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DEFINATIONS AND ABREVIATIONS

Ac
Ac,0
AcOH
Boc
Ms

Ts

Bu
'‘BuOH
Cat.
DCM
Conc.
DMP
DMF
DMAP

DMSO
Et
HRMS
IBX
Liq.
Me
NMR

p-TSA
Ph
i-PrOH
rt

Sat.
TBAF
THF

Acetyl

Acetic anhydride

Acetic acid

Tert-Butyl oxy carbonyl
Methanesulphonyl chloride
Toluenesulphonyl chloride
Butyl

Tertiary butyl alcohol
Catalytic/catalyst
Dichloromethane
Concentrated
2,2’-Dimethoxypropane
N,N-Dimethylformamide
N,N’-Dimethylaminopyridine
Dimethyl sulfoxide

Ethyl

High Resolution Mass Spectroscopy
2-lodobenzoic acid

Liquid

Methyl

Nuclear Magnetic Resonance
Pyridine
para-Toluenesulfonic acid
Phenyl

iso-Propanol

Room Temperature

Saturated
Tetra-n-butylammonium fluoride
Tetrahydrofuran

Abbreviations used for NMR spectral informations:

q Quartet
S Singlet
t Triplet



GENERAL REMARKS

e 'H NMR spectra were recorded on AV-200 MHz, AV-400 MHz, JEOL AL-400
(400 MHz) and DRX-500 MHz spectrometer using tetramethylsilane (TMS) as an
internal standard. Chemical shifts have been expressed in ppm units downfield
from TMS.

e 3C NMR spectra were recorded on AV-50 MHz, AV-100 MHz, JEOL AL-100
(100 MHz) and DRX-125 MHz spectrometer.

e Mass spectroscopy was carried out on Pl QStar Pulsar (Hybrid Quadrupole-TOF
LC/MS/MS) and High-resolution mass spectra (HRMS) were recorded on a
Thermo Scientific Q-Exactive, Accela 1250 pump and also EI Mass spectra were
recorded on Finngan MAT-1020 spectrometer at 70 eV using a direct inlet
system.

e Infrared spectra were scanned on Shimadzu IR 470 and Perkin-Elmer 683 or 1310
spectrometers with sodium chloride optics and are measured in cm™.

e Optical rotations were measured with a JASCO DIP 370 digital polarimeter.

e All reactions are monitored by Thin Layer Chromatography (TLC) carried out on
0.25 mm E-Merck silica gel plates (60F-254) with UV light, I,, and anisaldehyde
in ethanol as developing agents.

e All reactions were carried out under nitrogen or argon atmosphere with dry,
freshly distilled solvents under anhydrous conditions unless otherwise specified.
Yields refer to chromatographically and spectroscopically homogeneous materials
unless otherwise stated.

e All evaporations were carried out under reduced pressure on Buchi rotary
evaporator below 45 °C unless otherwise specified.

e Silica gel (60-120), (100-200), and (230-400) mesh were used for column
chromatography.
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Abstract

The thesis entitled “Studies Towards the Synthesis of Cephalosporolides E/F &H
and Gold Catalyzed [1,3] O—C Rearrangement” consists of two chapters. Each
chapter comprises of the i. Introduction revealing the current status; ii. Results and
Discussion that present the objectives and their execution; iii. Experimental Section,
iv. NMR Spectra and v. References. Chapter 1 discloses the total synthesis of
Cephalosporolides E/F and the synthesis of the C2-cyclopropane derivatives of the
two possible diastereomers of the Cephalosporolide H. In Chapter 2, presented the
gold catalyzed [1,3] O—C rearrangement of the allenyl ethers and subsequent
intermolecular reactions of these allenyl ethers in the presence of alcohols and indoles
which were carried out to understand the mechanism of this rearrangement in general
and the diversity in the complexation of gold-complexes with allenyl ethers in

particular.

Chapter 1: Studies Towards the Synthesis of Cephalosporolides E/F & H

In 1985, Hanson and co-workers isolated and characterized Cephalosporolides E (1)
and F (2) containing the 1,6-dioxaspiro[4.4]nonane unit in which one of the furan
rings was fused with a y-lactone ring. The Cephalosporolides E (1) and F (2) are
epimeric at the spiro-carbon center and have a similar configuration at the other three
stereogenic centers. Subsequently, Cephalosporolides H (3) and I, Penisporolides and
Ascospiroketals, have been added to this family of natural products having a rare
spiral lactone skeleton. In the majority of this class of natural products reported, the

variations are mainly either in the side chain and/or the groups at the C2-methylene

group.

o T

HyH A 1"ve
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Cephalosporolide E (1 Cephalosporolide H ( Cephalosporolide H (4)
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HO,C H
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Cephalosporolide F (2) Me

Cephalosporollde | Cephalosporolide H (5)
(revised/comparable)

Figure 1: Structures of Cephalosporolides E, F & H& 1



Abstract

We have been interested in developing a general strategy for the synthesis of the
Cephalosporolides E/F (1/2) and other related natural products. The key retro
synthetic disconnections have been shown in Scheme 1 featuring the metal-mediated
spiroketalization of an alkynediol as the key skeletal construct. To provide flexibility,
the complete carbon framework has been disconnected into two key oxirane
fragments that can couple with ethylene unit in sequence. The glucose-diacetonide 8
has been selected as the starting chiral-pool material for the synthesis of key
oxirane fragments that mainly carry the lactone part. The functional group
manipulations at C3 of this acetonide should address the variations required at the
C2 of the key lactone portion of these natural products. Coming to the synthesis of
Cephalosporolides E/F, the GDA derived oxirane 6 and (R)-propylene oxide (7) has
been identified as the key building blocks.

alkynetetrol H
spiroketalization OH

o O—.\O
— w0 Mo OH O\g Tl +p§gwo><
H

all stereochemical
combinations are
easily accessable

O, O— .0
M 0 0.0
7 < © e
0 "0 HO g
7 6

easy to manipulate and/or
place functional groups

Scheme.1. Spirallactone natural products & a unified modular approach

The total synthesis of Cephalosporolides E/F commenced with the opening of
the known epoxide 6 with lithiated trimethylsilylacetylene in the presence of
BF;3-Et,O. The treatment of the resulting TMS alkynol 11 with NaH and benzyl
bromide in DMF gave the benzyl ether 12 resulting from the deprotection of the C-
trimethylsilyl group during the benzylation. Subsequently, the alkyne 12 and the
commercially available (2R)-propylene oxide 7 were subjected for the alkyne-epoxide
coupling to procure the alkynol 13. Alkynol 13 was converted to the alkynetetrol
intermediate 14 (73% over 2 steps) by following a sequence of acetonide hydrolysis

and subsequent reduction of the intermediate lactal with NaBH,4 (Scheme 2).
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15 [iii] Pd(OH),/C/H,, MeOH, 3 h
55% (3 steps)

(0]
(-)-Cephalospoﬁ)lide F (2)

Scheme 2: Total Synthesis of Cephalosporolides E (1)/F (2)

Our initial experiments dealing with alkynediol spiroketalization of 14 with
Pd[CH;CN]Cl, as a catalyst resulted in the isolation of desired spiroketals 15 in poor
yields. In this context, we next screened various gold complexes, among which the
AuCl(PPh;3)/AgSbF¢ combination has been found to be the best for this purpose and
the required spiro-ketals 15 were obtained in excellent yield. As the resulting epimeric
spiroketals are not separable, the mixture was subjected for the next reaction directly.
To this end, the Cephalosporolides E/F (1/2) have been synthesized from 15 by
following a sequence of reactions — i. diol cleavage with NalOy; ii. oxidation of the
intermediate aldehyde to acid under Pinnic conditions; and iii. hydrogenation over
20% Pd(OH),/C in methanol. Both the Cephalosporolides E (1) and F (2) were

separated and their spectral and physical data was in agreement with the data reported.
Towards the Synthesis of Cephalosporolide H

After having in hand a successful strategy to access the naturally occurring
Cephalosporolides E/F in hand, we intended to explore the possibility of introducing
the gem-dimethyl group by the a-alkylation of the lactone. The spirallactone 16 has
been identified as a model substrate to examine this possibility. The lactone 16 has

been synthesized from the intermediate 12 and (R)-2-heptyloxirane (R)-17 following a
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sequence of reactions that were employed for the synthesis of 1/2. The a-
methylenation of lactone 16 has been examined under various conditions and found to
be a difficult task. This failure has prompted us to revise the strategy for the
Cephalosporolide H.

W@Lf‘ w@v

Ent-5

Figure 2: Approach for Cephalosporolide H diastereomer Ent-5

As shown in Figure 2, the revised strategy for the Cephalosporolide H features
the C3-spirocyclopropane unit as a surrogate for the gem-dimethyl and has planned
the hydrogenatation of this cyclopropane unit present in 21 as the last step. The C3-
spirocyclopropanated glucose diacetonide 25 has been identified as the key starting

building block in this program.

it w«:af

Ent-5 of Cephalosporolide H
diastereomer 5

o

o]

Q
o R ™S 3
0
&)O =% | +i;),,,o

°$ 17 'b'(\

25 28

Scheme 3: Revised retrosynthetic stratagy for the
Cephalosporolide H diastereomer Ent-5

The known exo-olefin 24 has been synthesized from glucose diacetonide 8 by
following the established procedures and was cyclopropanated with diazomethane
employing PdCl, as a catalyst. The resulting C3-cyclopropanated diacetenoide 25 was
subjected for the selective 5,6-acetonide hydrolysis by using 0.8% H,SO4 in methanol
to obtain the diol 26. The selective C6—OH protection as its TBS ether 27 and C5-OH
mesylation followed by treatment with TBAF in THF gave the key epoxide 28. The
opening of 28 with lithaited TMS acetylene gave 29 which upon benzylation using
NaH and benzylbromide provided the key alkyne fragment 30.The coupling of alkyne

iv
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30 and epoxide (R)-17 has been carried out under established conditions to obtain 31
which was subjected for the same sequence of reactions that have been established in
the synthesis of Cephalosporolides E/F to obtain the penultimate C3-spirobicyclic
spiroketallactone 21. While our work was in progress, Dudley and co-workers have
reported the synthesis of four possible diasterecomers of Cephalosporolide H and
commented that the spectral data of all the four isomers was not exactly matching
with the data reported for the natural product, although two of isomers data was very
close to that of the natural products. This report has prompted us to look at the
synthesis of another diastereomer 22 which is epimeric at C9 when compared to 21.
The cyclopropanated spirallactone 22 was essentially prepared following the same
sequence that has been established in the synthesis of 20, except that (S)-2-
heptyloxirane (S)-17 has been employed as the epoxide partner in the sequential
alkyne-epoxide coupling in place of the (R)-17.

X X

(¢} o O o ©
Q i) (COCI),, DMSO Ho M
o EtsN, CH,Cl, 92% Q NMU, KOH Q 0.8% H,S04
I, _— -,/O —_— .
HO ii) PhsPCHaBr 5 PdCly, Et,0 P MeOH, 12 h
b ¢ 0 0°C, 15 min 0 rt, 91%
KO'Bu, THF o5
i, 5 h, 77% 24 ° 25 26
OH Q TBSO, OH
0 TMS-acetylene i) MsCl, Et;N, DMAP i
sn n-Bui, BFa.Et,0 % CH,Cly, 2 h, 1t Q  TBSCl Imidazole
ALALEN .
‘0 DMAP, CH,CI
/JK‘THF15h 78°C O i) TBAF, THF, 3 h, rt 3h, 1t 93%
85% O‘ﬁ 72% over 2 steps O~(\
29 28
OH o ~1o
BnBr, NaH s 5 (@]
Yy —— \“. o)
THF, 3h, rt ‘OH H
91%
21

Scheme 4: Synthesis of the C2-Cyclopropanated Spiro-lactone 21

Having the penultimate lactones 21 and 22 in hand, the stage has now been set
for the hydrogenolysis of the cyclopropane unit. Various catalysts like PtO,, Pd/C,
Pd(OH), in different solvents like MeOH, EtOH and heptane etc., have been screened
under high hydrogen-pressures and temperatures. However, in all the cases, both the
lactones 21 and 22 were found to be intact. When employing either HCI or acetic acid

as additives, the decomposition of the starting material has been observed.
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In conclusion, starting with commercially available glucose diacetonide 8, the
total synthesis of the Cephalosporolides E (1)/F (2) has been successfully completed
and also the synthesis of two of the possible C2-cyclopropanted diastereomers of

Cephalosporolide H has been accomplished.

Chapter II: Gold Catalyzed [1,3] O—C rearrangement

During the last decade, gold-complexes enabled organic synthesis with a
remarkable reactivity and the ability to catalyze diverse organic transformations. In
particular, the selective activation of allenes by gold-complexes, followed by the
subsequent inter and intramolecular nucleophilic additions and [3,3]-sigmatropic
rearrangements (such as Claisen and Cope rearrangements), has received substantial
attention. Surprisingly, the utilization of allene units and the gold catalysts in the [1,3]
O—C rearrangement have been less explored. We have been asked to look at this
possibility while dealing with the total synthesis of Propolisbenzofuran B, wherein we
proposed the intramolecular radical addition to a a-substituted acryl aldehyde. Quite
interestingly, compared to B-substituted acryl aldehydes, reports on the synthesis of
o-substituted acryl aldehydes as well as on their utilization are scarce. As shown in
Scheme 5, we reasoned that the catalytic [1,3] rearrangement of an allenyl ether
should provide the a-substituted aldehyde and [Au]-catalysts have been selected for
exploration in this regard considering their established catalytic allene activations and

also their proven efficiency in the [3,3]-Claisen rearrangement.

radical
addition

Propolisbenzofuran B

Scheme 5: Proposed synthesis of C2-substituted acryl aldehydes
via [1,3] rearrangement of allenyl ethers.

To start in this direction, the allenyl ethers 37a—37¢, having respectively the
decyl, benzyl and PMB units as R groups were selected as representative substrates
for looking at the scope and limitations inter alia to learn about how the stability of

the in-situ generated carbocation will influence the outcome of the [1,3]
Vi
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rearrangement. The exploratory experiments were carried out employing 2 mol% of
the catalyst in dichloromethane as the solvent. The combination of the Au(I)-
complexes with the additive AgSbF¢ resulted in the quantitative conversion of 37¢
within 5 minutes at 0 °C in dichloromethane and 2-(4-methoxybenzyl)acrylaldehyde
38c¢ was obtained in excellent yield. Under similar conditions, the allenyl ethers 37a
and 37b hydrolysed immediately after the addition of the catalyst. These experiments
clearly demonstrate that the active catalyst involved in the [1,3] rearrangement was
the in-situ generated cationic [Au]-complex and that the weakly coordinating counter
anion favours the rearrangement.

As the reaction with 2 mol% of the catalyst was found to be almost
instantaneous, we next examined the optimal concentration of the catalyst required at
ambient temperature and concluded that 0.05 mol% catalyst at 0 °C (5 min duration,
S/C = 2,800) was found to be optimal for C—C bond formation and gave the required
rearranged product 38¢ in 97% yield (on 1 g scale) with the highest TOF (4600 h™).

T 0.05 mol% AuCI(PPhs) R cal. values for 38¢ in mg scale
/@AO 0.15 mol% AgSbFg ‘ o s/C TOF (h-1) Yield

o ! 9072 600 90% !

MeO ///l CHC 0°C Mo | 3100 4088  89%:
37 38c,R=H, 91% 1 2800 4600 96%

Gram Scale 38d, R = Ph, 97% E '

38f, R = n-Bu, 92%

Scheme 6: Gold(I) catalyzed [1,3] O—C rearrangement
of allenyl ethers with best TOF (h™)

Table 1 reveals the scope of the current reaction. All the reactions were carried

out by employing 0.05 mol% of the catalyst concentration.
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Table 1: Gold(I) catalyzed [1,3] rearrangement of allenyl ethers.

