as the reaction partners in this method. The desired products were obtained via

diaryl prolinol TBS ether catalyzed Michael reaction followed by acetal formation with TFA.

Chiral O,0O-acetals are important structural motifs present in a range of natural products and
pharmaceuticals and display a wide range of bioactivities.! Thus considerable efforts have been
devoted in the recent times for the asymmetric synthesis of these compounds.? Infact a number of
convenient approaches has been developed for the synthesis of mono cyclic acetals,? fused acetals*

and spiroketals.’ For example, List and Cori¢ have elegantly developed asymmetric synthesis of
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spiroacetals using imidophosphoric acid as catalyst.’® In contrary, the asymmetric synthesis of
bridged O,0-acetals has been less developed though such skeleton is present in procyanidin A1,°
epicoccolide A,” cholinesterease inhibitor® and other bioactive compounds (Figure 1).° Only
Jorgensen** and Franzén!'® recently reported organocatalytic synthesis of bridged acetals and Shi
and co-workers!! alternatively developed Pd-catalyzed synthesis of bridged [3,3,1]-ketals (Scheme
1). However, the structural variety and complexity of bridged acetals necessitate the development

of efficient synthesis of them having diverse scaffolds.

Epicoccolide A

Me

oM RNH\H/O\Q\)ﬂ/\
0
© 0

Cholinesterease inhibitor

Figure 1. Representative bioactive bridged O,0-acetals

Spirocyclic oxindole frameworks have been frequently found in natural and unnatural compounds
and demonstrate varied and extensive biological activities.!? For this reason, extensive attention
has been given to access to the enantiopure spirocyclic oxindole containing skeletons during the
past decade. However, from the literature survey, it is evident that the most of the methods involve
the construction of spirooxindoles having monocyclic or fused scaffolds.!® Thus, the developement
of a facile method for the creation of multi rings embedded complex chiral spiro oxindoles is a

challenging task and only Chen, Wang and Feng demonstrated few examples.!4

ACS Paragon Plus Environment

Page 2 of 38



Page 3 of 38

oNOYTULT D WN =

The Journal of Organic Chemistry

During the initiation of the project, Bu and co-workers reported triflic acid catalyzed synthesis of
bridged ketals with spirooxindole motif!> but a catalytic asymmetric synthesis of spirooxindoles
having briged acetal structure is still not known despite high medical importance of bridged acetals

and spirooxindoles individually.

Scheme 1. Catalytic asymmetric synthesis of bridged acetals.
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(B) This work: Synthesis of bridged acetals with heterocycle skeleton
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Dioxiindoles have earlier been employed as bidentate reagents in asymmetric oragnocatalysis by
Melchiorre and co-workers for different conjugate addition reactions.!® We envisaged that if o-
hydroxy cinnamaldehydes are employed as a reaction partner, then the insitu formed hemi acetal
from first Michael reaction could be converted to bridged acetal motif with acid. We thus became
interested in developing a simple method for the asymmetric synthesis of bridged acetals having

spirooxindole moiety.

We initiated our exploration by performing a reaction between ortho-hydroxy-cinnamaldehyde
(1a) and N-benzyl dioxindole (2a) with proline in toluene (Table 1). However, no product

formation was detected (entry 1). Interestingly, stirring with diphenyl prolinol in combination with
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benzoic acid for 8 hours resulted in the formation of a hemicaetal which was converted to the
desired acetal 3a by further reaction with trifluoroacetic acid. Interestingly, only a single
diaterecomer was detected by '"H NMR and the enantiomeric excess was 60%. Encouraged by this
result, different secondary amine catalysts were screened. Gratifyingly, the enantisoelectivity got

increased to 93% ee with Jergesen-Hayshi catalyst IIL.!” Then catalysts IV and V having OTES

and OTBS groups respectively were employed in the reaction (entries 2-4). Interestingly, though

catalyst IV could not enhance the enantioselectivity, higher enantiomeric excess (96% ee) was

achieved with catalyst V. Then we turned our attention on solvent optimization. Halogenated
solvent such as dichloromethane was not good for this reaction as poor conversion was seen.
Gratifiyngly, slight enhancement in enantioselectivity was observed in a,a,a-trifluorotoluene and
finally the best solvent emerged as acetonitrile in which 98% ee was achieved. Other acid additives
were also screened but benzoic acid was found to be the best (see supporting information for

details).

Table 1. Catalyst Screening and Optimization of Reaction Condition

OH 1. catalyst (10 mol%) oﬂ':

. CHO PhCO,H (10 mol%)
©\/\/ . o solvent,rt,8h O
_—
OH N

b, 2 TFA CHCl N
1a 2a 12h 3a Bn
ot Ph

CO,H [ H’Ph
N N oH
[ I
Ph Ph Ph
Ph Ph N Ph
N oTms N OTES N otBS
m v v
entry?® | catalyst | solvent yield® d.re eed
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1 I PhCH; 0 >20:1 -

2 11 PhCH; 55 >20:1 60
3 111 PhCH; 70 >20:1 93
4 v PhCH; 68 >20:1 93
5 \4 PhCH; 78 >20:1 96
6 \% CH,Cl, 20 >20:1 89
7 \4 PhCF; 65 >20:1 97
8 \4 CH;CN 79 >20:1 98

2 All reactions were carried out with 0.12 mmol of 1a with 0.1 mmol of 2a in 0.5 ml solvent at
room temperature. ° Isolated yield after silica gel column chromatography. ¢ Determined by 'H

NMR. ¢ Determined by HPLC using stationary phase chiral column.

The scope of the reaction was then investigated by testing a variety of o-hydroxyaromatic a.f-
unsaturated aldehydes 1 in this method and the results are shown in Table 2. To our delight, high
enantioselectivities were obtained in all of the cases and excellent diastereoselectivities were
maintained. At first, different 4-substituted a,f-unsaturated aldehydes 1b-1e were screened and
the corrseponding products were obtained in acceptable yields and with good stereoselectivities
(entries 2-5). The electronic effects of the substituents did not influence much on the outcome of

the reaction. Then 3-chloro and 5-methoxy substituted enals 1f and 1g were employed in the
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reaction and high enantioselectivities were achieved for the corresponding products (entries 6-7).

In particular, 99% ee was observed for product 3f having 3-chloro substitution. Our methodology

The Journal of Organic Chemistry

Table 2. Scope of o-Hydroxyaromatic-a,f-unsaturated aldehydes

3

6
1a-j

OH

2a Bn

1. catalyst V (10 mol%)

PhCO,H (10 mol%)

47X 2 CHO acetonirile, rt, time
RT + (o] ——
SN A hon N 2. TFA, CH,Cl

12h

Entry® R Time (h) Product Yield (%) dr¢  ee
1 H 8 3a 79 >20:1 98
2 4-Me 10 3b 64 >20:1 97
3 4-OMe 12 3¢ 51 >20:1 98
4 4-Cl 12 3d 66 >20:1 97
5 4-Br 8 3e 57 >20:1 98
6 3-Cl 12 3f 61 >20:1 99
7 5-OMe 20 3g 62 >20:1 97
8 4,6-diCl 20 3h 34 >20:1 94
9 4,6-diBr 20 3i 23 >20:1 95
10 4-Cl, 6-Br 20 3j 32 >20:1 96
11 4-NHBoc 12 3k 47 >20:1 98

ACS Paragon Plus Environment

Page 6 of 38



Page 7 of 38

oNOYTULT D WN =

The Journal of Organic Chemistry

2All reactions were carried out with 0.12 mmol of 1 with 0.1 mmol of 2a in 0.5 mL acetonitrile.
bIsolated yield after silica gel column chromatography. ‘Determined by '"H NMR. “Determined by

chiral HPLC using stationary phase chiral column.

is also suitable for 4,6-disubstituted enals and high diastereo- and enantioselectivities were
observed albeit moderate yields were detected (entries 8-10). To our delight, substrate 1k having
4-NHBoc group could also be employed in our methodology delivering product 3k in excellent

98% ee (entry 11).

Next, the generatlity of the reaction was further extended by engaging a variety of dioxindoles
(Table 3). Initially, different N-substitutions were checked and gratifyingly here also excellent
results were achieved preserving high diastereomeric ratio. For example, 80% yield and 98% ee
obtained for product 31 having N-methyl substitution and 99% ee was observed for product 3m
having N-‘Bu substitution (entries 1-2). Dioxindole 2d having N-allyl group and 2e having N-
prenyl group also participated in the reaction delivering products 3n and 3o respectively in
excellent enantioselectivities (entries 3-4). Then dioxindole 2f having N-4-CF;benzyl group was
employed in the reaction and smooth conversion was observed for 3p with 98% ee (entry 5).
Moreover our methodolgy was also suitable for N-unsbstituted oxindole 2g delivering the product
3q in 99% ee (entry 6). Then the aromatic part of the oxindole motif was varied and here also the
results were unaffected. Initially, 5-halo substituted N-benzyl dioxindoles 2h-2j were prepared and
engaged in the reaction (entries 7-9). The desired products 3r-3t were isolated in acceptable yields

with excellent enantioselectivities. The reactions with dioxindolex 2k and 21 having 6-bromo and

ACS Paragon Plus Environment



oNOYTULT D WN =

7-chloro substitutions respectively was also satisfactory (entries 10-11). Finally 4-bromo
substituted oxiindole 2m participated in the reaction but the acetal formation was slow and only
after heating at 40 °C, moderate yield was detected (entry 12). Nevertheless these products having

halo substitutions are important as they can be elaborated easily by cross-coupling reactions.

Table 3. Scope of dioxindoles

@\/\v
OH

The Journal of Organic Chemistry

OH
CHO 5 4
+ R? o
6 N

1. catalyst V (10 mol%)
PhCO2H (10 mol%)
acetonirile, rt, time

—_—

7N 2, TF?,;;HZCIZ {
1a 2b-m 3kev

Entry  R! R? Time (h) ProductYield(%)® dr¢  ee?
1 Me H 10 31 80 >20:1 98
2 ‘Bu H 12 3m 71 >20:1 99
3 allyl H 8 3n 68 >20:1 98
4 prenyl H 20 3o 65 >20:1 99
5 4-CFsBn H 9 3p 51 >20:1 98
6 H H 20 3q 64 >20:1 99
7 Bn 5-F 20 3r 59 >20:1 97
8 Bn 5-C1 20 3s 46 >20:1 99
9 Bn 5-Br 20 3t 37 >20:1 93
10 Bn 6-Br 12 3u 49 >20:1 98
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11 Bn 7-C1 20 3v 55 >20:1 93

12 Bn 4-Br 10 3w 22 >20:1 85

2All reactions were carried out with 0.12 mmol of 1 with 0.1 mmol of 2a in 0.5 mL acetonitrile.
bIsolated yield after silica gel column chromatography. ‘Determined by 'H NMR. “Determined by

chiral HPLC using stationary phase chiral column.

The synthetic utility of our method was demonstrated by performing Suzuki coupling reactions on
3e and 3t (Scheme 2). Thus, when phenyl boronic acid was treated with 3e and 3t in the presence
of palladium acetate and tricyclohexyl phosphine under basic conditions, the corresponding
products 4 and 5 were formed in moderate yields. Delightfully, the enantiopurity was preserved

for both products.

Scheme 2. Synthetic Transformations of 3e and 3s.

PhB(OH), (1.5 eq.)
Pd(OACc); (5 mol%)
PCy; (6 mol%)

Na,CO3 (2 eq.)
DMF, rt
3e, >20:1 dr, 98% ee 43% 4,>20:1dr, 97% ee

PhB(OH), (1.5 eq.)
Pd(OAc), (5 mol%)
PCys (6 mol%) py,

Na,CO3 (2 eq.)
DMF, rt

3t, >20:1 dr, 93% ee 49% 5,>20:1dr, 93% ee

The absolute structure of product 3s was solved by X-ray crystallography'® and was found to be

(2R,3°S,5S). The configuration of other products are expected to be same by analogy.