0.05 mol% Au(PPhgz)Cl R
i 0.15 mol% AgSbFg
> Ar o
A0S CH,Cly, 0 °C /H(\
2 -5min
R R
R R MeO R
e
MeO MeO MeO Me,N
OMe OMe
38e, R=Bn, R'=H (81%) 38i, R = H, (94%) 381, R = Bn, (83%) 38n, R=H (92%)
38g, R=H, R'= OMe (91%) 38j, R = Ph, (91%) 38m, R = Ph, (87%) 380, R = Ph (95%)
38h, R = Ph, R'= OMe (94%) 38k, R = Bn, (82%) 38p, R = n-Bu (93%)
(e} (0]
Ph | |
MeO X0 Ph R Z"Ph
OMe MeO MeO
38q (74%) 38r (87%) 38s (89%) 38t,R=H, (91%)

38u, R = OMe (94%)

—0
o n-Bu
R 4
i A\
Fle \O WO m% )
= \_x X Me Bn

38i', X = NMe, R = Me (89%)
38j", X = S, R = Me (91%) 381", X = O (91%)
38h' (96%) 38k', X = NBn, n-Bu (84%) 38m’, X = S (92%) 38n' (81%)

Coming to the mechanism of the reaction, two possible modes for the
activation of allenyl ether were expected — through i) either coordination with the
oxygen; ii) or formation of an ' complex A via the o-complexation with the electron
rich olefin of the allene unit. In case of the reaction of 37¢ with Au(PPh3;)NOs, it has
been proposed by Cui and co-workers that the mechanism operates through the
formation of an n' complex (Figure 3). As a control, when allenyl ether 37¢ was
exposed to Au(PPh3)SbFg in the presence of 3 equivalents of methanol, the methyl
PMB ether 39 was obtained exclusively without any traces of the rearranged product
38c or of the allylic acetal resulting from hydroalkoxylation with methanol. This
complementary result obtained reveals that the electrophilicity of the Au[l] complex
is important and suggests the possibility of the reaction proceeding through

coordination of gold (I) to the lone pair of oxygen.
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— \\/) e r‘ [Au] —@» MeO [Au] —é Meo/‘\\
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Cui et. al.
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Krafft et. al

®
[Au]

®
Ar/\O/[Au]

N | | ar I [1,3] rearrangement
-[Au]
38
Ar/\OMe
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Figure 3: Mechanism of [Au]-catalysed [1,3] O—C rearrangement.

To provide further support to our mechanistic proposal, the vinyl ethers 42a—
42f have been prepared and subjected for the Au-catalyzed [1,3] rearrangement. The
reactivity of these vinyl ethers was similar to the corresponding allenyl ethers and
provided the 2,3-disubstituted propanaldehydes in excellent yields. As expected, the
reactions with the simple benzyl or alkyl vinyl ethers resulted mainly in hydrolysis.

Table 2 shows the generality of this reaction.

(0.05 mol%) AuCI(PPh3)

0,
e (015 mol%) AgSbFs ﬁ/%o
CH,Cly, 0°C, 5 min

42 43
MeO 0
MeO /o = Me
TS b
Me Me ©
Me Me
43a, 92% 43b, 87%, (dr 1:1) 43c, 89%, (dr 1:1)
(0]
Me Me / Me
| 0 | 0 = 20
o S
Bu
43d, 91% 43e, 93% 43f, 90%, (dr 1:1)

Table 2: Scope of [Au]-catalyzed [1,3] rearrangement reaction of vinyl ethers

In case of vinyl ethers having a substituent at the benzylic carbon, the
rearrangement provided a 1:1 mixture of diastereomeric mixtures. The lack of
diastereoselectivity in this rearrangement reveals the possibility of a tight ion-pair

intermediate during the reaction path and an early transition state that was kinetically
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favoured. To support this argument, the cross-over experiments of the allenyl ethers
and vinyl ethers different on the benzylic counterparts have been conducted. As
shown in Scheme 7, only two rearranged products have been obtained along with the
hydrolysed benzyl alcohol. These experiments clearly supported our proposed vinyl
oxygen activation in these [1,3]-rearrangements and the significance of the counter
anion SbF¢ in keeping the dissociated benzylic cation and the gold enolates tightly

bounded and in close proximity.

R (0.05 mol%) AuCI(PPhy) R

O (0.15 mol%) AgSbF, =
O/\/ . Q//\ ( ) Ag [§ No + mo
MeO CH,Cl,, 0 °C Me MeO
MeO OMe 5 min MeO OMe
429 38c 43g,R=H 38c
42h 38¢c 43h, R = Me 38c
42i 38c 43i, R ="Bu 38¢c

Scheme 7: Cross over experiments

Having successfully demonstrated the gold-catalyzed functionalization of
allenyl ethers selectively at C2 via [1,3] rearrangement, we next looked at the
possibility of its intermolecular functionalization at C3 using the indoles as external
nucleophiles. As shown in Figure 3, three products are expected depending upon the
ease of each pathway. If the gold prefers the complexation with allene over the indole,
the dissociation of the ether bond should be facile and should provide, as was
observed with the alcohols, the benzylated product 45 or the [1,3] rearranged product
38. On the other hand, if the formation of aurated indole is facile, it should provide
the C3-allylated indole 46. The formation of the same 46 is also expected by an inter
molecular addition of the indole to the aurated allene complex. However, the
instantaneous [1,3] rearrangement of allenyl ether rules out such a possibility (Figure

4).
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Figure 4: The possible path-ways for the reaction of allenyl ethers
in the presence of indole and gold-catalyst
This complementary reactivity has been examined by employing two sets of

allenyl ethers that mainly differ on the ease of the benzylic carbocation formations by
using the indole 44a as an external nucleophile. All the reactions were carried out by
employing 0.1 mol% of the catalyst solution. The results are, as expected
complementary in nature - one set of allenyl ethers gave the C3-allylated indoles 46

and the other set gave exclusively the C3-benzylated indole derivatives 45.

Q \<)\r @ Me0\©\? O

R
_—
Au(PPhs)CI (0.1 mol% H Au(PPh3)CI (0.1 mol% N
AgSbFg (0.3 mol%) AgSbFg (0.3 mol%) N
H CH,Cly, 0° C - rt 44 CH,Cly, 0° C - 1t H
15h 15h
46 45

O :

H N 45ad (R = H, 75%)
46ab (R = H, 72%) H ' 45ae (R = Bn, 74%)
46ax (R=F, 71%) " (720 \ 740 ) 45af (R = C4Hg, 76%)
46ay (R = Cl, 73%) 46aa’ (73%) 46ae’ (74%) '

46az (R = Br, 72%) : R OMe
Qi Oy
N 45a1 (76%) 5 O
OMe

Q 45ag (R = H, 84%)

F 45ah (R Ph, 82%)
O ™ o

=170

N N N NMe,
H
46af' (76%) 46ac’ (77%) 46ad’ (79%) 4san (R = H, 81%)

45a0 (R = Ph, 87%)

Scheme 8: Complementary reactivity of the allenyl ethers with indole.

Next studied was the compatibility of indoles in these reactions employing
selected allenyl ethers. The results are interesting. In case of the electron rich indoles,

the outcome of the reaction was as expected.
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OR
37

AuCI(PPhjz) (0.1 mol%)

RS le AgSbFg (0.3% mol%)
Z N

\ CH,Cly, 0° C - 1t, 1.5 h
R2
44
R
PhQ PhQ
4 /
MeO,
O Mo \
\ \ o \ \
Ve N ” N
|
Me Me
46bb (R = H, 76%)
46ba’ (73%) 46bc (R = OMe, 69%) 46bc' (78%) 46¢c' (75%)

46by (R = Cl, 71%)

R
MeO. MeQ, Q Br Q
N H

46¢b (R = H, 75%)
46cc (R = OMe, 70%) 46eb (71%) 46db (74%)
46¢h' (R = CFa, 64%)

Scheme 9: Hydroindolylation of the allenyl ethers with the substituted indoles

The reactions with the 2-methyl-5-nitro indole (44f) having an electron
withdrawing group needs a special mention. The allenyl ethers 37a’ or 37b, provided
exclusively 3-(indol-3’-yl)propanal 47f with 44f. On the other hand, the allenyl ether
37¢ gave the 3-(4-methoxybenzyl) indole derivative 45fc in 79% yield. The striking
reactivity difference of the allenyl ether 37c with indoles 44b, 44a and 44f — where
the percentage of the hydroindolylation product varied from 100% to 75% to 0%
respectively - indicates that the nucleophilicity of C3 of indole is also an important
factor in deciding the course of the reaction. To further probe in this direction, the
competitive hydroindolylation of 37¢ was examined in the presence of the equimolar
amount of indoles 44b and 44f. Interestingly, the formation of the hydroindolylation
product 46bc was exclusive and no traces of the other expected product 45fc was

noticed (Scheme 10).
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O,N 0
2 ml\ﬂe + I\O AuCI[PPh3] (0.1 mol%) Cz_f/\
N @J AgSbFg (0.3 mol%)

CHoCly, tt, 1.5 h
44f (1 eq.) 37b (1 eq.) 47f (63%
ON \y AUCIPPhs] (0.1 mol%)
N Me
N + MeO AgSbF (0.3 mol%)
CH,Cly, tt, 1.5 h
44f (1 eq.) 37¢ (1eq.) 45fc (79%)
Competion experiment ------------=====----------------------------o-ooooooooooo i
37c (1eq.)
osz ©\/\> AUCI[PPhs] (0.1 mol%) Q_f\\\
Me +
N
N \ AgSbFg (0.3 mol%)
H Me CHoCly, 1t, 1.5 h
44F (1 eq.) 44b (1eq.) 46bc (79%)

Scheme 10: Hydroindolylation with 2-methyl-5-nitroindole (44f)

This observed dependence of the reaction outcome due to the electronic
effects associated either with the nucleophile or the allene was interesting in the
context of the reaction mechanism. Two different — “inner-sphere and out-sphere
pathways” — have been proposed for the gold-catalyzed addition of nucleophiles
across the allenes. The main difference between the two pathways was whether the
nucleophile is added to the gold-allene complex or it was transferred from the
nucleophile-gold-allene complex formed from the simultaneous coordination of both
nucleophile and allene with the gold-center. In order to understand the course of the
reactions in the present cases, we examined the feasibility of 1,3 rearrangement of
allenyl ethers 37b and 37c¢ with the pre-mixed indole-gold solutions A [44b.
Au(PPh3)SbF¢)] and B [44f. Au(PPh;3)SbFs] as catalysts. As shown in Scheme 11 with
the pre-complex A, the starting allenyl ethers 37b and 37¢ were found to be intact at
rt. On the other hand, with pre-complex solution B, the allenyl ether 37b underwent
hydrolysis and the allenyl ether 37¢ gave exclusively the [1,3] rearrangement product
38¢ (Scheme 11). These results clearly indicates a strong binding between the indole
44b and gold-complex and that the resulting complex is not active enough to affect
the [1,3] rearrangement of allenyl ether 37b. Next, we examined the same reactions in
the presence of 1 eq. of corresponding indole. With complex A, when (N-Me indole)
44b was present, both allenyl ethers 37b and 37¢ gave the corresponding
hydroindolylation products. With complex B and in the presence of indole 44f, the
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starting allenyl ethers 37b and 37¢ were found to be intact at rt. However, when
heated at 40 °C, 37b gave the 3-(indol-3-yl)propanal 47f and 37¢ gave the benzylated
product 45fc.

Overall, the control experiments clearly indicate that in case of the
hydroindolylation of allenyl ethers, the reaction seems to be proceeding through an
inner sphere path cither via the formation of an aurated indole intermediate (with
electron rich N-Me indole 44b) or through a simultaneous coordination of indole (in
case of 2-Me-5-Nitroindole 44f) followed by allene with the gold(I)-center. Support
for the proposed mechanistic pathway is provided by the positive ion electron spray
mass spectra (ESI-MS) of the solution derived by mixing (N-Me indole) 44b with a
stoichiometric amount of AuCI(PPhs;) and AgSbF¢ in CH,Cl,, which showed the two
jon peaks at m/z 459 and at m/z= 721 that match with [AuPPhs;]" and
[bisindolyl- AuPPh;]" respectively. On the other hand, when 2.5 equivalents of 44b
was used, the ESI-MS of the solution (kept at rt over night) showed only one peak at
721 [See SIJ. In case of 2-Me-5-nitroindole 44f, the peak at m/z = 657 corresponding
to [monoindolyl-AuPPh3]+ was observed.

To show the applications of these products in making the simple building
blocks, the hydrolysis and the hydrogenation of some representative
hydroindolylation products have been carried out to prepare respectively either a two-

carbon homologated aldehyde or the corresponding alcohols directly.

O= HO
e
/ 2N HCl, CH,Cl, ©/\O \ PdIC, Hy 7
N N N
H 4 46 H H g

r,6h MeOH

R Me N R B
48a, R =H, 82% 48c, 81%
47a, R=H, 72% 479, 71% 47d, 70% 48b. R = Me. 83%

47b, R = Me, 75%
Table 3: Applicability of synthesized vinyl ethers

In conclusion, we have successfully demonstrated the gold(I) catalyzed f3, y-
activation of allenyl ethers via the [1,3] O—C rearrangement and via the

hydroindolylation reactions. A mechanism comprising the coordination of the vinylic

Xiv
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oxygen with the gold-center and the formation of a tight contact ion pair has been
proposed for the [1,3] rearrangement founded upon the alcohol trapping experiments.
In case of the hydroindolylation, the observed dependence of the reaction outcome on
electronic effects associated were allene and indole has led to proposal of inner- and
sphere pathway. The utility of these hydroindolylation products in selectively
preparing either 3-(3-indolyl)propanaldehydes 47 and the 3-(3-indolyl)propane

alcohols 48 has been demonstrated.
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CHAPTER I:

Studies Towards the Synthesis of Cephalosporolides
E/F & H



The molecular complexity associated with the natural products unveils
nature’s ingenuity and the diverse biological activities that these natural products
display manifest its foresight for the wellbeing of all the living organisms. Despite
that fact that few millions of natural products have been isolated and characterized,
and millions of millions have yet to be traced, nature has its own uniqueness in
grouping these huge collections broadly into a few classes such as alkaloids,
terpenoids, steroids, carbohydrates etc. These broadly categorised classes are further
subdivided by the presence of some important sub-structural units and their
integration in combination. The organization of these sub-structural units and the
nature of the substituents that they hold, and their spatial relationships vary
extensively from species to species, and also varies is the associated biological
activity. Arguably, these substructural units have inspired the synthetic chemists to
develop new methods for their assembly and the overall complexity of natural product
has inspired the design of innovative strategies for forging many such substructural

units in consonance.'

(0]
O)K/\ COH

HO (0] NS =

P o HO.C™ Y N 0": coH

B o o B OH

O o o) o)
Reveromycin A
Okaspirodiol Spirolaxine P
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Halichondrin B against 60 human cancer cell lines,
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Figure S1.1: Recently isolated spiralketal natural products



The spioketal is an interesting structural unit that has been present in the
natural products isolated from plant, microbial, fungi, insects and marine sources and
displays a wide range of biological activities.” Figure S1.1 and S1.2 saliently describe
the structures of some selected natural products having this particular core with
diverse biological activities.” Spiroketal natural products are characterized by the

presence of a cyclic ketal unit integrated in between two rings.