Based on the configuration, a plausible mechanism has been shown in Scheme 3. It is believed that
catalyst V reacts with 1a in the presence of benzoic acid to provide aminal A'® whose presence

was detected by NMR by stoichiometric mixing of V and 1a. Interestingly intermediate A is
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nucleophilic in nature and it must be in equilibrium with iminium ion B which is electrophilic and
thus the active intermediate for our reaction. Since the Si face of the chiral iminium ion is blocked
by bulky OTBS group, the conjugate addition of dioxindole 2a takes place from the Re face to
generate intermediate 6 after hydrolysis. A Newman projection C was also drawn to understand
the diastereoselectivity of the reaction. The enamine group and the CONAr group orients in anti-
fashion possibly due to steric interaction. Intermediate 6 then undergoes acetalization reaction

diastereoselectively in the presence of TFA to deliver product 3a (Scheme 3).

Scheme 3. The Proposed Mechanism

8 N

J
HO c Michael additio mo
HOT A N

N 2a Bn

o ‘Bn
Ar =2-OHCgH,

TFA

In summary, this paper reports the first catalytic asymmetric synthesis of bridged O, O-acetal with
spirooxindole skeleton. The methodology involves amine catalyzed conjugated addition followed
by diastereoselective acetalization with TFA. The desired spirooxindole products were obtained
in good to high yields with high diastereo- and enantioselectivities in operationally simple reaction
conditions. Also few products have been further functionalized via Suzuki coupling reaction.
Given the high pharmaceutical significance of spirooxindoles and bridged acetals our products

might be bioactive and such studies are currently in progress.
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Experimental Section

oNOYTULT D WN =

9 General Information:

Chemicals and solvents were purchased from commercial suppliers and used as received. 'H NMR
14 spectra were recorded on 400 MHz, 500 MHz and 600 MHz spectrometer. '*C NMR spectra were
16 recorded on 100 MHz , 126 MHz and 150 MHz. Chemical shifts were reported in parts per million
(ppm), and the residual solvent peak was used as an internal reference: proton (chloroform o
21 7.260), carbon (chloroform ¢ 77.23). Multiplicity was indicated as follows: s (singlet), d (doublet),
23 t (triplet), q (quartet), m (multiplet), dd (doublet of doublet), brs (broad singlet). Coupling constants
were reported in Hertz (Hz). Using +ESI-TOF mode HRMS spectra were recorded. Enantiomeric
28 ratios were determined by HPLC analysis performed on Chiral Columns using a Daicel Chiralpak
30 IA Column. For visualizing the products UV light and I, were used. Melting points were measured
32 using BUCHI melting point B-540 apparatus. All melting points were measured in open glass
capillary and values are uncorrected. DCM was distilled over CaH, under argon and stored over
37 4A° molecular sieves. Silica gel (60-120 mesh size) was used for the column chromatography.

39 Reactions were monitored by TLC on silica gel 60 F254 (0.25 mm).

44 General procedure for the synthesis of ortho-hydroxy-cinnamaldehydes:

46 Ortho-hydroxy-cinnamaldehydes were prepared according to reported procedure.?”

49 In an oven dried round bottom flask, (triphenylphosphoranylidene) acetaldehyde (2 mmol, 1.0 eq.)
was added to the stirred solution of salicylaldehyde (2 mmol) in dry THF (2 mL) and the resulting
54 solution was heated at reflux overnight. Completion of reaction was checked by TLC (6—12 h).

56 After the completion of reaction, solvent was evaporated and reaction mixture was purified by

60 ACS Paragon Plus Environment
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flash column chromatography on silica gel eluting with hexane/ethyl acetate to afford desired

products 1b-j.

Characterisation of ortho-hydroxy-cinnamaldehydes:
((E)-3-(2-hydroxy-5-methylphenyl)acrylaldehyde) (1b)

The title compound was prepared as a dark yellow solid in 51% yield (165.4 mg) according to the
general procedure, as described above. 'TH NMR (400 MHz, MeOD) & 9.59 (d, J = 8.0 Hz, 1H),
7.88 (d, J=15.9 Hz, 1H), 7.35 (s, 1H), 7.10 (d, J = 8.3 Hz, 1H), 6.85 (dd, J = 16.0, 8.0 Hz, 1H),
6.78 (d, /= 8.3 Hz, 1H), 2.26 (s, 3H).

((E)-3-(2-hydroxy-5-methoxyphenyl)acrylaldehyde) (1c)

The title compound was prepared as a dark yellow solid in 52% yield (185.3 mg) according to the
general procedure, as described above. 'TH NMR (400 MHz, MeOD) 6 9.62 (d, /= 7.9 Hz, 1H),
7.92 (d,J=16.0 Hz, 1H), 7.10 (d, J= 3.0 Hz, 1H), 6.87 (ddd, J=13.9, 13.2, 7.1 Hz, 3H), 3.78 (s,
3H).

((E)-3-(5-chloro-2-hydroxyphenyl)acrylaldehyde) (1d)

The title compound was prepared as a yellow solid in 48% yield (175.3 mg) according to the
general procedure, as described above. 'TH NMR (400 MHz, MeOD) & 9.61 (d, J= 7.8 Hz, 1H),
7.82 (d, J=16.0 Hz, 1H), 7.56 (d, J=2.2 Hz, 1H), 7.25 (d, /= 8.7 Hz, 1H), 6.92 — 6.80 (m, 2H).
((E)-3-(5-bromo-2-hydroxyphenyl)acrylaldehyde) (1e)

The title compound was prepared as a yellow solid in 77% yield (349.6 mg) according to the
general procedure, as described above. 'TH NMR (400 MHz, MeOD) & 9.60 (d, J= 7.9 Hz, 1H),

7.80 (d, J= 16.0 Hz, 1H), 7.68 (d, J = 2.4 Hz, 1H), 7.37 (d, J = 8.7 Hz, 1H), 6.90 — 6.79 (m, 2H).
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((E)-3-(2-chloro-6-hydroxyphenyl)acrylaldehyde) (1f)

The title compound was prepared as a pale yellow solid in 79% yield (288.5 mg) according to the
general procedure, as described above. 'TH NMR (400 MHz, MeOD) 6 9.63 (d, J = 8.0 Hz, 1H),
7.96 (d,J=16.0 Hz, 1H), 7.30 — 7.17 (m, 2H), 6.99 (d, /= 8.0 Hz, 1H), 6.85 (d, J = 8.3 Hz, 1H).
((E)-3-(2-hydroxy-4-methoxyphenyl)acrylaldehyde) (1g)

The title compound was prepared as a yellow solid in 54% yield (192.4 mg) according to the
general procedure, as described above. 'TH NMR (600 MHz, MeOD) & 9.51 (d, J = 8.0 Hz, 1H),
7.84 (d,J=15.8 Hz, 1H), 7.49 (d, J = 8.7 Hz, 1H), 6.76 (dd, ] = 15.8, 8.1 Hz, 1H), 6.50 (d, ] = 8.7
Hz, 1H), 6.43 (d, J = 2.3 Hz, 1H), 3.80 (s, 3H).
((E)-3-(3,5-dichloro-2-hydroxyphenyl)acrylaldehyde) (1h)

The title compound was prepared as a pale yellow solid in 80% yield (347.2 mg) according to the
general procedure, as described above. 'TH NMR (400 MHz, MeOD) & 9.66 (d, J = 7.7 Hz, 1H),
7.86 (d,J=16.1 Hz, 1H), 7.58 (d, J = 2.5 Hz, 1H), 7.46 (d, J =2.5 Hz, 1H), 6.87 (dd, J =16.1, 7.7
Hz, 1H).

((E)-3-(3,5-dibromo-2-hydroxyphenyl)acrylaldehyde) (1i)

The title compound was prepared as a yellow solid in 78% yield (477.2 mg) according to the
general procedure, as described above. 'TH NMR (400 MHz, MeOD) 4 9.56 (d, /= 7.7 Hz, 1H),
7.76 (d, J=16.0 Hz, 1H), 7.65 (dd, J=5.8, 2.3 Hz, 2H), 6.76 (dd, /= 16.0, 7.7 Hz, 1H).
((E)-3-(3-bromo-5-chloro-2-hydroxyphenyl)acrylaldehyde) (1j)

The title compound was prepared as a pale yellow solid in 45% yield (235.3 mg) according to the
general procedure, as described above. '"H NMR (400 MHz, MeOD) 6 9.69 (d, J = 7.7 Hz, 1H),

7.89 (d,J=16.1 Hz, 1H), 7.60 (s, 1H), 7.49 (s, 1H), 6.90 (dd, J = 16.1, 7.7 Hz, 1H).
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(tert-butyl (E)-(4-hydroxy-3-(3-oxoprop-1-en-1-yl)phenyl)carbamate) (1k)

The title compound was prepared as a pale yellow solid in 40% yield (210.6 mg) according to the
general procedure, as described above. 'TH NMR (400 MHz, MeOD) 6 9.61 (s, 1H), 7.91 (d, J =

16.0 Hz, 2H), 6.83 (dd, J = 8.4, 3.2 Hz, 3H), 1.53 (s, 9H).

General procedure for the synthesis of dioxindoles:

Dioxindoles were prepared according to reported procedures.?!

In an oven dried round bottom flask, a solution of isatin (10 mmol) was slowly added to K,CO;
(25 mmol, 2.5 eq.) under argon atmosphere at 0 °C. The reaction mixture was allowed to stir at 0
°C for 10 minutes. Then, alkyl halide or benzyl halide (20 mmol, 2.0 eq.) was added to reaction
mixture and allowed to stir at RT for 12 hours. Reaction mixture was filtered through Celite with
about 50 mL DCM, dried over Na,SO,4and concentrated under reduced pressure. Water was added
until precipitation of the N-protected isatin. Crystallization from hexane/ethyl acetate afforded the

pure product.

N-protected isatins (10 mmol) were added in small portions to a stirred suspension of sodium
borohydride (15 mmol, 1.5 eq.) in 60 mL of a 1:1 dichloromethane/ethanol mixture at 0 °C. The
mixture was vigorously stirred at this temperature until the suspension became colorless (about 5
min). Then water (1.0 mL) was added and the reaction mixture was stirred until bubbling stop.
The mixture was extracted with dichloromethane (3 x50 mL). The combined organic extracts were
dried (Na,SO,) and the solvent evaporated under reduced pressure. The residue was used without

further purification.
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Characterisation of dioxindoles:

(3-hydroxy-1-methylindolin-2-one) (2b)

The title compound was prepared as a green solid in 68% yield (1.1 g) according to the general
procedure, as described above. 'H NMR (400 MHz, CDCl3) 6 7.46 (d,J= 7.2 Hz, 1H), 7.33 (t,J
=7.6 Hz, 1H), 7.11 (t,J= 7.4 Hz, 1H), 6.83 (d, J= 7.7 Hz, 1H), 5.10 (s, 1H), 3.18 (s, 3H).
(3-hydroxy-1-isobutylindolin-2-one) (2¢)

The title compound was prepared as a dark yellow solid in 75% yield (1.5 g) according to the
general procedure, as described above. 'H NMR (400 MHz, CDCl;) 6 7.47 (d, J = 7.3 Hz, 1H),
7.31(t,J=7.8 Hz, 1H), 7.09 (t, J= 7.5 Hz, 1H), 6.83 (d, /= 7.9 Hz, 1H), 5.11 (s, 1H), 3.54 (dd,
J=13.9,7.6 Hz, 1H), 3.42 (dd, J=13.9, 7.4 Hz, 1H), 2.13 (dt, J = 13.8, 7.0 Hz, 1H), 0.96 (d, J =
6.7 Hz, 6H).

(1-allyl-3-hydroxyindolin-2-one) (2d)

The title compound was prepared as an off-white solid in 79% yield (1.5 g) according to the general
procedure, as described above. 'H NMR (600 MHz, CDCl3) 6 7.47 (d,J= 7.3 Hz, 1H), 7.30 (t, J
=7.7Hz, 1H), 7.10 (t, J= 7.5 Hz, 1H), 6.83 (d, /= 7.8 Hz, 1H), 5.83 (ddd, /= 22.5, 10.5, 5.4 Hz,
1H), 5.25 (t,J=12.7 Hz, 2H), 5.13 (s, 1H), 4.38 (d, /= 16.3 Hz, 1H), 4.27 (d, /= 16.3 Hz, 1H).
(3-hydroxy-1-(3-methylbut-2-en-1-yl) indolin-2-one) (2¢)

The title compound was prepared as an orange solid in 85% yield (1.8 g) according to the general
procedure, as described above. 'H NMR (400 MHz, CDCl3) 6 7.43 (d, J= 7.3 Hz, 1H), 7.25 (dd,
J=12.7,4.9 Hz, 1H), 7.05 (t,J= 7.5 Hz, 1H), 6.76 (d, J= 7.8 Hz, 1H), 5.13 (t, /= 6.7 Hz, 1H),
5.08 (s, 1H), 4.30 (dd, J=15.5, 6.6 Hz, 1H), 4.20 (dd, /= 15.5, 6.7 Hz, 1H), 1.78 (s, 3H), 1.68 (s,

3H).
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(3-hydroxy-1-(4-(trifluoromethyl) benzyl) indolin-2-one) (2f)

The title compound was prepared as a green solid in 80% yield (2.5 g) according to the general
procedure, as described above. '"H NMR (400 MHz, CDCl;) 6 7.58 (d, /= 8.1 Hz, 2H), 7.49 (d, J
=7.4 Hz, 1H), 7.41 (d,J=8.0 Hz, 2H), 7.26 — 7.21 (m, 1H), 7.10 (t, J= 7.5 Hz, 1H), 6.67 (d, J =
7.8 Hz, 1H), 5.20 (s, 1H), 4.93 (q, J=16.0 Hz, 2H).

(3-hydroxyindolin-2-one) (2g)

The title compound was prepared as a white solid in 78% yield (1.2 g) according to the general
procedure, as described above. '"H NMR (400 MHz, CDCl;) 6 7.44 (d,J= 7.5 Hz, 1H), 7.29 (d, J
=7.7Hz, 1H), 7.09 (t, J= 7.6 Hz, 1H), 6.86 (d, J= 7.8 Hz, 1H), 5.08 (s, 1H).
(1-benzyl-5-fluoro-3-hydroxyindolin-2-one) (2h)

The title compound was prepared as a green sticky solid in 70% yield (1.8 g) according to the
general procedure, as described above. 'H NMR (400 MHz, CDCl3) 6 7.32 — 7.23 (m, 5H), 7.19
(d, J=17.6 Hz, 1H), 6.88 (t,J = 8.9 Hz, 1H), 6.60 (dd, J = 8.6, 4.0 Hz, 1H), 5.16 (s, 1H), 4.90 (d,
J=15.7Hz, 1H), 4.79 (d, J = 15.7 Hz, 1H).

(1-benzyl-5-chloro-3-hydroxyindolin-2-one) (2i)

The title compound was prepared as a brown sticky solid in 84% yield (2.3 g) according to the
general procedure, as described above. 'TH NMR (400 MHz, CDCls) 6 7.44 (s, 1H), 7.35 - 7.26
(m, 5SH), 7.18 (dd, J = 8.4, 2.1 Hz, 1H), 6.62 (d, J = 8.4 Hz, 1H), 5.17 (s, 1H), 4.91 (d, J=15.5
Hz, 1H), 4.81 (d, J=15.7 Hz, 1H).

(1-benzyl-5-bromo-3-hydroxyindolin-2-one) (2j)

The title compound was prepared as a green sticky solid in 76% yield (2.4 g) according to the

general procedure, as described above. 'TH NMR (400 MHz, CDCl;) & 7.57 (s, 1H), 7.33 — 7.23
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(m, 6H), 6.56 (d, J = 8.3 Hz, 1H), 5.19 (s, 1H), 4.89 (d, J = 15.5 Hz, 1H), 4.79 (d, J = 15.7 Hz,
1H).

(1-benzyl-6-bromo-3-hydroxyindolin-2-one) (2k)

The title compound was prepared as a green solid in 74% yield (2.3 g) according to the general
procedure, as described above. 'TH NMR (400 MHz, CDCl3) 8 7.28 (dt, J = 15.0, 6.4 Hz, 6H),
7.18 (d,J=7.9 Hz, 1H), 6.84 (s, 1H), 5.11 (s, 1H), 4.87 (d,J=15.7 Hz, 1H), 4.74 (d, /= 15.7 Hz,
1H).

(1-benzyl-7-chloro-3-hydroxyindolin-2-one) (21)

The title compound was prepared as a yellowish green solid in 75% yield (2.0 g) according to the
general procedure, as described above. 'H NMR (400 MHz, CDCl;) 6 7.41 (d, J= 7.3 Hz, 1H),
7.34—7.29 (m, 2H), 7.23 (dd, J = 14.3, 7.8 Hz, 4H), 7.06 — 7.01 (m, 1H), 5.33 (d, /= 5.0 Hz, 2H),
5.18 (s, 1H).

(1-benzyl-4-bromo-3-hydroxyindolin-2-one) (2m)

The title compound was prepared as a dark yellow solid in 76% yield (2.4 g) according to the
general procedure, as described above. 'H NMR (400 MHz, CDCl3) 8 7.30 (dd, J=13.3, 6.7 Hz,
5H), 7.17 (d, J= 8.2 Hz, 1H), 7.09 (t, J= 8.0 Hz, 1H), 6.65 (d, /= 7.7 Hz, 1H), 5.17 (s, 1H), 4.87

(d,J=3.1 Hz, 2H).

General procedure for the synthesis of catalyst:

The catalyst (III, IV and V) was prepared according to reported procedures.?? 23
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General procedure for the synthesis of compound 3:

In an oven dried round bottom flask, 1 (17.7 mg, 0.12 mmol), 2 (23.9 mg, 0.1 mmol), 10 mol% of
catalyst (V) and 10 mol% of PhCO,H were taken. 0.5 mL of toluene was added to the reaction
mixture and stirred at rt for 8-20 hours. Completion of reaction was checked by TLC. After the
completion of reaction, solvent was concentrated and the reaction mixture was directly subjected
to TFA.

Second step:

To the vacuum dried reaction mixture, DCM was added to the reaction mixture of first step and
allowed to stir at rt. 1.5 eq of TFA was added; the reaction mixture was allowed to stir overnight.
Progress of the reaction was monitored by TLC. After the completion of reaction, solvent was
concentrated and reaction mixture was directly purified by column chromatography on silica gel

eluting with hexane/ethyl acetate (10 %) to afford desired product 3a-v.

Characterisation of the products:
((2'R,35,5'S)-1-benzyl-5'H-spiro[indoline-3,4'[2,5]methanobenzo[d][1,3]dioxepin]-2-one)
(3a) was obtained as a light yellow solid in 79% yield (29.2 mg) after column chromatography.
M.P. = 128-130 °C. '"H NMR (400 MHz, Chloroform-d) & 7.32 — 7.18 (m, 6H), 7.06 (t, J = 7.8
Hz, 1H), 6.90 (d, J = 8.1 Hz, 1H), 6.74 (t, J = 7.4 Hz, 1H), 6.61 (t, J = 7.3 Hz, 2H), 6.55 (d, J =
7.4 Hz, 1H), 6.04 (d, J=3.5 Hz, 1H), 5.84 (d, J=8.0 Hz, 1H), 4.88 (d, /= 15.6 Hz, 1H), 4.75 (d,
J=15.6 Hz, 1H), 3.62 (dt, J=11.6, 3.9 Hz, 1H), 3.25 (d, /J=3.9 Hz, 1H), 2.42 (d, J=11.6 Hz,
1H). BC {1H} NMR (151 MHz, Chloroform-d) 6 175.5, 151.8 , 143.0, 135.6 , 130.1 , 129.7,
129.0, 128.9,127.9,127.4, 1259, 125.7, 125.5, 122.6 , 120.8 , 116.5, 109.1 , 101.3, 90.8 ,

45.1,43.9,31.4. HPLC Analysis: ee = 98%, Chiralpak IA Column, n-Hexane/i-PrOH = 90/10,
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flow rate 1.0 mL/min, A = 254 nm (tmajor = 11.0 min, tpine, = 21.3 min). HRMS (+ESI-TOF): calcd.

For Cy4Ho)NOs[M+H]" 370.1438, found 370.1439.

((2'R,35,5'S)-1-benzyl-7'-methyl-5'H-spiro[indoline-3,4'[2,S]methanobenzo[d][1,3]

dioxepin]-2-one) (3b) was obtained as light yellow semi solid in 64% (24.5 mg) yield after column
chromatography. 'TH NMR (400 MHz, Chloroform-d) & 7.30 — 7.20 (m, 5H), 7.06 (t, /= 7.8 Hz,
1H), 6.99 (d, J=8.2 Hz, 1H), 6.78 (d, /= 8.2 Hz, 1H), 6.62 (t, /= 6.6 Hz, 2H), 6.36 (s, 1H), 6.02
(d, /J=3.5Hz, 1H), 5.86 (d, /= 7.6 Hz, 1H), 4.88 (d, J=15.6 Hz, 1H), 4.73 (d, /= 15.6 Hz, 1H),
3.60 (dt, J=11.6, 3.9 Hz, 1H), 3.19 (d, J= 3.9 Hz, 1H), 2.39 (d, /= 11.6 Hz, 1H), 2.11 (s, 3H).
13C {1H} NMR (101 MHz, Chloroform-d) 6 175.6 , 149.6 , 143.1, 135.7,130.1, 130.1, 130.1
,129.4,129.0,127.9,127.5,126.1 ,125.8,125.2,122.6,116.2,109.0, 101.3,90.7 ,45.1,
43.9,31.6,20.5. HPLC Analysis: ee = 97%, Chiralpak IA Column, n-Hexane/i-PrOH = 90/10,
flow rate 1.0 mL/min, A = 254 nm (tmajor = 9.9 min, tyiner = 15.8 min). HRMS (+ESI-TOF): calcd.

For CsH,NOs [M+H]" 384.1594, found 384.1603.

((2'R,3S5,5'S)-1-benzyl-7'-methoxy-5'H-spiro[indoline-3,4'[2,5]methanobenzo[d][1,3]

dioxepin]-2-one) (3¢) was obtained as a yellow sticky solid in 51% (20.4 mg) yield after column
chromatography. 'H NMR (400 MHz, Chloroform-d) 4 7.31 — 7.20 (m, 5H), 7.06 (t, /= 7.8 Hz,
1H), 6.82 (d, J= 8.8 Hz, 1H), 6.75 (dd, /= 8.8, 2.9 Hz, 1H), 6.68 — 6.59 (m, 2H), 6.12 (d,/=2.9
Hz, 1H), 6.01 (d, /= 3.5 Hz, 1H), 5.91 (d, /= 7.2 Hz, 1H), 4.86 (d, /= 15.6 Hz, 1H), 4.75 (d, J =
15.6 Hz, 1H), 3.65 — 3.55 (m, 4H), 3.18 (d, /= 3.9 Hz, 1H), 2.38 (d, J = 11.6 Hz, 1H). BC{1H}
NMR (101 MHz, CDClL;) 6 175.5, 153.7 , 145.7 , 143.0, 135.7 , 130.1 , 129.0, 127.9, 127.5,
126.0,125.7,122.8,117.0,114.9,114.6,109.1,101.2,90.6, 76.9 , 56.1 ,45.3 ,43.9, 31.60.