H H R H
o) o) (OIS o} 0O, 0}
T 0~ T~ X
(¢} o] RCl I
H H H 3

Cephalosporolide E Cephalosporolide F Cephalosporolide H
R= -(CH2)60H3
(0] OH e} OH
W W Cephalosporolide |
0 e} = -(CH)3COzH

Penisporolide A

H
H(
OH Penisporolide B

Ascospiroketal A Ascospiroketal B W\

Figure S1.2: Cephalosporolies E/F and related natural products
with unusual y-lactone fused dioxaspiro[4.4]nonane skeleton

In general 1,6-dioxa[4.4]-, [4.5]- and [5.5]- are the commonly encountered
spirocyclic ring systems (Figure S1.3) in this class of natural products.”* Unlike with
the counter bridged bicyclic ketal unit which is characterized by the rigid frame-work,
the spiroketal unit is characterized by its labile nature and on many occasions, a set of
natural products which are epimeric at the spirocenter have been isolated. The
Aculeatins®™ and Cepharosporlides E and F*™ " are some of the examples that need
a mention in this context. This labile nature is one of the serious concerns while

constructing this spirocenter in a planned total synthesis.’

1,6-dioxaspiro[4.4]nonane 1,6-dioxaspiro[4.5]decane 1,7-dioxaspiro[5.5]undecane
0 0
O o
1,6-dioxaspiro[4.6]undecane 1,7-dioxaspiro[5.6]dodecane

Figure S1.3: Nomenclature of spiroketals



Flying insects are the main sources of simple spiroketals having
unfunctionalized skeletal and unbranched alkyl side chains. In general, these
spiroketals are known for their pheromone activity and on several occasions, several
stereoisomers and structural isomers of one formula have been isolated from the same
organism. Much of the early synthesis of this class of natural products has focussed
mainly on synthesis of these simple targets and for the majority of the events; the
targets are selected to test synthetic methodology. There have been a wide range of
methods that have been reported in the context of the installation of this key spiroketal
unit.>'? One of the central approaches in the synthesis of this structural unit was the
intramolecular ketalization of a suitably positioned ketodiol and the C—H oxidative
transformations.’” Despite the fact that most of the reported methods involving this are
intriguing and novel, in the majority of the cases, the methods will vary based on how
this carbonyl unit has been handled or installed. Given the objective of total synthesis
of Cephalosporolides E/F and H, with a keen interest on extending the alkynol-
cycloisomerization for the construction of the central lactone-fused spiroketal core,
the following discussion will focus mainly on the metal-catalyzed transformations and
subsequently, discussed the salient features of the reported total synthesis of

Cephalosporolides E/F and related natural products.

Synthesis of Spiroketals via the Alkynol Cycloisomerization:

The spiroketals architecture was commonly synthesized by acid-catalyzed
cyclization of dihydroxyketones (Scheme S1.5). ® In recent times, the transition metal
mediated cycloisomerization reaction is projected as a tool to synthesize oxygen
containing heterocycles encompassing functionalized furan, pyran, benzopyran and
bicyclicketal skeletons. Various transition metals like palladium, platinum, tungsten,
ruthenium, rhodium, gold and iridium have been explored as catalysts for
cycloisomerization reactions.*'? Utimoto group has reported the first example for the
construction of a spiroketal unit through Pd-mediated alkynediol spiroketalization.'
This approach has seen little attention in total synthesis.'* Only recently, Trost and co-
workers have accomplished the total synthesis of Spirolaxine methyl ether and
Broussonetine G having this structural unit (Scheme S1.4)."* '** Our group has been
engaged in finding out the regioselectivity of the Pd-mediated alkynol
cycloisomerization and extended the information obtained to accomplish the first total

synthesis of Cephalosporolide E/F and also the synthesis of related natural products
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Chapter I

having the bridged bicyclic ketal unit." Figure S1.5 describes some of seminal

important contributions from the

other groups in this context wherein various other

metal complexes have been used for the synthesis of the spiroketal unit."®

HO
HO :
7 A [PACI,(PhCN),] (2 mol %) : steps
OH o —_—
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OMe OMe
MeO MeO
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0 OH o o
o Z .

OH
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79 %

Spirolaxine methyl ether

Figure S1.4: Key transformations involved in the total synthesis of
broussonetine G and spirolaxine methyl ether
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Figure S1.5: Metal-catalysis in the construction of the spiroketals.
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Cephalosporolides E/F and H, and related natural products:

In 1985, Hanson and co-workers isolated and characterized Cephalosporolides
E (1) and F (2) containing the 1,6-dioxaspiro[4.4]nonane unit in which one of the
furan rings was fused with a y-lactone ring along with Cephalosporolides B-D,™™
(Figure S1.6). Later, in 2004, Rakachaisirikul and co-workers isolated 1 and 2 from
the entomopathogenic fungus Cordycepsmilitaris BCC 2816.*"

H_ O H_ O O
=
O (0] OH OH

Cephalosporolide B Cephalosporolide C Cephalosporolide D
H H
o) o} o ~lo
" o} \ o}
o 6}
H H
Cephalosporolide E Cephalosporolide F
1 2

Figure S1.6: Structures of Cephalosporolides B-F.

Hanson and co-workers established the chemical structure and relative
configurations of 1 and 2 by extensive NMR studies and by the single crystal X ray
analysis of 1. The authors suggested that Cephalosporolides E (1) and F (2) might
arise from Cephalosporolide C, via a process involving hydrolysis, relactonization and
acetal formation (Scheme S1.1).*" Despite several efforts, they were not be able to

mimic this process in the laboratory.

Ho H

mOH Hs0* ?OH n \E)'
ol e ﬁ
—_—
Cephalosporollde C |||
l H H 5 H
HOG o (@] ! O » (@]
H O —_— / o \ (@]
2 4 0 ' (@)
OH O™ Yo H ' H
1 2

Scheme S1.1: Hanson’s proposal of Cephalosporolides E and F from
Cephalosporolide C.

In 2004, Oltra and co-workers isolated Bassianolone from the entomoparastic

fungus Beauveria bassiana.'” Among the products extracted from this fungus, in the



broth culture of a low-nitrogen medium, they unexpectedly found Cephalosporolides
E (1) and F (2). When they passed Bassianolone through a pad of silica gel, they
obtained a mixture of spiroketals 1 and 2. In contrast with Hanson’s proposal, Oltra
stated that the Bassianolone is the true chemical parent of Cephalosporolides E (1)

and F (2), which are possibly simple artifacts formed during the isolation process
(Scheme S1.2).>™™17

OH
S
0™ g ", (E)H O

Bassianolone

Scheme S1.2: Silica-gel promoted cyclization of spiroketalization of Bassianolone.

In 2007, Gabriele and co-workers isolated Ascospiroketals A and B from the
marine derived fungus Ascochtasalicorniae.’™® The tricyclic core present in the
Ascospiroketals A and B bears some resemblance to Cephalosporolides E (1) and F

(2) (Figure S1.7).>™"

(0] OH
o
Y (0] OH
/s H H
., 0O, o 2o o o
T o= S
(6] H : H :
Ascospiroketal A (+)-Cephalosporolide H Penisporolide A

O\rm/oH

mit Wif M@m

Ascospiroketal B (+)-Cephalosporolide | Penisporolide B

Figure S1.7: Structures of recently isolated Ascospiroketals A/B,
Cephalosporolides H/I and Penisporolides A/B
Very recently, Xiang Li and co-workers have isolated the four spirolactone
natural products, Cephalosporolides H, I and Penisporolides A, B from the marine-

derived fungus Penicilliumsp. which bear the same tricyclic structural core of



Cephalosporolides E (1) and F (2) (Figure S1.7).°°P The structures of these
spirolactone compounds were elucidated on the basis of their HRESI-MS, 'H- and
BC-NMR, together with 2D-NMR spectroscopic analyses. Their relative stereo
chemistries were mainly accessed by NOESY analysis.”™ P The isolation of several
natural products having this unprecedented tricyclic core confirmed that the
Cephalosporolides E and F are of natural origin. Quite interestingly, despite being
isolated about two decades back, the absolute configurations of Cephalosporolides E
and F and of all the other related natural products have not yet been established and in
some cases, even the relative configurations have been not fully assigned.*™™!
Despite this, no synthetic efforts have been documented until we reported the first
total synthesis of 1 and 2 and fixed their absolute conﬁguration.15f In the following
sections, a detailed summary of the reported total syntheses of Cephalosporolides E/F
and H, and of the recent total synthesis of Peninsporolides A and B will be

presented.*
1.2: Reported Syntheses of Cephalosporilides E/F:
Ramana’s Approach (2009):

After the two decades of their isolation, the first total synthesis of the
Cephalosporolides E and F was documented in 2009 by our group. The Pd-mediated
alkynol cycloisomerization’ has been employed as the key reaction for the central
tricyclic core construction. The total synthesis of Cephalosporolides E (1) and F (2)
was then accomplished establishing the absolute configuration of 1 and 2 as
(35,4S5,6S,9R) and (3S,4S,6R,9R) respectively. The reported total synthesis is

divergent in nature and employed chiral pool starting materials."*"

The easily available glucose diacetonide S3.1 has been transformed to the
alkyne S3.3 following the established procedures and then subjected for the alkylation
with the iodo derivative S3.12 (prepared from L-maleic acid) using n-BuLi and THF-
HMPA as a solvent to synthesize the TBS protected alkynediol S3.4. The deprotection
of the TBS groups and key Pd-catalyzed cycloisomerization of the resulting
alkynediol S3.4 gave the spiroketals S3.6 in a 1:1 epimeric mixture. Proceeding with a
sequence of reactions i) 1,2-acetonide hydrolysis, ii) oxidation of the subsequent
lactol to lactone and iii) finally, the deoxygenation of the C2 hydroxy group, the

obtained spiroketal mixture, S3.6 was converted to the natural products 1 and 2. The
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relative configuration of the synthetic Cephalosporolide F has been established with
the help of single crystal X-ray structural analysis and finally, with the help of the
optical rotation of the synthetic ent-1 and ent-2, the absolute configuration of these

natural products has been proposed.'
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Reagents and conditions: a) TBSCI, Imidazole, CH,Cl,, rt, 6 h, 92%; b) "BuLi, HMPA,
THEF, -40 °C, 1 h, 68%; ¢) TBAF, THF, rt, 2 h, 89%; d) PA[CH3CN],Cl,, CH3CN, rt, 4 h,
62%; e) 40% AcOH, 80 °C, 4 h, 65%; f) Ag,COs/Celite, toluene, reflux, 3 h, 77%; g)
PhOC(S)CI, DMAP, CH;CN, rt, 1 h; h) BusSnH, AIBN, toluene, reflux, 3h, 85-88% over
two steps; i) p-TsCl, Et;N, CH,Cl,, -20 °C, 3 h, rt, 36 h, 72%; ii) TBSCI, Imidazole,
CH,Cl,, t, 8 h, 91%; iii) Nal, Acetone, reflux, 3 h, 87%.

Scheme S1.3: Total synthesis of Ent-Cephalosporolides E and F
Fernandes’s Approach (2010):
In 2010, Fernandes and co-workers documented the first total synthesis of

naturally occurring Cephalosporolides E (1) and F (2)."® The adopted approach is

linear in nature and employed (R)-methyl lactate as the starting point.
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Reagents and conditions; (a) Grubbs II, S4.H (CH,=CHCH,CO,Et) (5.0 equiv), CH,Cl,,
reflux, 12 h, 82%; (b) IBX (1.6 equiv), EtOAc, reflux, 6 h, 89%; (c) (CH,OH), (30.0 equiv),
PTSA (cat.), CsHs, reflux, 14h, 77%; (d) K;3Fe(CN)s, K,CO;, MeSO,NH,, (DHQ),PHAL,
K,0s0,4-2H,0, 'BuOH+H,0 (1:1), 0 °C, 24 h, 70%; (¢) Bu,NF (1.5equiv), THF, r.t., 2 h, 70%;
() 2 N HCL MeOH, r.t., 8 h or pTSA (cat.), MeOH, r.t., 8 h; (g0 CAN (2.5 equiv),
MeCN+H,0 (1:1), 70 °C, 5 min, 1 (59%), 2 (33%).

Scheme S1.4: Total Synthesis of Cephalosporolides E (1) and F (2)

The total synthesis started with the synthesis of the intermediate S4.2 from
(R)-methyl lactate followed by its cross metathesis with methyl but-3-enoate to obtain
the homoallyl alcohol S4.3. The free —OH in S4.3 was subjected for the IBX mediated
oxidation to afford the keto compound S4.4 which was subsequently protected as the
acetal S4.5. The asymmetric dihydroxylation of S4.5 gave the required hydroxyl
lactone S4.6 as a single diastereomer in excellent yield. The deprotection of both the
protecting groups in S4.8 provided the Basino lactone S4.8 which was finally
converted into a mixture of naturally occurring Cephalosporolides E (1) and F (2) by

CAN mediated spiroketalization."®
Brimble’s Synthesis of Cephalosporolides E/F (2011):

In 2011, Brimble and co-workers reported a short convergent synthesis of the
Cephalosporolides E (1) and F (2) featuring a Mukaiyama aldol reaction as the key
skeletal construct.'” The key spiroketal precursor S5.4 was synthesized from the TMS
enol S5.2 and the aldehyde S5.3 by using the chelation-controlled Mukaiyama aldol
reaction to achieve the required Syn-stereochemistry. The debenzylation of the
resulting S5.4 under high pressure hydrogenation conditions gave a 1:1 inseparable
mixture of spiroketals S5.5a and S5.5b which upon exposure to the acid catalyzed
lactonization afforded the Cephalosporolides E/F (1/2) in a 3:2 ratio."

(e} OTMS o QH
Me\/\)LMe a MeMCH b MeVMOMe
: z 2 : z
OBn OBn se.3 OBn OBn O
S§5.1 S§5.2 S5.4 ‘
[of

H H 3
Me,,. fe) fo) Me/,' 0 le) Me/:. o) OH
B d “,
[0 I = K
¢ ¢} H )—OMe
H H 4
S5.5



Reagents and conditions; a) TMSOT, Et;N, CH,Cl,, 30 min, 0 °C; b) aldehyde
18, CH,Cl,, MgBr,.Et,0, 2 h, 78 °C-0 °C , 30%; ¢) Pd/C, H,, MeOH, 60 psi, 12 h;
d) Amberlyst-15, CH,Cl,, rt, 12 h, 86% (two steps), 1, 2 (3:2).

Scheme S1.5: Brimble’s synthesis of Cephalosporolides E (1) and F (2)

Britton’s approach (2012):

The next total synthesis of Cephalosporolides E/F has been documented in
2012, by Britton and co-workers.”” A silver(I)-promoted intramolecular hemiacetal
alkylation of readily available keto-chlorodiols resulting in the spiroketals ring
systems has been developed as the key transformation in the endeavour. As depicted
in Scheme S1.6, the synthesis of 1 and 2 was initiated with the enantioselective R-
chlorination of commercially available 4-pentenal S6.1 to afford the chloroaldehyde
S6.2 in good yield. The required methyl ketone S6.5 was prepared following a
standard sequence of reactions involving the copper-mediated addition of 2-
methylallylmagnesium chloride S6.3 to (R)-propylene oxide, followed by direct
treatment with chlorotrimethylsilane and the subsequent oxidative cleavage of olefin
unit. A lithium aldol reaction between the methyl ketone S6.5 and R-chloroaldehyde
S6.2 gave the keto-chlorohydrin S6.6 in good yield with excellent diastereoselectivity
(dr>13:1). Removal of the TMS protecting followed by Ag'-promoted alkylative
spiroacetalization provided S6.7. Finally, the pendant alkene was cleaved under

oxidative conditions to provide cephalosporolides E (1) and F(2).%°

‘ ! / o
; $7.a (20 mol%), Cu(TFA), ! >/ “, N ¥
L0 LiCl, Na,S,05 o HNr ol
! HW 0 H)H/V ' TFA.
1 H,0, CH3CN, 71% Cl ! ¥
1 $6.1 S6.2 | S6.a v
0 O OH
CIMg\)L 2, \/\)L LA o~ =
OTMS STMS $62 OR o |
$6.3 s6.4 $6.5 6.6
H
H o OH Ag
o + - 0~ e
0 0 ° H S
H H $6.7

Reagents and conditions; a) [i] Cul (10 mol%), R-Propylene oxide (S7.b), THF, -15
°C; [ii] Me;SiCl, Et3N, THF, 0 °C-rt, 86%; b) [i] O3, CH,Cl,, -78 °C; [ii] PPhs, -78
°C-rt, 76%; ¢) LDA, THF, -78 °C, aldehyde S7.2; d) AgOTf, Ag,O, sonication,
acetone, 0-40 °C, 75%; e) K,0s0,.2H,0, Oxone, DMF, 69%.