HPLC Analysis: ee = 98%, Chiralpak IA Column, n-Hexane/i-PrOH = 90/10, flow rate 1.0
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mL/min, A = 254 nm (tyejor = 13.1 min, tyiner = 23.8 min). HRMS (+ESI-TOF): calcd. For

Cy5sH2NO4 [M+H]"400.1543, found 400.1540.

((2'R,35,5'S)-1-benzyl-7'-chloro-5'H-spiro[indoline-3,4'-[2,5]methanobenzo|d][1,3]

dioxepin]-2-one) (3d) was obtained as a white semi solid in 66% (26.6 mg) yield after column
chromatography. 'H NMR (400 MHz, Chloroform-d) 4 7.28 (dt,J=15.3, 7.1 Hz, 5H), 7.17 (dd,
J=28.6,2.5Hz, 1H), 7.10 (t, J = 7.8 Hz, 1H), 6.84 (d, J = 8.6 Hz, 1H), 6.69 (t, J= 7.6 Hz, 1H),
6.65 (d, J= 7.8 Hz, 1H), 6.57 (d, J= 2.5 Hz, 1H), 6.03 (d, J = 3.5 Hz, 1H), 5.94 (d, /= 7.0 Hz,
1H), 4.88 (d, J=15.6 Hz, 1H), 4.75 (d, J=15.6 Hz, 1H), 3.64 (dt, /= 11.8, 3.9 Hz, 1H), 3.22 (d,
J=3.9 Hz, 1H), 2.37 (d, J=11.7 Hz, 1H). BC {1H} NMR (101 MHz, Chloroform-d) 6 175.2 ,
150.5,143.1,135.5,130.4,129.5,129.1, 128.5,128.0, 127.4,127.0, 125.7,125.7,125.3,
122.9,117.8,109.3,101.3,90.7,44.9 ,44.0,31.2 . HPLC Analysis: ee = 97%, Chiralpak IA
Column, n-Hexane/i-PrOH = 90/10, flow rate 1.0 mL/min, A = 254 nm (tmajor = 11.3 min, tyiner =

21.6 min). HRMS (+ESI-TOF): calcd. For C,4H;oCINO; [M+H]" 404.1048, found 404.1055.

((2'R,35,5'S)-1-benzyl-7'-bromo-5'H-spiro[indoline-3,4'[2,5]methanobenzo[d][1,3]

dioxepin]-2-one) (3e) was obtained as a light yellow sticky solid in 57% (25.5 mg) yield after
column chromatography. "H NMR (400 MHz, Chloroform-d) 5 7.34 —7.27 (m, 3H), 7.27 - 7.21
(m, 3H), 7.10 (t, J= 7.8 Hz, 1H), 6.79 (d, J = 8.6 Hz, 1H), 6.73 — 6.67 (m, 2H), 6.65 (d, J= 7.8
Hz, 1H), 6.03 (d, J=3.5 Hz, 1H), 5.94 (d, /= 7.5 Hz, 1H), 4.88 (d,J=15.6 Hz, 1H), 4.75 (d, J =
15.6 Hz, 1H), 3.64 (dt, J=11.8, 3.9 Hz, 1H), 3.22 (d, /= 3.9 Hz, 1H), 2.37 (d, /= 11.7 Hz, 1H).
13C {1H} NMR (101 MHz, Chloroform-d) 6 175.2,151.0, 143.1, 135.5,132.5,131.4, 130.5

,129.1,128.0, 1274 ,125.8 ,125.3,1229,118.3,112.9,109.3, 101.3,90.7 ,44.9 , 440,
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31.2. HPLC Analysis: ee = 98%, Chiralpak IA Column, n-Hexane/i-PrOH = 90/10, flow rate 1.0
mL/min, A = 254 nm (tmejor = 11.9 min, tyiner = 20.9 min). HRMS (+ESI-TOF): calcd. For

C4H9BrNO; [M+H]* 448.0543, found 448.0542.

((2'R,35,5'S)-1-benzyl-6'-chloro-5'H-spiro[indoline-3,4'-[2,5]methanobenzo|d][1,3]

dioxepin]-2-one) (3f) was obtained as a light yellow semi solid in 61% (24.6 mg) yield after
column chromatography. "TH NMR (400 MHz, CDCl;) 6 7.34 — 7.22 (m, 5H), 7.18 — 7.07 (m,
2H), 6.83 (dd, J = 10.5, 8.1 Hz, 2H), 6.66 (t,J = 7.6 Hz, 1H), 6.62 (d, /= 7.8 Hz, 1H), 6.06 (d, J
=3.5Hz, 1H), 5.94 (d,J=7.0 Hz, 1H), 4.96 (d, /= 15.9 Hz, 1H), 4.78 (d, /= 15.9 Hz, 1H), 3.89
(d,J=4.1Hz, 1H), 3.62 (dt,J=11.8, 3.9 Hz, 1H), 2.36 (d,/J=11.8 Hz, 1H). 13C {1H} NMR (101
MHz, CDCl;3) 6 175.2,152.9,142.9,135.5,133.5,130.2,129.8,129.0, 127.8 ,127.1 ,125.3
,124.8,123.8,122.8,121.6,115.2,109.3,101.2,90.8,43.8,42.0, 30.7. HPLC Analysis: ece
= 99%, Chiralpak IA Column, n-Hexane/i-PrOH = 90/10, flow rate 1.0 mL/min, A = 254 nm (tmajor
= 11.8 min, tyiner = 21.5 min). HRMS (+ESI-TOF): calcd. For Cp4H9CINO; [M+H]* 404.1048,

found 404.1051.

((2'R,35,5'S)-1-benzyl-8'-methoxy-5'H-spiro[indoline-3,4'-[2,5]methanobenzo[d][1,3]

dioxepin]-2-one) (3g) was obtained as a light yellow sticky solid in 62% (24.7 mg) yield after
column chromatography. 'H NMR (400 MHz, Chloroform-d) 6 7.30 (ddd, J=17.5, 12.7, 6.0 Hz,
6H), 7.11 (t, J="7.8 Hz, 1H), 6.74 — 6.64 (m, 2H), 6.55 — 6.47 (m, 2H), 6.35 (dd, J= 8.3, 2.5 Hz,
1H), 6.07 (d, J=3.5Hz, 1H), 5.98 (d,/=7.5 Hz, 1H), 4.92 (d,J=15.6 Hz, 1H), 4.79 (d, /= 15.6
Hz, 1H), 3.81 (s, 3H), 3.65 (dt, J=11.6, 3.9 Hz, 1H), 3.25 (d, /=3.9 Hz, 1H), 242 (d, J=11.5

Hz, 1H). 13C {1H} NMR (101 MHz, Chloroform-d) 6 175.7,161.0,152.8,143.2,135.8, 130.2
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,129.5,129.2,128.0,127.6,126.2,126.0,122.8,118.0,109.2,106.7,102.2,101.4,91.1,
55.7,44.7 ,44.0 , 32.0. HPLC Analysis: ee = 97%, Chiralpak IA Column, n-Hexane/i-PrOH =
90/10, flow rate 1.0 mL/min, A = 254 nm (tmajor = 12.9 min, tminer = 20.1 min). HRMS (+ESI-

TOF): calcd. For C,5sH,,NO,4 [M+H]* 400.1543, found 400.1548.

((2'8,35,5'S)-1-benzyl-7',9'-dichloro-5'H-spiro[indoline-3,4'-[2,5]methanobenzo[d][1,3]

dioxepin]-2-one) (3h) was obtained as a yellow sticky solid in 34% (15.0 mg) yield after column
chromatography. 'TH NMR (400 MHz, Chloroform-d) 5 7.34 (d, J = 2.4 Hz, 2H), 7.33 (s, 1H),
7.29 (d,J=7.0 Hz, 3H), 7.16 (t, J=7.8 Hz, 1H), 6.77 (t,J= 7.6 Hz, 1H), 6.70 (d, /= 7.9 Hz, 1H),
6.55 (d,J=2.4 Hz, 1H), 6.20 (d, J= 3.4 Hz, 1H), 6.01 (d, /= 7.5 Hz, 1H), 4.93 (d, J= 15.6 Hz,
1H), 4.79 (d, J=15.6 Hz, 1H), 3.73 (dt,J=11.9, 3.8 Hz, 1H), 3.30 (d, /= 3.9 Hz, 1H), 2.42 (d, J
=11.9 Hz, 1H). 3C {1H} NMR (101 MHz, Chloroform-d) 5 174.9 , 146.8 , 143.1,135.4,130.6
,129.9,129.1,128.0,128.0,127.5,127.1,125.7,125.6,124.8,123.0, 122.4,109.5, 101.7
,90.7,45.0,44.1,31.1,29.9. HPLC Analysis: ee = 94%, Chiralpak IA Column, n-Hexane/i-
PrOH = 90/10, flow rate 1.0 mL/min, A = 254 nm (tysjor = 11.0 min, tyinor = 19.5 min). HRMS

(+ESI-TOF): calcd. For C,4H;3C1,NO; [M+H]" 438.0658, found 438.0655.

((2'8,35,5'S)-1-benzyl-7',9'-dibromo-5'H-spiro[indoline-3,4'-[2,5]methanobenzo[d][1,3]

dioxepin]-2-one) (3i) was obtained as a light yellow semi solid in 23% (12.1 mg) yield after
column chromatography. 'TH NMR (400 MHz, Chloroform-d) 6 7.64 (d, J= 2.2 Hz, 1H), 7.38 —
7.32 (m, 2H), 7.28 (d, J = 16.5 Hz, 4H), 7.16 (t, J= 7.8 Hz, 1H), 6.77 (t, /= 7.6 Hz, 1H), 6.74 —
6.67 (m, 2H), 6.20 (d,J=3.3 Hz, 1H), 6.00 (d, /J=7.4 Hz, 1H), 4.93 (d,J=15.6 Hz, 1H), 4.78 (d,

J=15.6 Hz, 1H), 3.72 (dt, J= 11.9, 3.8 Hz, 1H), 3.28 (d, J = 3.9 Hz, 1H), 2.41 (d, /= 11.8 Hz,
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1H). BC {1H} NMR (101 MHz, Chloroform-d) & 174.9 , 148.4 , 143.1,135.4,130.7 , 130.6,
129.1,128.4,128.0,127.5,125.8,124.8,123.0,112.8,109.5,101.8,90.7,45.0,44.0,31.1
,29.9. HPLC Analysis: ee = 95%, Chiralpak IA Column, n-Hexane/i-PrOH = 90/10, flow rate 1.0
mL/min, X = 254 nm (tmajor = 11.5 min, tyine: = 19.6 min). HRMS (+ESI-TOF): calcd. For C4H 3

Br,NO; [M+H]" 525.9648, found 525.9647.

((2'S,35,5'S)-1-benzyl-9'-bromo-7'-chloro-5'H-spiro[indoline-3,4'[2,5|methanobenzo[d][1,3]
dioxepin]-2-one) (3j) was obtained as a light yellow semi solid in 32% (15.5 mg) yield after
column chromatography. 'TH NMR (400 MHz, Chloroform-d) 6 7.50 (d, /= 2.4 Hz, 1H), 7.38 —
7.32 (m, 2H), 7.28 (d, J = 16.3 Hz, 4H), 7.16 (t, J= 7.8 Hz, 1H), 6.77 (t,J = 7.6 Hz, 1H), 6.70 (d,
J=7.8Hz, 1H), 6.58 (d, J= 2.4 Hz, 1H), 6.20 (d, /= 3.4 Hz, 1H), 6.00 (d, J= 7.0 Hz, 1H), 4.93
(d,/=15.6 Hz, 1H),4.78 (d, J=15.6 Hz, 1H), 3.72 (dt,J=11.9, 3.8 Hz, 1H), 3.28 (d, /= 3.8 Hz,
1H), 2.41 (d, J=11.9 Hz, 1H). 3C {1H} NMR (151 MHz, Chloroform-d)  174.9 ,147.8 , 143.0
,135.4,132.7,130.6,129.1,128.0,127.8,127.4,126.0,125.7,123.0, 1109, 109.5, 101.8
,90.6,45.0,44.0, 31.1. HPLC Analysis: ee = 96%, Chiralpak IA Column, n-Hexane/i-PrOH =
90/10, flow rate 1.0 mL/min, A = 254 nm (tysjor = 10.8 min, tyinor = 20.9 min). HRMS (+ESI-

TOF): calcd. For Cp4H;3BrCINO; [M+H]* 482.0153, found 482.0157.

(tert-butyl((2'R,3S,5'S)-1-benzyl-2-0x0-5'H-spiro[indoline-3,4'-[2,5]methanobenzo[d][1,3]

dioxepin]-7'-yl)carbamate) (3k) was obtained as a dark yellow semi solid in 47% (22.7 mg) yield
after column chromatography. '"H NMR (400 MHz, CDCl3) 6 7.36 — 7.27 (m, 5H), 7.18 (d, J =
6.6 Hz, 1H), 7.11 (t, J = 7.8 Hz, 1H), 6.86 (d, J = 8.7 Hz, 1H), 6.72 — 6.64 (m, 3H), 6.05 (d, J =

3.5 Hz, 1H), 6.00 (d, J= 6.9 Hz, 1H), 4.92 (d, J = 15.6 Hz, 1H), 4.78 (d, J = 15.6 Hz, 1H), 3.64
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(dt,J=11.6, 3.9 Hz, 1H), 3.26 (d, J = 3.9 Hz, 1H), 2.42 (d, J = 11.5 Hz, 1H), 1.45 (s, 9H). 13C
{1H} NMR (101 MHz, CDCl3) 6 175.5, 147.7, 143.1, 135.6, 131.5, 130.2, 129.1, 127.9, 127.4,
125.9, 125.8, 125.7, 122.8, 116.7, 109.2, 101.3, 90.6, 45.1, 44.0, 31.6, 28.5. HPLC Analysis: ce
=98%, Chiralpak LUX C1 Column, n-Hexane/i-PrOH = 70/30, flow rate 1.0 mL/min, A =254 nm
(tmajor = 22.4 min, tyinee = 9.5 min). HRMS (+ESI-TOF): calcd. For Cy90H»N,NaOs [M+Na]*
507.1890, found 507.1876.
((2’R,38,5’S)-1-methyl-5’H-spiro[indoline-3,4’-[2,5|methanobenzo[d][1,3]dioxepin]-2-one)
(31) was obtained as a yellow sticky solid in 80% (23.5 mg) yield after column chromatography.
'H NMR (400 MHz, CDCl;) 5 7.38 — 7.32 (m, 2H), 7.23 (t, /= 7.7 Hz, 1H), 7.06 (t,J = 7.6 Hz,
1H), 6.91 (d, J= 8.0 Hz, 1H), 6.84 (dd, J = 13.3, 7.5 Hz, 2H), 6.78 (d, /= 7.4 Hz, 1H), 6.09 (d, J
=3.4 Hz, 1H), 3.28 — 3.25 (m, 1H), 3.09 (s, 3H), 2.93 (dt, /= 11.8, 3.8 Hz, 1H), 2.50 (d,J=11.9
Hz, 1H). 3C {1H} NMR (101 MHz, CDCl3) 6 174.1, 151.7, 143.2, 130.3, 129.5, 129.4, 126.9,
125.2,123.4,122.7,121.0, 115.9, 108.6, 100.7, 90.7,46.9, 33.1, 26.7. HPLC Analysis: ee = 98%,
Chiralpak IA Column, n-Hexane/i-PrOH = 90/10, flow rate 1.0 mL/min, A = 254 nm (tmajor = 9.2
min, tpier = 17.3 min). HRMS (+ESI-TOF): calcd. For CigH(NO3; [M+H]" 294.1125, found

294.1131.

((2’R,38,5’S)-1-isobutyl-5’H-spiro[indoline-3,4°-[2,5] methanobenzo[d][1,3]dioxepin]-2-one)
(3m) was obtained as a white semi solid in 71% (23.8 mg) yield after column chromatography. 'H
NMR (400 MHz, CDCl;) 6 7.25 (dd, J=10.6, 4.8 Hz, 1H), 7.20 (t, /= 7.8 Hz, 1H), 6.93 (d, J =
8.1 Hz, 1H), 6.81 — 6.74 (m, 2H), 6.67 (t, J=7.6 Hz, 1H), 6.59 (d, J = 7.4 Hz, 1H), 6.06 (d, J =
3.5 Hz, 1H), 5.88 (d, /= 7.5 Hz, 1H), 3.63 (dt, /= 11.6, 3.9 Hz, 1H), 3.54 (dd, J=13.9, 7.8 Hz,

1H), 3.39 (dd, J= 13.9, 7.3 Hz, 1H), 3.22 (d, J = 4.0 Hz, 1H), 2.42 (d, J= 11.6 Hz, 1H), 2.19 —
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2.10 (m, 1H), 0.98 (d, /= 6.7 Hz, 6H). 13C {1H} NMR (101 MHz, CDCl3) & 175.6, 151.9, 143.7,
130.1, 129.6, 128.9, 125.9, 125.8, 125.6, 122.3, 120.8, 116.5, 108.6, 101.3, 90.7, 47.5, 45.2, 31 .4,
27.1, 20.4. HPLC Analysis: ee = 99%, Chiralpak IA Column, n-Hexane/i-PrOH = 90/10, flow
rate 1.0 mL/min, A = 254 nm (tmajor = 5.8 min, tyiner = 8.7 min). HRMS (+ESI-TOF): calcd. For

C1HNO;3 [M+H]*336.1594, found 336.1598.

((2’R,38,5’S)-1-allyl-5’H-spiro[indoline-3,4’-[2,5|methanobenzo[d][1,3]dioxepin]-2-one)

(3n) was obtained as a light yellow semi solid in 68% (21.7 mg) yield after column
chromatography. 'TH NMR (400 MHz, CDCl;) 6 7.25 (dd, J=9.9, 5.7 Hz, 1H), 7.19 (t, J = 7.8
Hz, 1H), 6.94 (d, J= 8.0 Hz, 1H), 6.78 (dd, J = 13.5, 7.6 Hz, 2H), 6.69 (t, /= 7.6 Hz, 1H), 6.59
(d, J="7.5 Hz, 1H), 6.06 (d, J= 3.5 Hz, 1H), 5.84 (ddd, J=15.7, 12.0, 6.7 Hz, 2H), 5.30 — 5.22
(m, 2H), 4.35 (dd, J = 16.3, 5.3 Hz, 1H), 4.23 (dd, J = 16.3, 5.3 Hz, 1H), 3.62 (dt, /= 11.6, 3.9
Hz, 1H), 3.25 (d, J=4.0 Hz, 3H), 2.43 (d, /= 11.6 Hz, 1H). 3C {1H} NMR (101 MHz, CDCly)
0 175.1,151.8, 143.1, 131.3, 130.1, 129.7, 128.9, 125.9, 125.7, 125.5, 122.6, 120.8, 118.0, 116.5,
108.9, 101.3, 90.8, 45.1, 42.5, 31.4. HPLC Analysis: ee = 98%, Chiralpak IA Column, n-
Hexane/i-PrOH = 90/10, flow rate 1.0 mL/min, A = 254 nm (tpmajor = 8.0 min, tyiner = 11.3 min).

HRMS (+ESI-TOF): calcd. For Cy0HsNO; [M+H] *320.1281, found 320.1274.

(2'R,3S5,5'S)-1-(3-methylbut-2-en-1-yl)-5'H-spiro[indoline-3,4'-[2,5]methanobenzo[d][1,3]

dioxepin]-2-one (30) was obtained as a light yellow semi solid in 65% (22.6 mg) yield after
column chromatography. "H NMR (400 MHz, CDCl;) 6 7.28 — 7.21 (m, 1H), 7.19 (t, /= 7.8 Hz,
1H), 6.93 (d,J=8.1 Hz, 1H), 6.78 (t,J= 7.4 Hz, 1H), 6.73 (d,J=7.8 Hz, 1H), 6.67 (t,J= 7.6 Hz,

1H), 6.59 (d, J = 7.4 Hz, 1H), 6.05 (d, J = 3.5 Hz, 1H), 5.87 (d, J= 7.5 Hz, 1H), 5.18 (t, J = 6.1
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Hz, 1H), 4.31 (dd, J = 15.4, 6.4 Hz, 1H), 4.22 (dd, J = 15.5, 6.8 Hz, 1H), 3.62 (dt, J=11.6, 3.9
Hz, 1H), 3.24 (d, J= 3.9 Hz, 1H), 2.42 (d, J=11.6 Hz, 1H), 1.83 (s, 3H), 1.73 (s, 3H). 3C {1H}
NMR (101 MHz, CDCl;) 6 174.9, 151.9, 143.3, 137.1, 130.1, 129.6, 128.9, 125.9, 125.6, 122.4,
120.7, 118.1, 116.5, 108.8, 101.3, 90.9, 44.9, 38.3, 31.4, 25.8, 18.3. HPLC Analysis: ee = 99%,
Chiralpak IA Column, n-Hexane/i-PrOH = 90/10, flow rate 1.0 mL/min, A = 254 nm (tmajor = 6.7
min, tyinor = 12.4 min). HRMS (+ESI-TOF): calcd. For C,,H»,NO; [M+H] * 348.1594, found

348.1596.

(2'R,38,5'S)-1-(4-(trifluoromethyl)benzyl)-5'H-spiro[indoline-3,4'[2,5]methanobenzo

[d][1,3]dioxepin]-2-one (3p) was obtained as a green semi solid in 51% (22.3 mg) yield after
column chromatography. 'H NMR (400 MHz, CDCl;) 6 7.60 (d, J= 8.1 Hz, 2H), 7.41 (d, /= 8.0
Hz, 2H), 7.28 — 7.24 (m, 2H), 7.13 (t, J = 7.8 Hz, 1H), 6.95 (d, J = 8.0 Hz, 1H), 6.79 (t, /= 7.4
Hz, 1H), 6.69 (t, J = 7.3 Hz, 1H), 6.64 — 6.58 (m, 2H), 6.09 (d, /= 3.5 Hz, 1H), 5.90 (d, /= 7.0
Hz, 1H), 4.91 (q, J = 16.0 Hz, 2H), 3.64 (dt, J=11.6, 3.9 Hz, 1H), 3.30 (d, /= 3.9 Hz, 1H), 2.48
(d, J = 11.6 Hz, 1H). 13C {1H} NMR (101 MHz, CDCl;) 5 175.6, 151.9, 142.7, 139.7, 130.2,
130.2(q, Jcr=32.33 Hz), 129.8, 128.9, 127.7, 126.2, 126.1(q, Jc.r = 3.03 Hz), 125.8, 125.5, 125.3,
124.1(q, Jer = 272.70 Hz) 123.0, 120.9 116.6, 108.8, 101.3, 90.8, 45.2, 43.5, 31.5. HPLC
Analysis: ee = 98%, Chiralpak IA Column Column, n-Hexane/i-PrOH = 90/10, flow rate 1.0
mL/min, A = 254 nm (tmajor = 11.1 min, tyiner = 19.4 min). HRMS (+ESI-TOF): calcd. For

CysH19F5sNO; [M+H] *438.1312, found 438.1312.