Scheme S1.6: Britton’s synthesis of Cephalosporolides E (1) and F (2)
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Dudley’s Total Synthesis of Cephalosporolide E (2012):

The synthesis of Cephalosporolide E started with the known alcohol S7.2,
which was prepared from the commercially available diester S7.1 (Scheme S1.7). The
PMB protection of alcohol S7.2 followed by Sharpless dihydroxylation afforded diol
S7.4. The DDQ oxidation of the PMB ether produced 1,3-dioxane S7.5. Protecting
group manipulation led to the formation of primary alcohol S7.7, which was
converted into the homopropargyl silyl ether S7.9 over two steps. The coupling of the
propargyl silyl ether S7.9 with the (R)-propylene oxide S7.a produced the alkynol
S7.10 (Scheme S1.8). The gold(I)-catalyzedspiroketalization of alkynol S7.10 in
MeOH proceeded smoothly along with concomitant cleavage of the PMP acetal and
partial cleavage of the TBS ether. After completion of the desilylation with TBAF, a
mixture of [5,5]-spiroketals S7.11 was obtained in 71% overall yield. The treatment
of the epiemeric spiroketals mixture S7.11la with ZnCl, led to the complete
conversion into one single diastereomer which, upon oxidation with TEMPO, gave

exclusively the Cephalosporolide E in 43% yield over 2 steps.'¥

o
H3CO HO _~. A~ a PMBO._ ~_A~_"
3 j(\/\)kocH3 - 7 oTBS — 7 OTBS

b
© S7.1 S7.2 S7.3

OTBS OTBS OH

OH
f,g PMP 577 PMP 576 PMP  g75 S7.4

OTBS

OH
° ¢y omes e
K\‘/K/\OH e (ﬁ/K/\OTBS 4 OTBS _°  pmBo
0__0 o\‘/o

OTBS

OTBS n- C7H15
OYO M ‘[/if

CH3
PMP AW PMP
S7.9 O s7.a S7.10 s7.11

Reagents and conditions; a) PMBCI, NaH, DMF, TBAI, 12 h, reflux, 82%; b) AD-mix o,
CH;SO,NH,, 'BuOH/H,0, 3.5 d, 0 °C, 73%; ¢) DDQ, MS, CH,Cl,, 63%; d) TBSCI, Imd,
DMF, 24 h; e) HF/Py, CH,Cl,, 12 h, 0 °C-rt, 99%; f) DMP, NaHCOs, 1h, 0 °C to 1t; g)
MeOH, K,COs;, CH;C(O)C(N,)P(O)(OCHj;),; h) "BuLi, BF;.Et,0, -78 °C-0 °C, 96%; i) [i]
AuCl, MeOH, rt, 43%; [ii] TBAF, THF, 71%; j) [i] ZnCl,, MgO, CH,Cl,, rt, 12 h; [ii]
TEMPO, PhI(OAC),, CH,Cl,, rt, 12h, 43% over 2 steps.

Scheme S1.7: Total synthesis of Cephalosporolides E (1) by Dudley’s group

11



1.3: Reported Syntheses of Cephalosporolide H:
Dudley’s Approach (2010):

In fact, Dudley’s group reported first the total synthesis of the putative
structure of Cephalosporolide H prior to their Cephalosporolide E synthesis.'* The
synthesis of epimeric spiroketals of Cephalosporolide H was started from the alcohol
S8.1 by i) Swern oxidation, ii) propynyl Grignard, iii) re-oxidation and 1iv)
asymmetric reduction to obtain the alkynol S8.2. The alkynol S8.2 was subjected for
the acetylene zipper reaction and the free —OH group was protected as its TBS ether
to obtain S8.3. In the later stage, the alkyne S8.3 was coupled with the (R)-1,2-
epoxynonane S8.4 to synthesize the key alkynediol S8.5. The gold(I) chloride induced
cycloisomerization of the alkynediol S8.5 gave a 1:1 epimeric mixture of spiroketals
which upon treatment with zinc chloride delivered the spiroketal S8.6 as a single
diastereomer in 86% yield. Finally, the TEMPO mediated oxidative lactonizationof
the spiroketal diol S8.6 afforded S8.7 having the proposed Cephalosporolide H
structure. However, the spectral data of synthetic S8.7 has deviated substantially from
the data reported for the natural product. In this context, S8.7a, the spiroepimer of
S8.7, has been synthesized from the same alkynediol S5.5 by employing the Pd-
mediated cycloisomerization followed by desilylation and oxidative lactonization. It
has been seen that the spectral data of S8.7a, was comparable with that of the natural
Cephalosporolide H. However, the magnitude of the rotation observed is not exactly
matched. With the aid of the observed spectral data deviations noticed in the
epiemeric diastereomers and also of Cephalosporolides E/H, Dudley and co-workers
have suggested that the spiroketal stereochemistry of Cephalosporolide I and also of

the Penisporolides was wrongly assigned.'*

12



Introduction
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Reagents and conditions; a) [i] DMSO, (COCl),, E;N, -78 °C; [ii] CH;CCMgBr, THF,
83% over two steps; [iii] DMSO, (COCl),, Et;N, -78 °C; [iv] (S)-CBS, BH;.SMe,,
76% over two steps; b) [i] NH,(CH,);NH,, KH, 0 °C, 92%; [ii] TBSCI, Imidiazole,
DMTF, 93%; c) "BuLi, BF;.Et,0, -78 °C-0 °C, 91%; d) [i] 0.4 equiv. AuCl, MeOH, rt,
80%; [ii] ZnCl,, MgO, CH,Cl,, 1t, 86%; ¢) TEMPO, PhI(OAC),, CH,Cl,, 15h, rt, 81%;
f) PA(CH;CN)Cl,, CH3CN, rt, 42%; g) TBAF, THF, 73%; h) TEMPO, PhI(OAC),,
CH,Cl,, 6 h, 1t, 68%.

Scheme S1.8: Total synthesis of Cephalosporolide H (3)
Fernandes’s approach (2013):

of both
that had been reported by Dudley. The

In 2013, Fernandes reported the total synthesis

group
Cephalosporolide H and its spiroepimer®’
synthetic journey started with the preparation of the homoallylalcohol S9.2 following
a sequence that has been used in their earlier synthesis of Cephalosporolide E/F. The
cross metathesis of S9.2 with ethyl 2,2-dimethylbut-3-enoate S9.3 was catalyzed by
Grubbs second generation (G-II) catalyst to provide the ,y-unsaturated ester S9.4 in
approximately a 7:1 ratio (E/Z) in 75% yield. The homoallylalcohol S9.4 was
oxidized with IBX and ketalization procured the intermediate S9.5. Subsequent
asymmetric dihydroxylation of S9.5 cleanly afforded the y-lactone S9.6 as a single
diastereomer. The lactone S9.6 was subjected for the a-gem dimethylation with LDA
and HMPA with the Mel as the alkylating agent at -78 °C to afford the spiroketal
precursor S9.7. Treatment of S9.7 with aq. 4N HCI resulted in deprotection of the
TBDMS and ketal groups with concomitant trans-ketalization, which afforded the
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spiroketal diastereomers of cephalosporolide H, 3 and 3a, in 54 % and 34 % isolated

yield respectively.'

OTBDMS OTBDMS OTBDMS
C6H13q CgH13 a CgHys = bCeH13 =
O e > >
OH CO,Me O\ /O COyMe
s94 FEIZ=TA $9.5
OTBDMS OH OTBDMS OH
s = Cc
7 d CeHiz 7
o~ "o : D — o "o :
/s O ./ O
o) o)
$9.7 $9.6

Reagents and conditions: (a) Grubbs II (0.2 mol%), S9.3 (5.0 equiv), CH,Cl,, reflux, 48 h,
75%; (b) [i] IBX (1.6 equiv), EtOAc, reflux, 6 h, 95%; [ii] (CH,OH),, PTSA, C¢Hg, reflux, 48
h, 78%; (c) KsFe(CN),, K,CO3;, MeSO,NH,, (DHQD),PHAL, K,0s0,-2H,0, 'BuOH+H,0
(1:1),0°C, 12 h, 1t, 6 h, 75%; d) LDA, THF, -78 °C, 1 h, Mel, HMPA, -78 °C, 2 h, 75%; ¢) aq.
HCI, (4N), MeOH, 0 °C-1t, 2h.

Scheme S1.9: Total synthesis of Cephalosporolide H (3) and its spiroepimer 3a
Brimble’s approach (2014):

While our work was in progress, Brimble’s group reported the synthesis of
four possible stereoisomers of the spiroacetal core of the natural products
Cephalosporolides H/I and penisporolides A/B.** It started with the cross metathesis
of the advanced intermediate S10.1 with the olefin S10.2 (as depicted in the scheme
S1.10) which afforded the spiroketal precursor S10.3. This species when subjected for
the Sharpless asymmetric dihydroxylation using the AD-mix [ afforded lactones
S10.4a {[a]p’’+12.1 (¢ 1.0, CHCl;)} and S10.4b {[a]p™ +7.0 (c 0.3, CHCls)} as a
separable 1:1 mixture of diastereomers and the newly formed lactones exhibited the
cis stereochemistry between C3 and C4 as desired for Cephalosporolides H and I and
differed only in the stereochemistry at C6. On the other hand, the AD-mix o furnished
a 1:1 separable mixture of lactones S10.6a ([a]p?*-35.7 (¢ 1.0, CHCI3)) and S10.6b
([a]p"-18.0 (c 0.3, CHCI3)) (Scheme S1.10). The lactones delivered in the reaction
possess have the desired stereochemistry at C3 and C4 for penisporolides A and B.
Finally, the lactones S10.4a and S10.4bwere subjected for the radical cyclization
reaction individually with idosobenzene diacetate and iodine gave a 1:1 separable

mixture of diastereomers S10.5a and S10.5b, which were obtained with S10.4a On
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the other hand, S10.4b also furnished the same set of diastereomers S10.5a and
S10.5b, with the lactones S10.6a and S10.6b radical cyclization afforded the 1:1
mixture of spiroacetal $10.7a and $10.7b in both the cases.*

(0]
BnO o, ,= I § . o = b
+ E—— OBn
3 OBn BnO
$10.1 $10.2 $10.3
c

'BnO

.....................................................

........................................................

Reagents and conditions: a) Grubb's II, toluene, cy,BCl, 90 °C, microwave, 9 h, 22%; b)
(DHQD),PHAL, methanesulfonamide, K,COs, KsFe(CN)g, OsO4, 'BuOH, H,0, 1t, 15 h, 73%; c)
(DHQ),PHAL, methanesulfonamide, K,CO;, K;Fe(CN)g, OsOy, 'BuOH, H,0, rt, 15 h, 76%,
16a:16b (1:1); d, e) PhI(OAc),, I, CH,Cl,, hexane, 75 W, 1 h, 51%.

Scheme S1.10: Total synthesis of spiroketal diastereomers of Cephalosporolide H
Britton’s approach for the total synthesis of Ascospiroketal A (2014):

More recently, Britton’s group has reported the total synthesis of four candidates of
the Ascospiroketal A by using their Ag' mediated cascade cyclization for the
construction of the spiroketal architecture.”> From the advanced intermediated S11.1,
they have successfully achieved the 1:1 epimeric mixture of spiroketals S11.2/511.3
in 82% yield. To improve the overall yield the undesired epimer S11.2 was
transformed into the mixture of spiroketals S11.3 by using the well established
Dudley conditions. The two step oxidation procedure from the S11.3 gave the
corresponding acid S11.4 without any epimerization of the spiroketalcenter.
Following the TMS to iodine exchange S11.5, subsequent Sonogashira coupling with
the iodo compound S11.5 and with the alkyne S11.a and the selective hydrogenation
with the Lindlar catalyst provided the Ascospiroketal A. The remaining possible
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candidates were synthesized by the repetition of the final two step sequence with the

required stereochemical side chains ent-S11.a and S11.b, ent-S11.b.*

o ] OH;\ T'V'SW OH—\V

—_— = “. W\
Hmap\gx

T™MS. _~

Reagents and conditions: a) Ag,0, AgBF,, THF, 20 °C to 50 °C, 82% (S11.2/S11.3 = 1:1);
b) ZnCl12, MgO, CH,Cl,, 6.5 h, S11.2/S11.3 (2:1); ¢) DMP, NaHCO;, CH,Cl,, 1 h, 79%; d)
NaClO,, NaH,PO,.H,0, 2-methyl-2-butene, H,O:'BuOH, 45 min, 87%; e) NIS, HFIP, 0
°C, 30 min, 67%; f) S11.a, PdCIy(PPhs),, Cul, DIPA, THF, 14 h; g) H, (balloon), Lindlar
catalyst, quinoline, EtOH, 46% over two steps.

Scheme S1.11: Total synthesis of four possible candidates of Ascospiroketal A

From the above comprehensive survey, it is evident that intense interest in the
synthesis of Cephalosporolide E and related spiral lactones has been aroused only in
the last 5 years. This was primarily due to the unusual tricyclic spiral lactone structure
that they display, and their relative/absolute configurations that have not adequately
addressed. In addition, the structures of these Cephalosporolides E, F & H and related
natural products have subtle changes on the central tricyclic core, and vary mainly on
the pendant group of the spiroketal unit and the relative stereochemistry of the furano-
lactone. This intermediate structural complexity associated with these natural products
has also spurred some of these groups to develop/apply new synthetic methodologies.
Indeed, we have come across with the Cephalosporolides E/F while looking at the

appropriate targets wherein we can apply the information that we generated on the
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regioselectivity of the Pd-mediated alkynol cycloisomerization.”” A simple literature
search in 2006 led to the identification of a good number of potential targets of the
same kind and lead to the understanding that the stereochemical information of all
these natural products is incomplete. As a first step, the synthesis of enantiomers of

15f
In

Cephalosporolides E/F has been executed with easily accessible building blocks.
continuation, we have been interested in developing a general strategy for the
synthesis of the cephalosporolides E/F and other related natural products. The

details of our investigations in this context will be discussed in the next chapter.
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Cephalosporolides E and F are the first members of this special class of

3m. 30 The Cephalosporolides

natural products possessing a rare spirallactone skeleton.
H/I’® have been included next into this family, they also possess a similar
spirallactone skeleton with variations mainly either in the side chain, with a gem-
dimethyl groups at the C2-methylene center. The Cephalosporolides E and F are
epimeric at the spiro-carbon center and have a similar configuration at the other three
stereogenic centers (Figure 1).™ " When it comes to the Cephalosporolides H and
I, a close examination of the proposed structures reveals that the relative
stereochemistry of the fused bicyclic system is similar to that of Cephalosporolide F.
However, when our work was in progress, it has been revised to the relative
configuration of Cephalosporolide E by Dudley and co-workers by synthesizing all

. . 141, 14j
the 4 possible diastereomers. "

Me \(\/l;/E V\Ew

HyH
Me
Cephalosporolide E ( Cephalosporolide H (3 Cephalosporolide H (4)
proposed) (revised/comparable)
O
Cephalosporolide F (2 Me

Cephalosporohde | Cephalosporolide H (5)
(revised/comparable)

Figure 1: Structures of Cephalosporolides E, F & H& 1

Retrosynthetic Plan:

In this context, our major interest was in developing a general strategy for the
synthesis of the Cephalosporolides E/F (1/2), H (3) and other related natural products.
The key retro synthetic disconnections are illustrated in Scheme 1. The key step is the

116 of an alkynetetrol to construct the spiroketal

metal-mediated spiroketalization
core, and then the complete carbon framework is disconnected into two key oxirane
fragments. The coupling of these two oxirane fragments by an ethylene unit is
planned by employing the sequential epoxide-alkyne coupling reactions as another set
of key reactions. The easily accessible glucose-diacetonide 8 has been identified as
a common starting point for any of the oxiranes that carry the fused lactone unit.