(2’R,3S,5°S)-5’H-spiro[indoline-3,4’-[2,5]methanobenzo[d][1,3]dioxepin]-2-one (3q) was

obtained as a light pink solid in 64% (17.9 mg) yield after column chromatography. M.P. = 115-

117 °C. '"H NMR (400 MHz, CDCls) § 8.29 (s, 1H), 7.25 (dd, J= 9.5, 6.0 Hz, 1H), 7.16 (t, J =
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7.7 Hz, 1H), 6.94 (d, J = 8.1 Hz, 1H), 6.80 (dd, J = 13.7, 7.4 Hz, 2H), 6.67 (t, J = 7.6 Hz, 1H),

6.58 (d, J= 7.4 Hz, 1H), 6.06 (d, J= 3.5 Hz, 1H), 5.87 (d, J= 7.6 Hz, 1H), 3.55 (dt, J=11.6, 3.9

oNOYTULT D WN =

Hz, 1H), 3.31 (d, J=3.9 Hz, 1H), 2.44 (d, /= 11.6 Hz, 1H). 3C {1H} NMR (101 MHz, CDCly)
10 0 177.8,151.8, 140.9, 130.2, 129.7, 128.9, 126.2, 126.2, 125.4, 122.6, 120.8, 116.5, 110.1, 101.3,
91.2, 44.9, 31.2. HPLC Analysis: ee = 99%, Chiralpak IA Column n-Hexane/i-PrOH = 85/15,
15 flow rate 1.0 mL/min, A = 254 nm (tmajor = 8.8 MiN, tminer = 16.3 min). HRMS (+ESI-TOF): calcd.

17 For C17H4NO3 [M+H]"280.0968, found 280.0970.

22 (2'R,38,5'S)-1-benzyl-5-fluoro-5'H-spiro[indoline-3,4'-[2,5]methanobenzo[d][1,3]dioxepin]-
25 2-one (3r) was obtained as a light grey semi solid in 59% (22.9 mg) yield after column
27 chromatography. 'TH NMR (400 MHz, CDCl3) & 7.34 — 7.29 (m, 2H), 7.25 (dd, J = 12.0, 4.1 Hz,
29 4H), 6.93 (d, J = 8.0 Hz, 1H), 6.82 — 6.74 (m, 2H), 6.59 (d, J= 7.5 Hz, 1H), 6.54 (dd, J = 8.6, 4.1
32 Hz, 1H), 6.06 (d, J = 3.5 Hz, 1H), 5.55 (dd, J = 8.5, 2.6 Hz, 1H), 4.87 (d, /= 15.7 Hz, 1H), 4.77
34 (d,J=15.7Hz, 1H), 3.63 (dt,J=11.7,3.9 Hz, 1H), 3.28 (d,J=3.9 Hz, 1H), 2.45 (d,J=11.6 Hz,
36 1H). 3C {1H} NMR (101 MHz, CDCl3) 6 175.3, 158.9 (d, Jo.r = 241.39 Hz), 151.7, 138.9, 138.9,
135.3, 130.0, 129.1, 128.9, 128.1, 127.6 (d, Jor = 8.08 Hz), 127.4, 127.4, 124.9, 121.0, 116.7,
41 116.4 (d, Jorp =24.24 Hz), 114.1 (d, Jc.r = 26.26 Hz), 109.6 (d, Jc.r = 8.08 Hz), 101.4, 90.8, 90.7,
43 45.2, 44.1, 31.4. HPLC Analysis: ee = 97%, Chiralpak IA Column, n-Hexane/i-PrOH = 90/10,
4> flow rate 1.0 mL/min, & =254 nm (tygjor = 11.9 Min, tyyiner= 23.6 min). HRMS (+ESI-TOF): calcd.

48 For Cy4H 9FNO;3; [M+H]" 388.1343, found 388.1346.

52 (2'R,38,5'S)-1-benzyl-5-chloro-5'H-spiro[indoline-3,4'-[2,5|methanobenzo[d][1,3]dioxepin]-

55 2-one (3s) was obtained as a light brown solid in 46% (18.6 mg) yield after column
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chromatography. M.P. = 167-170 °C. 'H NMR (600 MHz, CDCl3)  7.34 (t, J = 7.3 Hz, 2H),
7.31—7.25 (m, 4H), 7.07 (dd, J = 8.3, 2.1 Hz, 1H), 6.97 (d, J= 8.0 Hz, 1H), 6.84 (td, /= 7.5, 1.0
Hz, 1H), 6.60 (d, J= 7.5 Hz, 1H), 6.57 (d, J = 8.3 Hz, 1H), 6.09 (d, /= 3.5 Hz, 1H), 5.75 (d, J =
2.1 Hz, 1H), 4.88 (d, /= 15.7 Hz, 1H), 4.80 (d, /= 15.7 Hz, 1H), 3.62 (dt, /= 11.7, 3.9 Hz, 1H),
3.29 (d, J= 3.9 Hz, 1H), 2.50 (d, J= 11.6 Hz, 1H). 13C {1H} NMR (151 MHz, CDCl;)  175.0,
151.7, 141.4, 135.2, 130.0, 129.9, 129.1, 128.9, 128.1, 128.1, 127.5, 127.4, 126.5, 124.9, 121.0,
116.7,110.0, 101.4, 90.7, 45.2, 44.0, 31.3. HPLC Analysis: ee = 99%, Chiralpak IA Column, n-
Hexane/i-PrOH = 90/10, flow rate 1.0 mL/min, A = 254 nm (tyajor = 12.6 min, tyiner = 25.1 min).

HRMS (+ESI-TOF): calcd. For C,4H9CINOs [M+H]"404.1048, found 404.1049.

(2'R,38,5'S)-1-benzyl-5-bromo-5'H-spiro[indoline-3,4'-[2,5|methanobenzo[d][1,3]dioxepin]-
2-one (3t) was obtained as a light yellow sticky solid in 37% (16.6 mg) yield after column
chromatography. "TH NMR (400 MHz, CDCl;) 5 7.27 (dd, J = 14.8, 7.2 Hz, 3H), 7.21 (t, J= 5.0
Hz, 3H), 7.16 (dd, J= 8.3, 2.0 Hz, 1H), 6.91 (d, /= 8.1 Hz, 1H), 6.79 (t, J= 7.5 Hz, 1H), 6.54 (d,
J=7.5Hz, 1H), 6.46 (d, J= 8.3 Hz, 1H), 6.03 (d, /= 3.5 Hz, 1H), 5.82 (d, /=2.0 Hz, 1H), 4.82
(d,J=15.7Hz, 1H),4.74 (d, J=15.7 Hz, 1H), 3.56 (dt,J=11.7, 3.9 Hz, 1H), 3.23 (d, /= 3.9 Hz,
1H), 2.44 (d, J=11.7 Hz, 1H). 13C {1H} NMR (101 MHz, CDCl3) 6 174.9, 151.7, 141.9, 135.1,
132.8, 130.0, 129.3, 129.1, 128.9, 128.1, 127.8, 127.4, 124.9, 121.0, 116.8, 115.5, 110.5, 101.4,
90.7, 45.3, 44.0, 31.3. HPLC Analysis: ee = 93%, Chiralpak IA Column, n-Hexane/i-PrOH =
90/10, flow rate 1.0 mL/min, A = 254 nm (tmajor = 13.5 min, tpiner = 26.0 min). HRMS (+ESI-

TOF): calcd. For C,4H 9BrNOs; [M+H]" 448.0543, found 448.0544.
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(2'R,3S5,5'S)-1-benzyl-6-bromo-5'H-spiro[indoline-3,4'-[2,5]methanobenzo[d][1,3]dioxepin]-
2-one (3u) was obtained as a light brown semi solid in 49% (22.0 mg) yield after column
chromatography. 'H NMR (400 MHz, CDCl;) 6 7.84 — 7.78 (m, 2H), 7.78 — 7.67 (m, 4H), 7.38
(d, J=8.0 Hz, 1H), 7.29 — 7.21 (m, 3H), 7.05 (d, J = 7.5 Hz, 1H), 6.52 (d, /= 3.5 Hz, 1H), 6.16
(d,/=8.6 Hz, 1H), 5.35 (d, /= 15.7 Hz, 1H), 5.20 (d, /= 15.7 Hz, 1H), 4.07 (dt,J=11.7, 3.9 Hz,
1H), 3.72 (d, /= 3.9 Hz, 1H), 2.91 (d, /= 11.7 Hz, 1H). 3C {1H} NMR (101 MHz, CDCl;)
175., 151.7, 144.3, 135.1, 129.9, 129.2, 128.9, 128.2, 127.4, 127.2, 125.6, 125.1, 124.7, 124.0,
121.0, 116.6, 112.5, 101.3, 90.4, 45.1, 44.0, 31.4. HPLC Analysis: ee = 98%, Chiralpak TA
Column, n-Hexane/i-PrOH = 90/10, flow rate 1.0 mL/min, A = 254 nm (tyajor = 9.7 min, tminor =

20.9 min). HRMS (+ESI-TOF): calcd. For C,4H9BrNO; [M+H]* 448.0543, found 448.0546.

(2°R,35,5°S)-1-benzyl-7-chloro-5’H-spiro[indoline-3,4’-[2,5]methanobenzo[d][1,3]

dioxepin]-2-one (3v) was obtained as a brown semi solid in 55% (22.2 mg) yield after column
chromatography. "TH NMR (400 MHz, CDCl;) 5 7.32 (t, J = 7.2 Hz, 2H), 7.25 (dd, J = 14.3, 6.0
Hz, 5H), 7.09 (d, J= 8.2 Hz, 1H), 6.94 (d, /= 7.9 Hz, 1H), 6.79 (t, /= 7.4 Hz, 1H), 6.64 — 6.56
(m, 2H), 6.08 (d,/=3.5Hz, 1H), 5.87 (d, J= 7.5 Hz, 1H), 5.32 (s, 2H), 3.64 (dt, J=11.7, 3.9 Hz,
1H), 3.28 (d, /= 3.9 Hz, 1H), 2.46 (d, /= 11.7 Hz, 1H). 3C {1H} NMR (101 MHz, CDCl;)
176.2, 151.8, 139.0, 137.2, 132.7, 129.9, 129.0, 128.8, 128.8, 127.5, 126.6, 125.1, 124.5, 123.5,
120.9, 116.5, 1154, 101.4, 90.2, 45.6, 45.1, 31.4. HPLC Analysis: ee = 93%, Chiralpak IA
Column, n-Hexane/i-PrOH = 90/10, flow rate 1.0 mL/min, A = 254 nm (tmajor = 8.8 mMiN, tminor =

15.9 min). HRMS (+ESI-TOF): calcd. For Cp4HoCINO; [M+H]* 404.1048, found 404.1046.
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(2'R,3S5,5'S)-1-benzyl-4-bromo-5'H-spiro[indoline-3,4'-[2,5]methanobenzo[d][1,3]dioxepin]-
2-one (3w) was obtained as a yellow semi solid in 22% (10.0 mg) yield after column
chromatography. "TH NMR (600 MHz, CDCl;) 5 7.35 (t, J = 7.4 Hz, 2H), 7.29 (dd, J=15.2, 7.4
Hz, 3H), 7.22 (t, J = 7.8 Hz, 1H), 6.95 — 6.93 (m, 1H), 6.83 (d, /= 8.1 Hz, 1H), 6.76 (t, /= 7.4
Hz, 1H), 6.63 (dd, J = 8.6, 4.9 Hz, 1H), 6.56 (d, /= 7.5 Hz, 1H), 6.23 (d, /= 3.6 Hz, 1H), 5.00 (d,
J=15.7Hz, 1H), 4.71 (d, J = 15.7 Hz, 1H), 3.71 (dt, J = 11.7, 3.8 Hz, 1H), 3.21 (d, J= 3.7 Hz,
1H), 2.24 (d, J=11.7 Hz, 1H). 13C {1H} NMR (151 MHz, CDCl3) 6 176.4, 153.4, 144.5, 135.3,
130.6, 130.2, 129.2, 128.5, 128.4, 128.1, 127.4, 125.9, 123.9, 121.5, 120.8, 117.0, 108.3, 102.3,
943, 47.2, 44.2, 29.8. HPLC Analysis: ee = 85%, Chiralpak IA Column, n-Hexane/i-PrOH =
90/10, flow rate 1.0 mL/min, A = 254 nm (tmajor = 12.6 min, tpinee = 23.0 min). HRMS (+ESI-

TOF): caled. For Cy4H9BrNO; [M+H]" 448.0543, found 448.0547.

General procedure for the preparation of compound 4/5:

In an oven dried round bottom flask, compound 3e/3t (44.8 mg, 0.1 mmol), phenylboronic acid
(1.5 eq), palladium (II) acetate (0.05eq), tricyclohexylphosphine (0.06eq) and Na,COj5 (2eq) were
taken, flushed with argon and then dry DMF (0.1 mL) was added. The reaction mixture was
allowed to stir for 3 days under argon atmosphere. The solvent was evaporated under reduced
pressure. The obtained residue was purified by silica gel column chromatography using EtOAc-

Hexane (1-2%) as eluent to afford the compound 4/5.

(2'R,3S5,5'S)-1-benzyl-7'-phenyl-5'H-spiro[indoline-3,4'-[2,5]methanobenzo[d][1,3]

dioxepin]-2-one (4) was obtained as a light yellow sticky solid in 43% (19.1 mg) yield after

column chromatography. 'H NMR (400 MHz, CDCl;) 6 7.48 (dd, J = 8.4, 2.2 Hz, 1H), 7.40 —
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7.26 (m, 11H), 7.10 (t, J = 7.3 Hz, 1H), 7.02 (d, J = 8.4 Hz, 1H), 6.80 (d, J = 2.2 Hz, 1H), 6.66
(dd, J=17.4,7.8 Hz, 2H), 6.13 (d,J=3.5 Hz, 1H), 5.97 (d, /= 7.4 Hz, 1H), 4.93 (d, /= 15.6 Hz,
1H), 4.81 (d, J=15.6 Hz, 1H), 3.72 (dt, J=11.7, 3.9 Hz, 1H), 3.35 (d, /= 3.9 Hz, 1H), 2.51 (d, J
= 11.7 Hz, 1H). BC {1H} NMR (151 MHz, CDCl;3) 6 175.4, 151.4, 143.0, 140.7, 135.6, 134.2,
130.3, 129.1, 128.8, 128.4, 127.9, 127.7, 127.5, 127.0, 126.9, 126.0, 125.7, 125.6, 122.7, 116.8,
109.2, 101.4, 90.8, 45.3, 44.0, 31.5. HPLC Analysis: ee = 97%, Chiralpak IA Column, n-
Hexane/i-PrOH = 90/10, flow rate 1.0 mL/min, A = 254 nm (tyajor = 12.2 min, tyiner = 20.1 min).

HRMS (+ESI-TOF): calcd. For C30H24NO3 [M+H]* 446.1751, found 446.1750.

(2'R,38,5'S)-1-benzyl-5-phenyl-5'H-spiro[indoline-3,4'-[2,S|methanobenzo[d][1,3]dioxepin]-
2-one (5) was obtained as a light yellow semi solid in 49% (21.8 mg) yield after column
chromatography. 'TH NMR (600 MHz, CDCl3) 6 7.37 — 7.31 (m, 6H), 7.31 — 7.25 (m, 4H), 7.22
(t,J=73Hz, 1H), 7.07 (d,J= 7.2 Hz, 2H), 6.99 (d, /= 8.0 Hz, 1H), 6.87 (t,J= 7.4 Hz, 1H), 6.73
(d, J= 8.1 Hz, 1H), 6.69 (d, J = 7.4 Hz, 1H), 6.18 (d, /= 1.8 Hz, 1H), 6.11 (d, J= 3.5 Hz, 1H),
4.93 (d, J=15.6 Hz, 1H), 4.86 (d, /= 15.6 Hz, 1H), 3.67 (dt, J=11.7,3.9 Hz, 1H), 3.36 (d, J =
4.0 Hz, 1H), 2.52 (d, J=11.6 Hz, 1H). 3C {1H} NMR (151 MHz, CDCl;) 6 175.5, 152.0, 142.2,
140.4, 135.8, 135.6, 129.7, 129.1, 129.1, 128.7, 128.6, 128.0, 127.5, 127.0, 126.7, 126.2, 125.6,
124.9, 121.0, 116.8, 109.3, 101.4, 90.7, 45.2, 44.1, 29.9. HPLC Analysis: ee = 94%, Chiralpak
IA Column, n-Hexane/i-PrOH = 90/10, flow rate 1.0 mL/min, A = 254 nm (tmajor = 20.6 min, tminer

=30.8 min). HRMS (+ESI-TOF): calcd. For C50H,4NO; [M+H]" 446.1751, found 446.1756.
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Optimization, X-ray crystal data, NMR spectra, and HPLC chromatograms (PDF), Crystal data for
compound 3t (CIF).
This material is available free of charge via the Internet at http://pubs.acs.org.

AUTHOR INFORMATION

Corresponding Author

*Email: span@iitg.ernet.in.

Notes

The authors declare no competing financial interest.

ACKNOWLEDGMENT

This work was supported by DST-SERB (file no. EMR/2015/001034). We thank CIF, Indian

Institute of Technology Guwahati for the instrumental facility.

REFERENCES

1. For selected reviews, see: (a) Perron, F.; Albizati, K. F. Chemistry of spiroketals. Chem. Rev.
1989, 89, 1617-1661. (b) Aho, J. E.; Pihko, P. M.; Rissa, T. K. Nonanomeric Spiroketals in Natural
Products: Structures, Sources, and Synthetic Strategies. Chem. Rev. 2005, 105, 4406-4440. c)
Palmes, J. A.; Aponick, A. Strategies for Spiroketal Synthesis Based on Transition-Metal

Catalysis. Synthesis. 2012, 44, 3699-3721.

2. For reviews, see: Cala, L.; Fafands, F. J.; Rodriguez, F. Enantioselective synthesis of
spiroacetals: the conquest of a long-sought goal in asymmetric catalysis. Org. Biomol. Chem. 2014,

12, 5324-5330.

ACS Paragon Plus Environment



Page 33 of 38

oNOYTULT D WN =

The Journal of Organic Chemistry

3. For selected recent examples, see: (a) Kawamura, Y.; Kawano, Y.; Matsuda, T.; Ishitobi, Y.;
Hosokawa, T. Palladium(Il)-Catalyzed Asymmetric Coupling of Allylic Alcohols and Vinyl
Ethers: Insight into the Palladium and Copper Bimetallic Catalyst. J. Org. Chem. 2009, 74, 3048-
3053. (b) Corié, L.; Vellalath, S.; List, B. Catalytic Asymmetric Transacetalization. J. Am. Chem.
Soc. 2010, /32, 8536-8537. (¢) Corié, 1; Miiller, S.; List, B. Kinetic Resolution of Homoaldols via
Catalytic Asymmetric Transacetalization. J. Am. Chem. Soc. 2010, 132, 17370-17373. (d) Asano,
K.; Matsubara, S. Asymmetric Synthesis of 1,3-Dioxolanes by Organocatalytic Formal [3+2]
Cycloaddition via Hemiacetal Intermediates. Org. Lett. 2012, 14, 1620-1623. (¢) Handa, S.;
Slaughter, L. M. Enantioselective alkynylbenzaldehyde cyclizations catalyzed by chiral gold(I)
acyclic diaminocarbene complexes containing weak Au-arene interactions. Angew. Chem. Int. Ed.
2012, 51, 2912-2915. (f) Kim, J. H.; Cori¢, 1.; Vellalath, S.; List, B. The Catalytic Asymmetric
Acetalization. Angew. Chem. Int. Ed. 2013, 52, 4474-4477. (g) Mondal, B.; Mondal, K.; Satpati,
P.; Pan, S. C. Organocatalytic Asymmetric Dimerization of y-Hydroxyenones to Acetals and

Theoretical Investigations into the Diastereoselection. Eur. J. Org. Chem. 2017, 47, 7101-7106.

4. (a) Paz, B. M.; Klier, L.; Naesborg, L.; Lauridsen, V. H.; Jensen, F.; Jorgensen, K. A.
Enantioselective Organocatalytic Cascade Approach to Different Classes of Benzofused Acetals.
Chem. Eur. J. 2016, 22, 16810-16818. (b) Borrigo-Calleja, G. M.; Bizet, V.; Mazet, C. Palladium-
Catalyzed Enantioselective Intermolecular Carboetherification of Dihydrofurans. J. Am. Chem.
Soc. 2016, 138,4014-4017. (c) Huang, H.; Kanda, S.; Zhao, J. C.-G. Diastereodivergent Catalysis
Using Modularly Designed Organocatalysts:Synthesis of both cis-and trans-Fused Pyrano[2,3-

blpyrans. Angew. Chem. Int. Ed. 2016, 55, 2213-2216.

5. For selected examples, see: (a) Corié, 1.; List, B. Asymmetric spiroacetalization catalysed by

confined Bronsted acids. Nature. 2012, 483, 315-319. (b) Sun, Z.; Winschel, G. A.; Borovika, A.;

ACS Paragon Plus Environment



oNOYTULT D WN =

The Journal of Organic Chemistry

Nagorny, P. Chiral Phosphoric Acid-Catalyzed Enantioselective and Diastereoselective
Spiroketalizations. J. Am. Chem. Soc. 2012, 134, 8074-8077. (c) Wu, H.; He, Y.-P.; Gong, L.-Z.
Direct Access to Enantioenriched Spiroacetals through Asymmetric Relay Catalytic Three-
Component Reaction. Org. Lett. 2013, 15, 460-463. (d) Cala, L.; Mendoza, A.; Fafianas, F. J.;
Rodriguez, F. A catalytic multicomponent coupling reaction for the enantioselective synthesis of
spiroacetals. Chem. Commun. 2013, 49, 2715-2717. (¢) Yoneda, N.; Fukata, Y.; Asano, K.;
Matsubara, S. Asymmetric Synthesis of Spiroketals with Aminothiourea Catalysts. Angew. Chem.
Int. Ed. 2015, 54, 15497-15500. (f) Midya, A.; Maity, S.; Ghorai, P. Dynamic Kinetic
Spiroketalization/Oxa-Michael AdditionCascade of Alkoxyboronates and Peroxyacetals:Enantio-
and Diastereoselective Synthesis of Benzannulated Spiroketals. Chem. Eur. J. 2017, 23, 11216-
11220. (g) Liang, M.; Zhang, S.; Jia, J.; Tung, C.-H.; Wang, J.; Xu, Z. Synthesis of Spiroketals by
Synergistic Gold and Scandium Catalysis. Org. Lett. 2017, 19, 2526-2529. (h) Hamilton, J. Y.;
Réossler, S. L.; Carreira, E. M. Enantio- and Diastereoselective Spiroketalization Catalyzed by

Chiral Iridium Complex. J. Am. Chem. Soc. 2017, 139, 8082-8085.