The functional group manipulations at C3 of this acetonide should address the

variations required at the C2 of these natural products. On the other hand, the other
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terminal epoxide required for either Cephalosporolides E/F or H are already reported
in the literature. One of the key issues in this proposal was the cycloisomerization of
the alkynetetrol where there exist several possibilities for cycloisomerization and also
presumably several difficulties too. In order to address these concerns, the synthesis
of Cephalosporolides E/F has been selected as the model synthesis and the oxirane 6

and propylene oxide 7 have been identified as the two key building blocks.

alkynetetrol H HO
spiroketalization

—

all stereochemical
combinations are
easily accessable

O, O0— .0
Me o 0.0 <
N7 | o "0
0] 'O HO g
7 6 easy to manipulate and/or

place functional groups

Scheme.1: Spirallactone natural products & a unified modular approach

Synthesis of Alkynetetrol 14:

The total synthesis commenced with the synthesis of the oxirane 6>* from the
chiral pool starting precursor glucose diacetonide 8. Following the established
sequence of xanthate ester formation with CSy/NaH and subsequent Barton-
McCombie deoxygenation, the C3-OH has been reduced to get the diacetonide 9.
Selective hydrolysis of terminal acetonide in compound 9 and subsequent C6—OH
silylation by using TBSCI and DMAP in dichloromethane gave the known mono
silylated ether compound 10. Then, the C5-hydroxyl group in 10 was subjected for the
mesylation with MsCl and Et;N, with dichloromethane as solvent and the obtained
crude mesylate was immediately treated with tetrabutyl ammonium fluoride in THF
for 3 h, which delivered the required C5-inverted sugar oxirane 6 in 77% yield over
two steps. The C5-inverted epoxide 6 was fully characterized by spectral and
analytical data. In the '"H NMR spectrum of compound 6, the methylene unit adjacent
to the oxygen in the epoxide appeared at upfield as two separate multiplets at & 2.75-
2.80 ppm and 9 2.97-3.03 ppm and the anomeric proton showed a doublet at 6 5.77
ppm with a vicinal coupling (J = 5.8 Hz). The C2—H appeared at o 4.71 as a triplet,

whereas the two protons attached to the C3 appeared separately: one at & 1.80 as a
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doublet with coupling constant J = 8.1 Hz and the other as a doublet of doublet at 6
2.12 ppm with the coupling constant J = 4.7, 13.4 Hz. C4-H appeared at  4.13 as a
doublet of triplet with the coupling constant J = 4.6 Hz. In the °C NMR spectrum of
compound 6, the carbons of the epoxide ring appeared up field [as triplet and doublet
at 0 44.3 and 52.2 ppm] and the C2, C4 and C3 carbons were seen to resonate at o
80.2, 76.9 as doublets and at 835.5 ppm as triplets respectively. The compound was
further supported by the ESI-MS (100% abundance of the peak was found at
209.0784).

b

H
o} TBSO.
(o]
"I > "/O

HO '~, ’/O/%

0
- fo) TBAF THF MsCI, DMAP
"'o Et3N CH C|2

7% 2 steps)

Scheme 2: Synthesis of epoxide fragment 6

After having the key epoxide 6 in hand, we next proceeded for the sequential
epoxide-alkyne couplings. Initially, compound 6 was subjected for the opening with
lithiated trimethylsilylacetylene in the presence of BF;-Et,O at -78 °C for 1 h to
obtain the TMS-alkynol 11 as the single product in 72% yield. In the 'H NMR
spectrum of compound 11, the presence of a CH; triplet at 5 0.13 ppm with a coupling
constant J = 3.5 Hz and the quartet at 8 0.0 ppm in °C NMR spectrum indicated the
epoxide 6 opening and confirmed the product 11 formation. The treatment of the
resulting TMS alkynol 11 with 3 equiv. of NaH and benzyl bromide in DMF gave the
benzyl ether 12 resulting from the deprotection of the C-trimethylsilyl group during
the benzylation.

The structure of the alkyne 12 was established with the help of NMR spectral
data analysis. For example, in the "H NMR spectrum of compound 12, the acetylenic
proton appeared as a triplet at & 2.0 ppm with the coupling constant J = 2.7 Hz and the
newly introduced propargylic protons resonated as doublet of doublet at 5 2.53 ppm
with the coupling constant J= 2.7 Hz. The corresponding carbons appeared at ¢ 70.2,
21.9 ppm as doublet and triplet respectively in the'>C spectrum. The acetylenic C—H
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stretching frequency appeared at 3308 cm™' and the C=C stretching frequency at 2121
cm ' in the IR spectrum of compound 12. The constitution of compound 12 was
further confirmed by its ESI-Mass [100% abundance] peak at 209.0784 [M+Na] in

high resolution mass spectroscopy.

With the completely characterized Bn-alkyne 12, we then moved for the next
coupling with the commercially available (2R)-propylene oxide 7 under the
established conditions employing n-BuLi and BF3.Et,O at -78° C that delivered the
alkynol 13 in 87% yield. In the "H NMR spectrum of compound 13, the characteristic
alkyne-H triplet at 5 2.0 ppm was seen to disappear. A new doublet at 5 1.21 ppm
integrating for 3H with the coupling constant J = 7.2 Hz was seen to appear. Next, the
alkynol 13, was subjected for acetonide hydrolysis in 60% acetic acid at reflux and
the resulting intermediate lactal was directly treated with NaBH,4 to obtain the key
alkynetetrol intermediate 14 in 73% over 2 steps. The disappearance of the two
methyl singlets at & 1.30, 1.48 ppm in the'H NMR spectrum and the missing quartets
at § 26.2, 26.7 ppm and a singlet at  111.1 ppm in the ?C NMR spectrum implies the
hydrolysis of 1,2-acetonide, and further, the absence of the anomeric proton peak at &
5.90 ppm in the '"H NMR spectrum and the disappearance of the corresponding
characteristic doublet at 3 112 ppm in the B3C NMR spectrum evidenced the lactal

cleavage and confirmed the formation of alkynetetrol 14.

OH

Q o QBn
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Rio) . T™MS | BULi BF, E4,O | o BnBr, NaH g
"lo \ ", EEE——
"’o/&‘ L o\ TR 370w "o/%
™S 11 12
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N
OH y ~OBn OH i) 60% ACOH, reflux, 6h BuLi, BF3.Et20 Me\d
-
Me HO" o °

“OH  ii)NaBH4, MeOH,3h  gpo THF, 1h,87% 7

0]
73% over 2 steps [ )T
14 13 (o)

Scheme 3: Synthesis of alkynetetrol 14
Total Synthesis of Cephalosporolide E (1) and F (2):

Having synthesized the key spiroketal precursor alkynetetrol 14, our next
target was its metal-catalyzed alkynediol spiroketalization. Our initial experiments

using PA[CH3CN],Cl; as a catalyst met with poor yields of the desired spiroketals 15
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and also led to the formation of various unidentifiable products. Later, the alkynetetrol
14 was exposed to some of the other Pd complexes'® but often the reactions were
either sluggish or gave the products in poor yields. As the Pd-complexes are found to
be not compatible for the cyclization of 14, we switched to the gold-complexes. Table
1 presents the details of various gold complexes screened for the spiroketalization of
14. Among the various gold-complexes, the AuCI(PPhs)/AgSbFs combination has
been found to be the best for this purpose and the required spiroketals 15 were
obtained in 85% yield as the 5:1 diastereomeric mixture. The characteristic singlet at
8 113.9 ppm in the "C spectrum indicates the formation of the spiralketal core. The
metylene groups adjacent to the spiralketal center appeared as triplets: one at 632.8
ppm upfield and the other at & 41.3 ppm downfield in the *C NMR spectrum. The
peaks corresponding to the alkyne quaternary carbons were found missing in the °C
spectrum after the spiroketalization. The synthesized spiroketal was further confirmed

by ESI-MS 100% (abundance) at 345.1670.

Table 1: Optimization for the appropriate catalyst

S.No Catalyst temperature time Yield
1 Pd(CH;3CN),Cl, 0-rt 1h mixture of products
2 AuCl, 0-rt 2h 22%
3 AuCI(PPh;) 0-rt 2h 21%
4 AuCI(PPh3)/AgOTf 0-rt 1h 35%
5 AuCIl(PPh;)/AgNTf, 0-rt 1h 47%
6 AuCI(PPh3)/AgSbF6 0-rt 30 min 85%

As this resulting epimeric spiroketals mixture was found to be inseparable, the
mixture was subjected directly for the next reaction. Thus, the Cephalosporolides
E/F* (1/2) have been synthesized (Scheme 4, 3 steps, 55% overall yield) from 15 by
following a sequence of reactions — i. diol cleavage with NalOy; ii. oxidation of
intermediate aldehyde to acid using Pinnic conditions; and iii. debenzylation followed

by lactonization under hydrogenation with 20% Pd(OH),/C in methanol.

The resulting crude spirallactones (5:1) epimeric mixture was ultimately
separated by chromatographic techniques and both the naturally occurring
cephalosporolides E (1) and F (2) were obtained successfully. The spectral and
physical data of synthesized natural products were well in agreement with isolation

reports as shown in Table 2.%
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Present Work Chapter I
0B OH (5 mol %) Au(PPh3)Cl OBn _OH
CH,Cl,, 2 h,0°C

OH
W (5 mol %) AgSbFs W
Me HO" ‘OH o' “OH
85%

14 15
i) NalOy4, CH,Cl,, H,0, 1t, 1.5 h
if) NaClO,, NaH,P0O,4.2H,0
2-methyl 2-butene,

H
Me o o) Me o H o BUOH+H,0, rt, 5 h
o ., o iii) PA(OH),/C/H,, MeOH
o b o 3 h, 55% over 3 steps

(+)-Cephalosporolide E (1) (-)-Cephalospoglide F(2)
Scheme 4: Total Synthesis of Cephalosporolides E (1)/F (2)

Table 2: Comparison of data of synthesized and isolated Cephalosporolides E (1) and
F(2)

Synthesized Isolated
Cephalosporolide E Cephalosporolide Cephalosporolide E Cephalosporolide
ey F(2) ey F(2)
Soecific | (=274 (= [[o]=-34(c=08, [ [a]=+513(c= [ [o]=-333 (c=
pect 0.4, CHCLy) CHCLy) 0.42, CHCl;) 0.79, CHCls)
rotation
517(,J=5.8 | 5.10(sp,J=223,
H4 Hz) 4.5, 6.6 Hz) 309 305
478 (dt, J=4.54,
H-3 4.87-4.90 (m) 5.36 Ho). 4.82 4.75
Splr‘écgmer 115.0 (s) 115.5 (s) 114.9 (s) 115.3 (s)
C4 83.4 (d) 83.8 (d) 83.1 (d) 83.6 (d)
C3 77.3 (d) 76.9 (d) 77.1 (d) 76.9 (d)
Cl 175.9 (s) 175.6 (s) 175.6 (s) 175.4 (s)

Towards the synthesis of Cephalosporolide H:

After having established the key alkynetetrol cycloisomerization and
completing the synthesis of naturally occurring Cephalosporolides E/F, we next
planned the synthesis of the possible diastereomers of Cephalosporolide H (3),
considering the a-alkylation of the spirallactone 16 as the final step (Figure 2).
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_ o o /0
H Me H
Me 1

Ent-5

\{\Eo =0 g 0 o
< O o
H 1 'Me Me
Me Me Me
Cephalosporolide H (3) Cephalosporolide H (4) Cephalosporolide H (5)

Reported: Synthetic: Synthetic:

Figure 2: Approach for Cephalosporolide H diastereomer Ent-5

One of the reasons for selecting the given absolute configuration in Ent-5
(Figure 2) was because of the report from Dudley’s group where the compound 3 with
the proposed structure of Cephalosporolide H and its spiroepimer 4 have been
synthesized initially and it has been noted that the spectral data of 3 is not in
agreement with the data reported for the natural product and also the optical rotation
seems to be opposite in sign. In case of 4, both the data points are comparable, but not

exactly matching.'"

The synthesis of the lactone 16 was planned by following a
sequence of reactions that were employed for the synthesis of Cephalosporolides E (1)
and F (2) from the intermediate 12 and using (R)-2-heptyloxirane (R)-17 as the

counterpart for the sequential epoxide-alkyne coupling.”

The synthesis of the key lactone 16 began with the coupling of the epoxide 17
and alkyne 12 that gave the alkynol 18 in 89% yield on the basis of starting material
recovery. The obtained alkynol 18 was completely characterized by the NMR
analysis. In the 'HNMR spectrum of compound 18, the methylene units present in the
side chain appeared as a broad signal with a chemical shift of 6 1.27 ppm and the
triplet at 2.0 ppm corresponding to the acetylenic proton was absent. The peaks
belonging to the benzyl group appeared at 6 128.2, 128.7, 129.1 and 140.1 ppm. The
resulting alkynol 18 was subjected for 1,2-acetonide hydrolysis followed by NaBH4
reduction to deliver the key alkynetetrol 19 in 81% yield over two steps. The structure
of the compound 19 was established with the help of "H NMR and '*C NMR analysis.
The missing peaks corresponding to the acetonide at 6 1.27, 1.43 ppm and the

anomeric proton at 8 5.80 ppm in the 'H NMR spectrum and that of § 29.2, 29.4 ppm
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and the quaternary carbon at & 111.0 ppm in the ?C NMR spectrum evidenced the

1,2-acetonide hydrolysis and the lactal reduction.

Proceeding with the complete characterization, the alkynetetrol 19 was
subjected for gold-catalyzed spiroketalization to procure a 20:1 mixture of the
spiralketaldiols 20. The major spiralketaldiol was converted to the corresponding
spiralketal lactone 16 by following the established sequence of reactions in the
conversion of 15 to 1/2. A comparable NMR spectral data of compound 16 with that
of Cephalosporolide E (1) revealed that both these compounds have the same relative

configuration and have structural similarity.

OH
OBn O ; 6
\H}O . >< BuLi, BF; Et,0 _ 0 0
THF, 1 h, 89% <
(R)-17 \ BnO o]
A\ 18
(5 mol %) Au(PPh;)CI oH .60% AcOH
(8 mol ) AgSHE W reflux, 6 h
CH,Cly, 2 h, 0°C ii NaBH,
83% MeOH, 3 h
i NalOg, Naclo, 19 81% (2 steps)
NaH,PO,.2H,0 H
o OBn_OH  cH,Cl,H,0, 1t 15 h N\ -0 0
5 . . > (0]
() “OH ii. 2-methyl 2-butene, 0
20 BUOH+H,0, rt, 5 h 16
Ho, PA(OH),/C
iii. MeOH, 3 h

54% (3 steps)

Scheme 5: Synthesis of Key Lactone 16

Table 3: Data comparison of Cephalosporolides E (1) and synthesized lactone (16)

H

Cephalosporolide E (1)

(0] O H
}(j/\/ko W °
> 0 R (0]
Compound H :(O\/l/\/E
H

16

Specific rotation

[0] = +27.4
(¢ = 0.4, CHCL,)

[a] = +34.1
(c = 0.8, CHCLy)

H-4 5.17 (t, J=5.8 Hz) 517 (t,J=5.9 Hz)

H-3 4.87-4.90 (m) 4.87-4.94 (m)
Spirocenter (C—6) 115.0 (s) 114.8 (s)

Cc4 83.4 (d) 83.3 (d)

C3 77.3 (d) 77.2 (d)

Cl1 1759 (s) 175.7 (s)
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Our next concern was the a-methylation of the spiralketallactone 16 and the
completion of the total synthesis of Ent-5 of Cephalosporolide H. This was found to
be a difficult proposition in this proposed synthetic plan. To this end, despite
employing several bases like LDA, LIHMDS, NaHMDS and KHMDS, along with the
methylating agents like Mel and MeOTT etc. in this pursuit, unfortunately, in all the
cases, our efforts were in vain with either the recovery or the decomposition of the
starting material. This failure has prompted the revision of the strategy for the

Cephalosporolide H.

o) Ho Table 4 [o) Ho
o =~ 0
H H1 7~

16 Ent-5

Scheme 6: Attempted synthesis of Ent-5 via methylation of lactone 16.

Table 4. Conditions explored for the gem-dimethylation

Entry | Methylating agent Base Solvent(s)/Temp Inference
1 Mel/MeOTf LDA THF/-78°C No reaction
2 Mel/MeOTTt LDA THF/-40°C-rt | decomposition
3 Mel LiHMDS THF/-78°C No reaction
4 Mel LiHMDS THEF/-40°C-rt | decomposition
5 Mel NaHMDS | THEF/-40°C-rt | decomposition
6 Mel KHMDS THEF/-40°C-rt | decomposition
7 MeOTf LiHMDS THF/-78°C No reaction
8 MeOTf LiHMDS THEF/-40°C-rt | decomposition
9 MeOTf NaHMDS | THEF/-40°C-rt | decomposition
10 MeOTf KHMDS THF/-40°C-rt | decomposition

Revised retrosynthetic plan for Cephalosporolide H: After the unsuccessful efforts

of the a-methylation of the spiralketallactone 16, the strategy for the
Cephalosporolide H has been revised by selecting a spiro-cyclopropane® unit as a
surrogate for the gem-dimethyl and we planned the hydrogenation of the
cyclopropane 21 as the last step.”” The key retrosynthetic disconnections are given in
Scheme 6. The synthetic plan for this penultimate intermediate 21 was similar to that

we employed in the case of Cephalosporolide E (1) and F (2), except that instead of a
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C3-deoxy glucose acetonide, the C3-spiro cyclopropanated glucose diacetonide 25

was employed as a starting precursor.

gk vmﬁf

Ent-5 of Cephalosporolide H (5

9 9
o ™S
Q
é[) = &)
,O# (R)17 (o)
25 28

Scheme 7: Revised retrosynthetic stratagy for the Cephalosporolide H
Results and disscusion:

The revised total synthesis began with the synthesis of C3
spirocyclopropanated glucose diacetinoide 25.”° The Swern oxidation of glucose
diacetonide 8 and subsequent one carbon Wittig-homologation of the resulting ketone
23 with the methylene triphenylphosporane gave the known exo-olefin 24.** The
olefin 24 was subjected for the cyclopropanation with the diazomethane (generated
form the N-nitroso-N-methyl urea and KOH) by using PdCl, as catalyst to obtain the

spiro-cyclopropane 25.%

o
(cocly,,DMSO O,
Et3N CH,Cl, O
"o
-78°C, 1.5 h

o]
92% o/%
23 PthCH3Br
KO'Bu
THF, rt, 5 h
0 o 7%
ol NMU, KOH o} °
O PdCl,, Et,0 9]
o - o -
0°C, 15 min
(@) 95% (¢}
25 24

Scheme 8: Synthesis of C3-spirocyclopropane glucose diacetonide 25

The formation of the cyclopropane ring was confirmed by HRMS and by the
"H NMR as well as by °C NMR analysis. For example, in the "H NMR spectrum of
compound 25, the two methylene units of the cyclopropane group appeared as
multiplets at & 1.16-0.98, 1.00-0.83 and 0.62-0.41 ppm; both C1-H and C2-H
resonated as doublets at 6 5.80 and 4.19 ppm respectively and the C4—H appearing at
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& 3.95 ppm as a doublet of doublet with J = 8.6, 5.1 Hz. In support to the 'H NMR
spectrum, the cyclopropane carbons appeared at & 4.2 and 8.5 ppm in the °C NMR

spectrum.

Having the key starting building block 25 in hand, we then proceeded for the
synthesis of the C3 cyclopropanated C5 inverted epoxide 28 which is the one of the
key intermediates for the synthesis. The C3 cyclopropanated diacetonide 25 was
subjected for the selective 5,6-acetonide hydrolysis by using 0.8% H,SO,4 in methanol
for 12 h and the diol 26 was obtained in 91% yield. The diol 26 was subjected for the
selective protection of C5—OH as TBS ether 27, which was then subjected for C5-OH
mesylation employing methane sulphonyl chloride in dichoromethane at room
tempearture. The resulting crude mesylate was immediately subjected for the one-pot
TBS deprotection and epoxide formation by employing TBAF in THF for 3 h at room

temperature and the epoxide 28 was obtained in an overall yield of 72% from 2 steps.

(}Lo Ho §H
o 0.8% H,SO, 0
o —_ /o)
/ MeOH, 12 h, rt
’o/% 91% 0

25 26 TBSCI, Imidazole
DMAP, CH,Cl,
3 h, rt, 93%

O

OH
g [i] MsCI, EtsN, DMAP TBSO
?O) CH,Cly, 2 h, 1t \&o)
o o
[il TBAF, THF, 3 h, rt /0
0 72% over 2 steps ’o’f\

28 27

Scheme 9: Synthesis of the epoxide 28

In the "H NMR spectrum epoxide 28, the CHa- of the epoxide unit appeared at
upfield as doublet of doublet at 6 2.61 ppm and as multiplet at 2.64-2.74 ppm. The
anomeric proton appeared at 6 5.86 ppm as a doublet with a vicinal coupling (J = 3.8
Hz). In the "C NMR spectrum, the carbons corresponding to the epoxide ring
appeared at & 44.3 and 52.2 ppm as triplet and doublet respectively and the C2, C4
carbons showed doublets at & 80.2, 76.9 ppm and the C3 carbon showed a peak at 6
35.5 ppm as singlet. The constitution of compound 28 was further evidenced by the
[ESI-MS] 100% abundance of the mass peak at 235.0938.

The completely characterized C3-spirocyclopropanated C5-inverted oxirane
27 was then subjected for the opening with lithiated TMSacetylene under n-BuLi and
BF;.Et,O at —78 °C to afford the TMS alkynol 29 as white crystalline powder in
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excellent yield. The free hydroxy group in compound 29 was protected as the
corresponding benzyl ether with benzyl bromide and NaH in THF. Under these
reaction conditions, along with the benzylation, also the deprotection of C—TMS
group was facile and provided the benzylated alkyne fragment 30 in 91% yield
(Scheme 9).

0

¢] TMS gL, BF3 Et,0
S mrrrens
THF, 1 h /%
o 85%
28
OBn
o0 BnBr, NaH
<7~ %l RETT
o 91%

Scheme 10: Synthesis of the benzyl alkyne 30

The synthesized alkyne 30 was well characterized with the help of "H NMR
and C NMR analysis. In '"H NMR spectrum of compound 30, the characteristic
alkyne-H appeared as a triplet at 8 1.99 ppm with the coupling constant J = 2.7 Hz
and the newly introduced propargylic-CH, appeared as doublet of doublet at 6 2.58
ppm with the coupling constant J = 6.8, 2.7 Hz . The corresponding carbons appeared
at & 70.2, 27.5 ppm as doublet and triplet respectively in the C spectrum of
compound 30. The acetylenic C—H stretching frequency appeared at 3308 cm ' and
the C=C stretching frequency at 2121 cm ™' in the IR spectrum of compound 30. The
constitution of compound 30 was further confirmed by its ESI-Mass [100%
abundance] peak at 351.1563 [M+Na]" in high resolution mass spectroscopy.

M Buli, BF3 Et,0
THF 1h

(R)-17 86%

OH _ WOBRLOH iy 509 AcOH, reflux, 6 h
5 HO' “OH i) NaBH,, MeOH, 3 h
71% over 2 steps

32

Scheme 11: Synthesis of the alkynetetrol 32

Next, alkyne 30 was used for the opening of (R)-2-heptyloxirane (R)-17 under the
established conditions with n-BuLi and BF3.Et,O at —78 °C to obtain the alkynol 31 in
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86% yield on the basis of starting material recovery. The obtained alkynol 31 was
treated with 60% acetic acid for 6 h under reflux conditions for the hydrolysis of 1,2-
acetonide and the subsequent treatment of the crude lactal intermediate with sodium
borohydride in methanol to obtain the key alkynetetrol 32 in 71% yield over two

steps.

The next concern was the cycloisomerization of alkynetetrol 32 and its
subsequent transformation to the spiroacetal lactone. Gratifyingly, the Au-catalyzed
cycloisomerization of the alkynetetrol 32 proceeded smoothly and provided a 20:1
mixture of spiralketals 33. The spiroketals 33 have been subjected immediately to the
established three step sequence — 1) NalO4 mediated diol cleavage; ii) Pinnic oxidation
of aldehyde to acid and Pd/C catalyzed debenzylative lactonization to afford the C2-
cyclopropane spiralketallactone 21. The stereochemistry at the newly formed
spirocenter of C2-cyclopropanated spirallactone 21 was established by comparing its
spectral data with Cephalosporolide E (1) and with that of the corresponding
Cephalosporolide H (Table 4).

oH ~OBnOH (5 mol %) AuCI(PPh3) o .OBn__OH
Z (5 mol %) AgSbFg 5
5 HO\‘" "’OH _— o "',,OH
CH,Clp, 2 h, 0°C
89%
32 o 33

20:1 i) NalO,, CH,Cly, Ho0, 1t, 1.5 h
ii) NaClO,, NaH,PO4.2H,0
2-methyl 2-butene,
BUOH+H,0, 1t, 5 h

o H o iif) Pd(OH),/C/H,, MeOH
\ME\E . o 3 h, 51% over 3 steps
\: o
H
21

Scheme 12: Synthesis of the C2 cyclopropanated spirallactone (21)

Synthesis of the C2-cyclopropane analog of the Cephalosporolide H diastereomer
22:

By the time the synthesis of the cyclopropanated analogue 21 of Ent-5 was
completed the Dudley’s group published the other two possible diastereomers, 5 and
its spiroepimer and revealed that like diastereomer 4, the spectral data of 5 is also
comparable with the natural product though the matching is not exact. This report has
prompted us to look at the synthesis of another diastereomer Ent-4 which is epimeric

at C9 when compared to the Ent-5. The cyclopropanated spiral lactone 22 was
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essentially prepared by following the same sequence that was established in the

synthesis of 21 except that (S)-2-heptyloxirane (S)-17 employed as the substrate in the
sequential alkyne-epoxide coupling in place of the (R)-17.

: BuLi, BF3 Et,0
—_—
/Q’\) o 6 THF, 1 h, 86%

(S)17"

30

i) 60% AcOH, reflux, 6 h
ii) NaBH,4, MeOH, 3 h
71% over 2 steps

(5 mol %) AuCI(PPhs)

\W (5 mol %) AngF6 OBn OH
" CH,Cly, 2 h, 0°C W
87%
20:1

i) NalOg4, CH,Clp, H,0, rt, 1.5 h

ii) NaClO,, NaH,P0O4.2H,0
2-methyl 2-butene,
BUOH+H,0, 1t, 5 h

iii) Pd(OH),/C/H,, MeOH

H
3 h, 52% over 3 steps \MEEO 0
> R (0]
N o
H
22

Scheme 13: Synthesis of the Spirallactone 22

Table 5: Data comparison of Cephalosporolides E (1) and synthesized C2

cyclopropananted lactones 21 and 22

H
0, 0 H H
\ (@) Q 2
Compound H % %
Cephalosporolide E (1 H H
phalosp @ ’1 -
[a] =4+27.4 (c=04, [o] =+34.9 (¢ =0.8, [a] =-45.1 (c=0.8,
Specific rotation CHCl;) CHCls) CHCl;)
H4 5.17 (t,J=5.8 Hz) 522 (t,J=6.1 Hz, 1H) | 5.22(t,J=5.81 Hz, 1H)
H-3 4.87-4.90 (m) 4.53 (d) 4.47 (d)
Spirocenter
115.0 (s) 114.6 (s) 114.4 (s)
C6
C4 83.4 (d) 82.8 (d) 82.1 (d)
C3 77.3 (d) 79.1 (d) 78.4 (d)
Cl 175.9 (s) 178.9 (s) 178.1 (s)
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With the penultimate lactones 21 and 22, the stage has now been set for the
hydrogenolysis of the cyclopropane unit. Various catalysts like PtO,, Pd/C, Pd(OH),
in different solvents like MeOH, EtOH and heptane etc have been explored in this
context employing high hydrogen-pressures and temperatures. However in all the
cases, both the substrates 21 and 22 are found to be intact. When employing either
HCI or acetic acid as additives, the decomposition of the starting material was

observed.

Table 6: Conditions for the hydrogenolysis of spirocyclopropane-lactones 21 and 22

S.NO | Catalyst Solvent Temperature Pressure Yield
1 Pd/C MeOH Rt-50 °C 5-50 bar no reaction
2 Pd(OH), MeOH Rt-50 °C 5-50 bar no reaction
3 PtO, MeOH Rt-50 °C 5-50 bar no reaction
4 PtO, EtOAc Rt-50 °C 5-50 bar no reaction
Acetic
5 PtO, _ Rt-50 °C 5-50 bar decomposed
acid
o H o Hydrogenolysis o M o
Ng\l o . \Hg\l o
) Table 6 - LT
21 Ent-5

Hydrogenolysis

H H
w0 o 0 0
O - T
~ 0 = 0
H Table 6 ey 2
22

Ent-4
Scheme 14: Synthesis of Ent-4 and Ent-5 of Cephalosporolide H diasterecomers

In conclusion, a simple approach towards the synthesis of spirallactone natural
products has been established by featuring a sequential epoxide-alkyne coupling and a
gold mediated spiroketalization of alkynetetrol. Employing this, the total synthesis of
the naturally occurring Cephalosporolides E\F has been successfully completed. A
similar approach has been examined for the synthesis of revised structures of
Cephalosporolide H. However, the final event in this route, i.e the hydrogenolysis of

the corresponding C2 cyclopropane analogs was found to be a difficult task.
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EXPERIMENTAL SECTION




Experimental Data Chapter I

(3aR,5S,6aR)-2,2-Dimethyl-5-((S)-oxiran-2-yl)tetrahydrofuro[2,3-d][1,3]dioxole
6: To a solution of 3-deoxy-1,2-O-isopropylidiene-6-(tert- 5
butyldimethylsilyl)-ribo-hexopyranose (9.0 g, 28.3 mmol) in Y}-,,
CH,Cl, (100 mL), EtN (15.7 mL, 113.0 mmol) followed by "»O/?K\
CH3S0,ClI (3.32 mL, 42.4 mmol) were added at 0 °C and stirred for

3 h at rt. The reaction mixture was poured into 100 mL of water and extracted with

CH)Cl; (2 x 100 mL). The combined organic layer was washed with saturated
solution of NaHCOj; (100 mL), brine (50 mL) and dried over (Na,SOy), evaporated
under reduced pressure. The resulting crude mesylate (10.2 g, 25.7 mmol) dissolved
in THF (100 mL), was added TBAF (16.8 g, 64.3 mmol) and allowed to stir for 2 h at
room temperature. THF removed under reduced pressure and extracted with ethyl
acetate. Organic layer was concentrated, crude product was purified by column
chromatography (30:70% ethyl acetate/petroleum ether) to afford compound 6 (4.1 g,
78% yield overall two steps) as a colorless oil. R;(25% EtOAc/petroleum ether) 0.5;
[a]p® —26.9 (c 0.3, CHCls); IR (CHCl3) v: 3438, 2990, 2063, 1634, 1456, 1383, 1324,
1217, 1021, 928, 855, 765, 649, 600, 501 cm™'; '"H NMR (200 MHz , CDCl3): &§1.28
(s, 3H), 1.46 (s, 3H), 1.80 (d, J = 8.1 Hz, 1H), 2.12 (dd, J=4.7, 13.4 Hz, 1H), 2.75-
2.80 (m, 2H), 2.97-3.03 (m, 1H), 4.13 (dt, J=4.6, 1H), 4.71 (t, J = 4.2 Hz, 1H), 5.77
(d, J = 3.7 Hz, 1H); >*C NMR (50 MHz , CDCls): 626.1 (q), 26.7 (q), 35.5 (t), 44.3
(t), 52.2 (d), 76.9 (d), 80.2 (d), 105.5 (d), 111.3 (s) ppm; HRMS (ESI+): caled. For
CoH,404Na [M+Na] 209.0784; found 209.0784.