6. Dumontet, V.; Hung, N. V.; Adeline, M.-T.; Riche, C.; Chiaroni, A.; Sévenet, T.; Guéritte, F.

Cytotoxic Flavonoids and a-Pyrones from Cryptocarya obovate. J. Nat. Prod. 2004, 67, 858-862.

7. Kamal, M. A.; Qu, X.; Yu, Q.-S.; Tweedie, D.; Holloway, H. W.; Li, Y.; Tan, Y.; Greig, N. H.
Tetrahydrofurobenzofuran cymserine, a potent butyrylcholinesterase inhibitor and experimental

Alzheimer drug candidate, enzyme kinetic analysis. J. Neural Transm. 2008, 115, 889-898.

8. Talontsi, F. M.; Dittrich, B.; Schiifler, A.; Sun, H.; Laatsch, H. Epicoccolides: Antimicrobial
and Antifungal Polyketides from an Endophytic Fungus Epicoccum sp. Associated with

Theobroma cacao. Eur. J. Org. Chem. 2013, 3174-3180.

ACS Paragon Plus Environment

Page 34 of 38



Page 35 of 38

oNOYTULT D WN =

The Journal of Organic Chemistry

9. (a) Hao, X.-J.; Nie, J.-L. DITERPENES FROM SPIRAEA JAPONICA. Phytochemistry 1998,
48, 1213-1215. (b) Shen, Z.; Chen, Z.; Li, L.; Lei, W.; Hao, X. Antiplatelet and Antithrombotic
Effects of the Diterpene Spiramine Q from Spiraea japonica var. incisa. Planta Med. 2000, 66,
287-289. (¢) Li, L.; Shen, Y.-M.; Yang, X.-S.; Zuo, G.-Y.; Shen, Z.-J.; Chen, Z.-H.; Hao, X.-J.
Antiplatelet aggregation activity of diterpene alkaloids from Spiraea japonica. Eur. J. Pharmacol.

2002, 449, 23-28.

10. Polat, M. F.; Hettmancyk, L.; Zhang, W.; Szabo, Z.; Franzén, J. One-Pot, Two-Step Protocol
for the Catalytic Asymmetric Synthesis of Optically Active N,O- and O,0-Acetals.

ChemCatChem. 2013, 5, 1334-1339.

11. Wang, F.; Chen, F.; Qu, M.; Li, T.; Liu, Y.; Shi, M. A Pd(II)-catalyzed asymmetric approach
toward chiral [3.3.1]-bicyclic ketals using 2-hydroxyphenylboronic acid as a pro-bis(nucleophile).

Chem. Commun. 2013, 49, 3360-3362.

12. For selected reviews: (a) Galliford, C. V.; Scheidt, K. A. Pyrrolidinyl-Spirooxindole Natural
Products as Inspirations for the Development of Potential Therapeutic Agents. Angew. Chem. Int.
Ed. 2007, 46, 8748-8758. (b) Singh, G. S.; Desta, Z. Y. Isatins As Privileged Molecules in Design
and Synthesis of Spiro-Fused Cyclic Frameworks. Chem. Rev. 2012, 112, 6104-6155. (c) Hong,
L.; Wang, R. Recent Advances in Asymmetric Organocatalytic Construction of 3,3’-Spirocyclic
Oxindoles. Adv. Synth. Catal. 2013, 355, 1023-1052. (d) Cheng, D. J.; Ishihara, Y.; Tan, B.; Barbas
III, C. F. Organocatalytic Asymmetric Assembly Reactions: Synthesis of Spirooxindoles via
Organocascade Strategies. ACS Catal. 2014, 4, 743-762. (e) Mei, G.—j.; Shi, F. Catalytic
asymmetric synthesis of spirooxindoles: recent developments. Chem. Commun. 2018, 54, 6607-

6621.

ACS Paragon Plus Environment



oNOYTULT D WN =

The Journal of Organic Chemistry

13. For selected recent examples, see: (a) Huang, J.-R.; Sohail, M.; Taniguchi, T.; Monde, K.;
Tanaka, F. Formal (4+1) Cycloaddition and Enantioselective Michael-Henry Cascade Reactions
To Synthesize Spiro[4,5]decanes and Spirooxindole Polycycles. Angew. Chem. Int. Ed. 2017, 56,
5853-5857. (b) Xiao, B.-X.; Du, W.; Chen, Y.—C. Asymmetric Dearomatizative Diels—Alder
Reaction for the Construction of Hydrodibenzo[b,d]furan Frameworks with Tetrasubstituted
Stereogenic Centers. Adv. Synth. Catal. 2017, 359, 1018-1027. (¢) Zhang, J.—Q.; Li, N.-k.; Yin,
S.—-J.; Sun, B.-B.; Fan, W-T.; Wang, X.—W. Chiral N-Heterocyclic Carbene-Catalyzed
Asymmetric  Michael-Intramolecular-Aldol-Lactonization Cascade for Enantioselective
Construction of b-Propiolactone-Fused Spiro[cyclopentane-oxindoles]. Adv. Synth. Catal. 2017,
359, 1541-1551. (d) Jiang, X.—L.; Liu, S.-J.; Gu, Y.—Q.; Mei, G.-J.; Shi, F. Catalytic Asymmetric
[4 + 1] Cyclization of ortho-Quinone Methides with 3-Chlorooxindoles. Adv. Synth. Catal. 2017,
359, 3341-3346. (e) Chen, X.—Y.; Chen, K.—Q.; Sun, D.—Q.; Ye, S. N-Heterocyclic carbene-
catalyzed oxidative [3 + 2] annulation of dioxindoles and enals: cross coupling of homoenolate
and enolate. Chem. Sci. 2017, 8, 1936-1941. (f) Wang, L.; Li, S.; Bliimel, M.; Puttreddy, R.;
Peuronen, A.; Rissanen, K.; Enders, D. Switchable Access to Different Spirocyclopentane
Oxindoles by N-Heterocyclic Carbene Catalyzed Reactions of Isatin-Derived Enals and N-

Sulfonyl Ketimines. Angew. Chem. Int. Ed. 2017, 56, 8516-8521.

14. (a) Zhou, Z.; Wang, Z.—X.; Zhou, Y.—C.; Xiao, W.; Ouyang, Q.; Du, W.; Chen, Y.—C.
Switchable regioselectivity in amine-catalysed asymmetric cycloadditions. Nature Chem. 2017, 9,
590-594. (b) Zhou, Y.; Lu, Y.; Hu, X.; Mei, H.; Lin, L.; Liu, X.; Feng, X. Highly diastereo- and
enantioselective synthesis of spirooxindole-cyclohexaneamides through N,N’-dioxide/Ni(Il)-

catalyzed Diels—Alder reactions. Chem. Commun. 2017, 53, 2060-2063. (c¢) Fan, W.—T.; Li, N.—

ACS Paragon Plus Environment

Page 36 of 38



Page 37 of 38

oNOYTULT D WN =

The Journal of Organic Chemistry

K.; Xu, L.; Diao, C,; Wang, X.-W. Organo-Catalyzed Asymmetric

Michael-Hemiketalization—Oxa-Pictet—Spengler Cyclization for Bridged and Spiro Heterocyclic

Skeletons: Oxocarbenium lon as a Key Intermediate. Org. Lett. 2017, 19, 6626-6629.

15. (a) Zhu, Y.; Zhou, J.; Jin, S.; Dong, H.; Guo, J.; Bai, X.; Wang, Q.; Bu, Z. Metal-free
diastereoselective construction of bridged ketal spirooxindoles via a Michael addition-inspired
sequence. Chem. Commun. 2017, 53, 11201-11204. (b) Zhu, Y.; Guo, J.; Jin, S.; Guo, J.; Bai, X.;
Wang, Q.; Bu, Z. Construction of bridged cyclic N,O-ketal spirooxindoles through a Michael

addition/N,O-ketalization sequence. Org. Biomol. Chem. 2018, 16, 1751-1759.

16. (a) Bergonzini, G.; Melchiorre, P. Dioxindole in Asymmetric Catalytic Synthesis: Routes to
Enantioenriched 3-Substituted 3-Hydroxyoxindoles and the Preparation of Maremycin A. Angew.
Chem. Int. Ed. 2012, 51, 971-974. (b) Retini, M.; Bergonzini, G.; Melchiorre, P. Dioxindole in
asymmetric catalytic synthesis: direct access to 3-substituted 3-hydroxy-2-oxindoles via 1,4-
additions to nitroalkenes. Chem. Commun. 2012, 48, 3336-3338. (c¢) Silvi, M.; Chatterjee, 1.; Liu,
Y.; Melchiorre, P. Controlling the Molecular Topology of Vinylogous Iminium Ions by Logical
Substrate Design: Highly Regio- and Stereoselective Aminocatalytic 1,6-Addition to Linear 2,4-

Dienals. Angew. Chem. Int. Ed. 2013, 52, 10780-10783.

17. For seminal works, see: (a) Marigo, M.; Wabnitz, T. C.; Fielenbach, D.; Jorgensen, K. A.
Enantioselective Organocatalyzed a Sulfenylation of Aldehydes. Angew. Chem. Int. Ed. 2005, 44,
794-797. (b) Hayashi, Y.; Gotoh, H.; Hayashi, T.; Shoji, M. Diphenylprolinol Silyl Ethers as
Efficient Organocatalysts for the Asymmetric Michael Reaction of Aldehydes and Nitroalkenes.

Angew. Chem. Int. Ed. 2005, 44, 4212-4215. for a review, see: (c) Donslund, B. S.; Johansen, T.

ACS Paragon Plus Environment



oNOYTULT D WN =

The Journal of Organic Chemistry

K.; Poulsen, P. H.; Jorgensen, K. A. The Diarylprolinol Silyl Ethers:Ten Years After. Angew.

Chem. Int. Ed. 2015, 54, 13860-13874.

18. CCDC 1843516 contains the crystallographic data for 3r.

19. a) Zu, L.; Zhang, S.; Xie, H.; Wang, W. Catalytic Asymmetric oxa-Michael-Michael Cascade
for Facile Construction of Chiral Chromans via an Aminal Intermediate. Org. Lett. 2009, 11, 1627-
1630. b) Ramachary, D. B.; Prasad, M. S.; Laxmi, S. V.; Madhavachary, R. Asymmetric synthesis
of drug-like spiro[chroman-3,3’-indolin]-2’-ones through aminal-catalysis. Org. Biomol. Chem.
2014, 12, 574-580.

20. Ackrill, T. D.; Sparkes, H. A.; Willis, C. L. Synthesis of Diarylheptanoid Scaffolds Inspired

by Calyxins I and J. Org. Lett. 2015, 17, 3884-3887.

21. Zhao, B. L.; Du, D. M. Squaramide-Catalyzed Enantioselective Cascade Approach to

Bispirooxindoles with Multiple Stereocenters. Adv. Synth. Catal. 2016, 358, 3992-3998.

22. Murar, C. E.; Thuaud, F.; Bode, J. W. KAHA ligations that form aspartyl aldehyde residues as
synthetic handles for protein modification and purification. J. Am. Chem. Soc. 2014, 136, 18140-

18148.

23. Gao, D.; Cui, C. N-Heterocyclic Carbene Organocatalysts for Dehydrogenative Coupling of

Silanes and Hydroxyl Compounds. Chem. Eur. J. 2013, 19, 11143 — 11147.

ACS Paragon Plus Environment

Page 38 of 38


https://pubs.acs.org/doi/abs/10.1021/ja511231f
https://pubs.acs.org/doi/abs/10.1021/ja511231f