(S)-1-((3aR,5S,6aR)-2,2-Dimethyltetrahydrofuro[2,3-d][1,3]dioxol-5-yl)-4-
(trimethylsilyl)but-3-yn-1-ol (11): At —78° C, to a solution of

OH
TMS alkyne (1.5 mL, 10.7 mmol) in THF (7.0 mL) were added »n- O

o
BuLi (6.7 mL, 1.6M in hexane, 10.7 mmol) and BF3.Et,;O (1.14 mL, | || ."O)T
10.7 mmol) followed by a solution of the epoxide 6 (1.0 g, 5.37 [_™S

mmol) in THF (8 mL) with a 15 min interval. The stirring was continued for another
30 min at —78 °C and then quenched with NH4CI (5 mL). The reaction mixture was
allowed to reach room temperature and partitioned between ethyl acetate (25 mL) and
water (25 mL). The aqueous layer was extracted with ethyl acetate (2x25 mL) and the

combined organic layer was washed with brine, dried over Na,SO4 and concentrated.

33



Experimental Data Chapter I

Purification of the crude product by column chromatography (silica 230—400 mesh,
20:80 ethylacetate/petroleum ether) afford the alkynol 11 (1.1 g, 72% yield) as a
white solid. M.P = 243 °C; R;(25% EtOAc/petroleum ether) 0.4; [a]p> +12.3 (¢ 0.18,
CHClI); IR (CHCI3) v: 3418, 2989, 2170, 1634, 1381, 1251, 1162, 1027, 924, 842,
760, 498 cm'; "H NMR (400 MHz , CDCls): §0.13 (t, J = 3.5 Hz, 9H), 1.32 (s, 3H),
1.51 (s, 3H), 1.79-1.87 (m, 1H), 2.13 (dd, J = 4.6 Hz, 1H), 2.24 (d, J = 6.8 Hz, 1H),
248 (dd, J = 7.0, 17.0 Hz, 1H), 2.55 (dd, J = 6.5, 16.8 Hz 1H), 3.64-3.70 (m, 1H),
434 (dt, J= 4.3 Hz, 1H), 4.75 (t, J= 4.2 Hz, 1H), 5.80 (d, J = 3.6 Hz, 1H); °C NMR
(101 MHz , CDCl3): 6 0.0 (q), 25.8 (1), 26.3 (q), 26.8 (q), 34.8 (1), 70.7 (d), 79.4 (d),
80.8 (d), 87.2 (s), 102.5 (s), 105.4 (d), 111.5 (s) ppm; HRMS (ESI+): calcd. For
C14H2404NaSi [M+Na] 307.1336; found 307.1334.

(3aR,5S,6aR)-5-((S)-1-(Benzyloxy)but-3-yn-1-yl)-2,2-dimethyl 0Bn
tetrahydrofuro[2,3-d][1,3]dioxole (12): To a solution of alcohol ///\EO)"'O
11 (2 g, 7.0 mmol) in anhydrous THF (15 mL), sodium hydride ! "'O/K‘

(60% oil suspension, 562 mg, 14.1 mmol) was added at 0 °C and

allowed to stir for 20 minutes. To this cooled reaction mixture, benzyl bromide (1.25
mL, 10.5 mmol) was added slowly and stirred at room temperature for 2 h. The
reaction mixture was partitioned between ethyl acetate (50 mL) and water (50 mL).
The organic layer was separated, washed with ethyl acetate, brine, dried (Na,SOs),
and concentrated. Purification of the residue by column chromatography (10:90%
ethyl acetate/petroleum ether) afford compound 12 (1.5 g, 70% over all yield from
two steps) as a yellow syrup. R, (10% EtOAc/petroleum ether) 0.4; [a]p® —23.3 (c 1.4,
CHCl;); '"H NMR (200 MHz , CDCls): §1.31 (s, 3H), 1.49 (s, 1H), 1.76 (ddd, J = 4.8,
10.6 ,13.3 Hz, 1H), 1.90 (dd, J=4.8, 20.0 Hz, 1H), 2.00 (t, /= 2.7 Hz, 1H), 2.53 (dd,
J=12.7Hz, 2H), 3.57 (ddd, J=4.3, 6.3, 12.5 Hz, 1H), 4.42 (dt, /= 4.6 Hz, 1H), 4.61—
479 (m, 3H), 5.82 (d, J = 3.7 Hz, 1H), 7.29-7.36 (m, 5H); °C NMR (50 MHz ,
CDCly): 621.9 (1), 26.3 (q), 26.9 (q), 33.8 (t), 70.2 (d), 73.3 (t), 77.4 (d), 79.5 (d),
80.5 (d), 80.5 (s), 105.3 (d), 111.3 (s), 127.7 (d), 127.9 (d, 2C), 128.3 (d, 2C), 138.2
(s) ppm; HRMS (ESI+): caled. For CigH,,04Na [M++Na] 325.1410; found 325.1408.
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(2R,7S)-7-(Benzyloxy)-7-((3aR,5S,6aR)-2,2-dimethyl oH
tetrahydrofuro[2,3-d][1,3]dioxol-5-yl)hept-4-yn-2-ol Me%@,\\o

(13): At —78 °C, to a solution of alkyne 7 (1.0 g, 3.31 BnO "'O><
mmol) in THF (10.0 mL) were added »n-BuLi (2.1 mL, 1.6 M in hexane, 3.31 mmol)
and BF;.Et,O (0.4 mL, 3.31 mmol) followed by a solution of the epoxide 6 (76 mg,

1.32 mmol) in anhydrous THF (1.0 mL) with a 15 min interval. The stirring was
continued for another 30 min at —78 °C and then quenched with NH4CI (5 mL). The
reaction mixture was allowed to reach room temperature and partitioned between
ethyl acetate (25 mL) and water (25 mL). The aqueous layer was extracted with ethyl
acetate (2x25 mL) and the combined organic layer was washed with brine, dried over
Na,SO4, and concentrated. Purification of the crude product by column
chromatography (silica 230—400 mesh, 25:75 ethyl acetate/petroleum ether) to afford
compound 13 (418 mg, 87% yield) as a colorless liquid. Ry (30% EtOAc/petroleum
ether) 0.4; [a]p™ —12.4 (¢ 0.16, CHCls); IR (CHCI3) v: 3565, 2928, 1722, 1373, 1217,
849, 754, 468 cm™'; 'TH NMR (200 MHz ,CDCl3): §1.21 (d, J = 6.2 Hz, 3H), 1.30 (s,
3H), 1.48 (s, 3H), 1.71-1.85 (m, 1H), 1.92-2.01 (m, 1H), 2.15-2.23 (m, 1H), 2.25—
2.33 (m, 2H), 2.50 (dd, J = 4.0 Hz, 1H), 2.54 (dd, J = 2.0, 2.3 Hz, 1H), 3.53 (ddd, J =
4.3, 6.3, 10.6 Hz, 1H), 3.80-3.95 (m, 1H), 4.41 (ddd, J = 4.4, 9.1, 10.5 Hz, 1H), 4.59
(d, J=12.0 Hz, 1H), 4.67-4.76 (m, 2H), 5.81 (d, /= 3.8 Hz, 1H), 7.26-7.37 (m, 5H);
C NMR (50 MHz , CDCl3): §21.4 (1), 22.3 (q), 26.2 (q), 26.7 (q), 29.4 (t), 34.5 (1),
66.3 (d), 72.5 (t), 77.5 (d), 78.3 (s), 79.0 (d), 80.2 (d), 105.3 (d), 111.1 (s), 127.7 (d),
127.9 (d, 2C), 128.3 (d, 2C), 138.02 (d), ppm; HRMS (ESI+): calcd. For C,;H305Na
[M"+Na] 383.1829; found 383.1826.

(2R,4S,5S,10R)-5-(Benzyloxy)undec-7-yne-1,2,4,10-tetrol  (14): A solution of

alkynol 13 (500 mg, 1.39 mmol) in 60% aq. Acetic acid o on

(10 mL) was refluxed for 7 h. Acetic acid was i CH
Z

evaporated under reduced pressure and resulting crude Me °8n

(320 mg) was dissolved in 15 ml methanol and sodium borohydride (113 mg, 3
mmol) was added at 0 °C in portion wise and allowed to stir for 4 h at rt. The reaction
mixture was quenched with sat.NH4Cl solution (2 mL) and methanol was evaporated
under reduced pressure. The crude product was purified by column chromatography

(100-200 silica gel, 1:9% methanol/CH,Cl,) afford alkynetetrol 14 (210 mg, 73%

35



Experimental Data Chapter I

yield over 2 steps) as a colorless gum; Ry (100% EtOAc) 0.3; [a]p” +7.0 (¢ 0.1,
CHCls); IR (CHCIs) v: 3400, 2924, 2120, 1645, 1401, 1069, 939, 755, 698, 665, 505,
466 cm'; "H NMR (200 MHz , Acetone-d): & 1.18 (d, J = 6.1 Hz, 3H), 1.62-1.58
(m, 1H), 1.80 (dt, J = 3.66, 1H), 2.23-2.18 (m, 1H), 2.33-2.28 (m, 1H), 2.47-2.41 (m,
1H), 2.56 (dq, J = 5.2, 2.7 Hz, 1H), 3.48-3.41 (m, 2H), 3.52 (dd, J = 6.1, 10.7 Hz,
1H), 3.82-3.86 (m, 1H), 3.91 (d, J = 4.9 Hz, 1H), 4.01 (m, 1H), 4.13 (d, J = 4.9 Hz,
1H), 4.17 (d, J = 3.4 Hz, 1H), 4.61(d, J = 11.6 Hz, 1H), 4.77 (d, J = 11.6 Hz, 1H),
7.41-7.25 (m, 5H); °C NMR (Acetone-ds, 50 MHz): 20.7 (t), 23.0 (q), 30.1 (t), 36.5
(t), 67.1 (d), 67.3 (1), 72.2 (d), 72.4 (d), 73.0 (t), 79.4 (s), 79.9 (s), 81.8 (d), 128.3 (d),
128.7 (d, 2C), 129.1 (d, 2C), 140.1 (s) ppm; HRMS (ESI+): caled. For C;3H,60sNa
[M"+Na] 345.1672; found 345.1670.

3-((2S,3S,7R)-3-(Benzyloxy)-7-methyl-1,6-dioxaspiro[4.4]nonan-2-yl)propane-
1,2-diol (15): To a solution of alkynetetrol 14 (140 mg, 0.43
mmol) in dichloromethane (20 mL) was added catalyst W

solution prepared by dissolving Au(PPh3)CI (10.7 mg, 21.7 o o
umol) and AgSbF¢ (7.4 mg, 21.7 umol) in CH,Cl, (10 ml)] at 0 °C and the reaction

mixture was allowed to stir for 1h at room. The reaction mixture was concentrated
under reduced pressure and purified by silica gel column chromatography (20:80 %
ethyl acetate/petroleum ether) gave the spiroketal diols 15 (120 mg, 85 % yield) as
yellow oil. R(50% EtOAc/petroleum ether) 0.3; [o]p> +7.0 (¢ 0.03, CHCl3); '"H NMR
(200 MHz, CDCl3): 6 1.19 (d, J = 6.1 Hz, 1H), 1.26 (d, J = 6.1 Hz, 3H), 1.63—1.78
(m, 4H), 1.88-1.98 (m, 2H), 2.0-2.09 (m, 2H), 2.12-2.16 (m, 2H), 2.18-2.30 (m, 2H),
2.32-2.37 (m, 1H), 3.51-3.55 (m, 2H), 3.59-3.64 (m, 1H), 3.90-3.94 (m, 1H), 4.10-
4.17 (m, 2H), 4.19-4.22 (m, 0.3H), 4.26-4.35 (m, 1H), 4.39 (d, J=11.9 Hz, 1H), 4.43
(d, J=12.3 Hz, 0.3H), 4.54 (d, J = 11.9 Hz, 1H), 4.61 (d, 12.3 Hz, 0.3H), 7.28-7.35
(m, 6H); >C NMR (50 MHz , CDCl3): 621.4 (q), 22.9 (q), 31.4 (1), 32.5 (t), 32.8 (),
33.0 (t), 37.4 (1), 37.8 (1), 40.7 (t), 41.3 (1), 66.6 (t), 66.7 (t), 70.8 (d), 70.9 (d), 71.3
(t), 71.4 (t), 75.3 (d), 76.4 (d), 78.1 (d), 79.1 (d), 79.3 (d), 79.9 (d), 113.9 (s), 127.5 (d,
20), 127.7 (d), 128.4 (d, 2C), 137.9 (s) ppm: HRMS (ESI+): calcd. for C;gH60sNa
[M+Na] 345.1672; found 345.1670.
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Synthesis of (+)-Cephalosporolide E and (-)-Cephalosporolide F: To an ice cooled
solution of spiroketals 15 (120 mg, 0.30 mmol) in dichloromethane NalO, (240 mg,
1.13 mmol) was added and stirred for 2 h at room temperature. Then the reaction
mixture was filtered through Celite pad and concentrated under reduced pressure.
The resulting crude aldehyde (96 mg, 0.33 mmol) was dissolved in a mixture of
‘BuOH:H,0 (4:1), NaH,PO4.2H,0 (154 mg, 0.99 mmol) was added at 0 °C and the
contents stirred for 10 min at the same temperature. To this suspension, were added
NaClO; (89.7 mg, 0.99 mmol) followed by 2-methyl 2-butene (0.4 mL, 3.3 mmol) at
0 °C. The reaction temperature was slowly increased to room temperature and was
stirred for additional 5 h. After the completion of the reaction as indicated by TLC,
‘BuOH was removed under vacuum and extracted with ethyl acetate, washed with
brine, dried over sodium sulphate and concentrated under reduced pressure. The
resulting crude spiroacid (75 mg) was subjected for hydrogenation with 20%
Pd(OH),/C (10 mg) in methanol (10 mL) under balloon pressure procure the naturally
occruing spirolactones (+)-Cephalosporolide E (12 mg) and (-)-Cephalosporolide F
(15 mg) as colorless liquids (total 27 mg, 55% yield over 3 steps) after

chromatography purification.

(+)-Cephalosporolide E (1): Rs (20% EtOAc/petroleum H
cther) 0.4; [o]p2 +27.4 (¢ 0.4, CHCly): IR (CHCls) v: 2969, Me‘ﬁ}(\/{/\‘}o
1780, 1402, 1303, 1157, 1098, 1056, 918, 825 cm '; '"H NMR °H

(400 MHz, CDCl;): §1.18 (d, J= 6.0 Hz, 3H), 1.42-1.48 (m, 1H), 2.03-2.14 (m, 4H),
2.44 (d, 1H), 2.64 (d, J = 18.5 Hz, 1H), 2.74 (dd, J = 7.8 Hz, 1H), 4.13-4.21 (m, 1H),
4.87-4.90 (m, 1H), 5.15 (t, J = 5.8 Hz, 1H); C NMR (101 MHz, CDCLs): §20.9 (q),
31.3 (t), 34.2 (1), 37.6 (), 41.6 (1), 75.1 (d), 77.3 (d), 83.4 (d), 115.0 (s), 175.9 (s)
ppm; HRMS (ESI+): caled. For C;oH1404Na [M++Na] 221.0784; found 221.0782.

4.8.2. (-)-Cephalosporolide F (2): R/ (20% EtOAc/petroleum
ether) 0.4; [a]p> —34.0 (c 0.8, CHCl;); IR (CHCI3) v: 3020, o
1781, 1403, 1216, 1167, 1096, 1061, 927 cm™'; "H NMR (500 H

MHz, CDCL): & 1.26 (d, J = 6.2 Hz, 3H), 1.68-1.75 (m, 1H), 1.96-2.02 (m, 1H),
2.04-2.09 (m, 1H), 2.12-2.16 (m, 1H), 2.32 (dd, J = 2.3, 15.0 Hz, 1H), 2.50 (dd, J =
6.6, 14.6 Hz, 1H), 2.66 (d, J = 18.4 Hz, 1H), 2.73 (dd, J = 5.6, 18.7 Hz, 1H), 4.15—

37



Experimental Data Chapter I

4.22 (m, 1H), 4.78 (dt, J = 4.54, 5.36 Hz, 1H), 5.08 (sp, J = 2.3, 4.5, 6.6 Hz, 1H); "°C
NMR (125 MHz, CDCl3): 622.8 (q), 32.4 (t), 36.0 (t), 36.9 (1), 42.1 (t), 76.5 (d), 76.9
(d), 83.8 (d), 115.5 (s), 175.6 (s) ppm; HRMS (ESI+): caled. For C;oH;404Na
[M+Na] 221.0784; found 221.0782.

(1S,6R)-1-(Benzyloxy)-1-((3aR,5S,6aR)-2,2-dimethyl OH oL
tetrahydrofuro[2,3-d][1,3]dioxol-5-yl)tridec-3-yn-6- Wo

BnO
ol (18): The coupling of alkyne 12 (1.0 g, 3.31 mmol)

and epoxide (R)-17 (188 mg, 1.32 mmol) was carried out according to the procedure
used in the preparation of compound 13 (523 mg, 89% yield) as a colorless liquid; R,
(30% EtOAc/petroleum ether) 0.4; [a]p?’ +0.2 (¢ 0.1, CHCLs); IR (CHCls) v: 3468,
2929, 2857, 1733, 1675, 1456, 1374, 1216, 1163, 1024, 849, 755, 698, 667 cm '; 'H
NMR (200 MHz, CDCl3): 6 0.79-0.94 (m, 3H), 1.27 (m, 12H), 1.43-1.53 (m, 5H),
1.67-2.04 (m, 3H), 2.14 (bs, 1H), 2.22-2.37 (m, 2H), 2.51 (d, /= 5.56 Hz, 2H), 3.46—
3.57 (m, 1H), 3.58-3.72 (m, 1H), 4.33-4.47 (m, 1H), 4.56-4.78 (m, 3H), 5.80 (d, J =
3.79 Hz, 1H), 7.26-7.40 (m, 5H); *C NMR (50 MHz, CDCl;): § 14.0 (q), 21.4 (t),
22.5 (1), 25.6 (t), 26.2 (d), 26.7 (d), 27.7 (t), 29.2 (t), 29.4 (1), 31.7 (t), 34.5 (t), 36.2
(t), 70.0 (d), 72.5 (t), 77.6 (d), 78.4 (s), 78.9 (s), 79.0 (d), 80.2 (d), 105.3 (d), 111.0
(s), 127.6 (d), 127.9 (d, 2C), 128.2 (d, 2C), 138.0 (s) ppm; HRMS (ESI+): calcd. For
C»7H4005Na [M+Na] 467.2773; found 467.2769.

(2R,4S,5S,10R)-5-(Benzyloxy)heptadec-7-yne-1,2,4,10-tetraol (19): The tetrol 19

(520 mg, 81% yield over 2 steps) was prepared from

OH OH
alkynol 18 (700 mg, 1.57 mmol) following the M = OH
5 OBn

procedure used in the preparation of compound 14.
Colourless gum; R, (100% EtOAc) 0.3; [a]p®’ +15.5 (¢ 0.1, CHCL3); IR (CHCI3) v:
3391, 2926, 1728, 1645, 1455, 1071, 850, 753, 698, 511 cm'; "H NMR (500 MHz,
Acetone-dg): 00.87 (t, J=6.9 Hz, 3H), 1.28 (br.s, 10H), 1.41-1.48 (m, 2H), 1.56—-1.63
(m, 2H), 1.79 (dt, J = 14.0, 3.7 Hz, 1H), 2.26-2.30 (m, 2H), 2.46 (d, J = 6.4 Hz, 1H),
2.53-2.60 (m, 1H), 3.45 (d, J= 6.7 Hz, 2H), 3.50-3.55 (m, 1H), 3.65 (br. s., 1H), 3.78
(br. s., 2H), 3.81-3.88 (m, 1H), 4.02 (dd, J = 9.0, 3.8 Hz, 1H), 4.08—4.15 (m, 2H),
4.62 (d, J=11.6 Hz, 1H), 4.78 (d, J = 11.6 Hz, 1H), 7.25-7.29 (m, 1H), 7.33 (t, J =
7.3 Hz, 2H), 7.41 (d, J = 7.3 Hz, 2H); >C NMR (125 MHz, Acetone-de): & 14.4 (q),
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20.8 (1), 23.4 (1), 26.5 (1), 28.6 (1), 30.2 (£), 30.5 (t), 32.7 (t), 36.4 (t), 37.2 (¢), 67.2 (¢),
70.8 (d), 72.2 (d), 72.4 (d), 73.0 (1), 79.4 (s), 79.9 (s), 81.8 (d), 128.2 (d), 128.7 (d,
2C), 129.1 (d, 2C), 140.1 (s) ppm; HRMS (ESI+): caled. For Co;Hss0sNa [M'+Na]
429.2611; found 429.2606.

(2R)-3-((2S,3S,7R)-3-(Benzyloxy)-7-heptyl-1,6-dioxaspiro[4.4]nonan-2-
yl)propane-1,2-diol (20): To a solution of alkynetetrol 19 (160 mg, 0.39 mmol) in
dichloromethane (30 mL) was added catalyst solution prepared by dissolving
Au(PPh3)CI (9.7 mg, 19.7 umol) and AgSbF¢ (6.8 mg, 19.7 umol) in CH,Cl, (10 ml)]
at 0 °C and the reaction mixture was allowed to stir for 1h at room. The reaction
mixture was concentrated under reduced pressure and purified by silica gel column
chromatography (20% ethyl acetate in petroleum ether) to afford the spiroketal diols
20 and 20’ (133 mg, 83% yield, 5:1) as yellow gum.

Characterization data of compound 20: Colorless gum; R, (50% EtOAc/petroleum
ether) 0.3; [o]p>’ —14.2 (¢ 0.1, CHCL); IR (CHCL;) v: 3434,

2927, 2856, 1723, 1455, 1342, 1071, 870, 732, 696 cm'; 'H W@\OBI o
NMR (200 MHz, CDCLy): 50.88 (t, J = 6.11 3H), 1.28 (bs, O o
12H), 1.61-1.76 (m, 2H), 1.78 (t, J = 2.8 Hz, 1H), 1.83-1.91 (m, 1H), 1.91-2.03 (m,
2H), 2.07 (dd, J=9.2, 3.4 Hz, 1H), 2.11-2.23 (m, 2H), 2.26-2.40 (m, 1H), 3.44-3.69
(m, 2H), 3.85-4.06 (m, 2H), 4.06—4.18 (m, 1H), 4.24-4.34 (m, 1H), 4.38 (d, J = 12.1
Hz, 1H), 4.49-4.60 (m, 1H), 7.25-7.39 (m, 4H); °C NMR (101 MHz, CDCls): §14.1
(q), 22.6 (1), 26.0 (1), 29.2 (1), 29.6 (1), 30.7 (1), 31.8 (1), 32.7 (1), 37.3 (1), 37.5 (t), 41.3
(t), 66.6 (t), 71.0 (d), 71.3 (t), 79.1 (d), 79.3 (d), 80.6 (d), 113.6 (s), 127.5 (d, 2C),
127.7 (d), 128.4 (d, 2C), 137.9 (s) ppm; HRMS (ESI+): calcd. For C4H330sNa
[M"+Na] 429.2611; found 429.2607.

Characterization data of compound 20’: R, (50% EtOAc/petroleum ether) 0.3;
[a]p®” +13.1 (¢ 0.1, CHCL); IR (CHCls) v: 3434, 2927,
2856, 1723, 1455, 1342, 1071, 870, 732, 696 cm'; 'H
NMR (200 MHz, CDCl3): 50.88 (t, J=6.11 3H), 1.28 (bs,
12H), 1.61-1.76 (m, 2H), 1.78 (t, J = 2.8 Hz, 1H), 1.83-1.91 (m, 1H), 1.91-2.03 (m,
2H), 2.07 (dd, J=9.2, 3.4 Hz, 1H), 2.11-2.23 (m, 2H), 2.26-2.40 (m, 1H), 3.44-3.69
(m, 2H), 3.85-4.06 (m, 2H), 4.06—4.18 (m, 1H), 4.24-4.34 (m, 1H), 4.38 (d, J = 12.1

OBn__OH

o ""OH
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Hz, 1H), 4.49-4.60 (m, 1H), 7.25-7.39 (m, 4H); °*C NMR (101 MHz, CDCl;): & 14.1
(q), 22.6 (1), 26.0 (t), 29.2 (1), 29.6 (1), 30.7 (t), 31.8 (t), 32.7 (1), 37.3 (1), 37.5 (1), 41.3
(t), 66.6 (t), 71.0 (d), 71.3 (), 79.1 (d), 79.3 (d), 80.6 (d), 113.6 (s), 127.5 (d, 2C),
127.7 (d), 128.4 (d, 2C), 137.9 (s) ppm; HRMS (ESI+): calcd. For Cy4H330sNa
[M"+Na] 429.2611; found 429.2607.

(2R,3a'S,5R,6a’'S)-5-Heptylhexahydro-3H,5'"H-spiro[furan-2,2*-furo[3,2-
b]furan]-5'-one (16): The diol 20 (70 mg, 0.17 mmol) was converted to the

corresponding lactone 16 (26 mg, 54% yield from 3 steps) by v

0, o]
following a sequence of reactions that have been used in the \MQ\E‘}(C;I/\):O
synthesis of 1/2. Colorless oil; Ry (20% EtOAc/petroleum H

ether) 0.4; [a]p>’ +34.1 (¢ 0.8, CHCLy); IR (CHCL3) v: 3526, 2927, 2856, 1783, 1461,
1400, 1347, 1155, 1056, 909, 826, 756, 666, 475 cm™'; "H NMR (400 MHz, CDCl;):
50.88 (t, J = 6.9 Hz, 3H), 1.26 (br.s, 10H), 1.38-1.53 (m, 3H), 2.02-2.08 (m, 3H),
2.11 (dd, J=14.2, 6.1 Hz, 1H), 2.44 (d, J = 14.2 Hz, 1H), 2.60-2.67 (m, 1H), 2.71-
2.80 (m, 1H), 4.01 (t, J = 5.9 Hz, 1H), 4.87-4.94 (m, 1H), 5.17 (t, J = 5.9 Hz, 1H);
B3C NMR (101 MHz, CDCls): 8 14.1 (q), 22.6 (t), 25.9 (1), 29.2 (t), 29.6 (1), 29.7 (1),
31.8 (1), 33.9 (1), 35.3 (1), 37.6 (1), 41.6 (1), 77.2 (d), 79.2 (d), 83.3 (d), 114.8 (s), 175.7
(s) ppm; HRMS (ESI+): caled. For C¢H,704Na [M™+H] 305.1723; found 305.1718.

(3a’'R,5'S,6a'R)-5'-((R)-2,2-Dimethyl-1,3-dioxolan-4-yl)-2*,2*-dimethyldihydro-
5'"H-spiro[cyclopropane-1,6'-furo[2,3-d][1,3]dioxole] (25): To }L

the cooled solution of olefin 24 (1.0 g, 3.9 mmol) in diethyl ether | © T o

(30 ml) and with the catalytic amount of PdCl, was added the \/Q:)

solution of in situ generated diazomethane [generated form the N-

nitroso-N-methyl urea (2.0 g, 19.5 mmol ) and KOH (60% solution in water {18 g in
30 ml water + 20 ml diethyl ether}] at -5 °C and left over for 15 min stirring at the
same temperature. After the reaction completion the reaction temperature was slowly
raised to rt and left for 1 h stirring for the removal of excess diazomethane gas. The
crude mixture was filtered and concentrated under reduced pressure resulting the
compound 25 (950 mg, 95% yield) as a yellow gum. Ry (15% EtOAc/Pet.ether) 0.5;
[a]p> +6.5 (¢ 0.04, CHCl3); 'TH NMR (200 MHz, CDCl3): 6 5.80 (d, J = 3.7 Hz, 1H),
4.19 (d, J = 8.6 Hz, 1H), 4.12-4.02 (m, 2H), 3.95 (dd, J = 8.6, 5.1 Hz, 1H), 3.76 (m,

1H), 1.55 (s, 3H), 1.34 (s, 3H), 1.29 (s, 3H), 1.26 (s, 3H), 1.16-0.98 (m, 1H), 1.00-
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0.83 (m, 2H), 0.62-0.41 (m, 1H); >*C NMR (50 MHz, CDClL3): 6 111.5 (s), 109.4 (s),
104.4 (d), 88.5 (d), 78.9 (d), 75.6 (d), 68.0 (1), 29.7 (s), 27.0 (q), 26.7 (q), 26.5 (q),
25.3(q), 8.5 (t), 4.2 (t) ppm;

(R)-1-((3a'R,5'S,6a'R)-2",2'-Dimethyldihydro-5"H-spiro[cyclopropane-1,6'-
furo[2,3-d][1,3]dioxol]-5'-yl)ethane-1,2-diol  (26): The C3
OH

cyclopropane diacetonide 25 (10 g, 36.99 mmol) was treated with | HO o
the 0.8% H,SO4 (50 ml) in methanol (500 ml) and the reaction "f%
(0]

mixture was left over for 12 h stirring at room temperature for the
selective 5,6 acetonide hydrolysis. After the reaction completion, the reaction mixture
was neutralized with the addition of NaHCOs3 under cooling condition. The reaction
mixture was filtered, and concentrated under reduced pressure. The crude product was
purified by the silica gel column chromatography (100% EtOAc) gave the diol 26
(7.80 g, 91 %) as white solid. R;(100% EtOAc) 0.3; [a]p> +12.1 (¢ 0.03, CHClLy); 'H
NMR (200 MHz, CDCls): 0 5.79 (d, J = 3.8 Hz, 1H), 4.21 (d, J = 8.2 Hz, 1H), 4.08
(d, J=3.7 Hz, 1H), 3.69 (s, 2H), 3.46-3.22 (m, 2H), 3.07 (d, /= 6.7 Hz, 1H), 1.53 (s,
3H), 1.28 (s, 3H), 1.13-1.00 (m, 1H), 0.99-0.86 (m, 2H), 0.58-0.43 (m, 1H); “*C
NMR (50 MHz, CDCls): 0 111.3 (s), 103.9 (d), 88.3 (d), 77.4 (d), 72.0 (d), 64.3 (t),
29.6 (s), 26.8 (q), 26.4 (q), 8.3 (1), 4.7 (t) ppm; HRMS (ESI+): calcd. For C;;H;30sNa
[M+H] 253.1046; found 253.1042.

(R)-2-((tert-Butyldimethylsilyl)oxy)-1-((3a'R,5'S,6a'R)-2",2'-dimethyldihydro-
5'H-spiro[cyclopropane-1,6'-furo[2,3-d][1,3]dioxol]-5'-yl)ethan-1-0l  (27): The
cooled solution of diol 26 (7.5 g, 32.57 mmol) in oH

dichloromethane (50 ml) was subjected for the selective TBSO\@O)
.
monosilyaltion with TBSCI (4.9 g, 32.57 mmol) and imidazole ",O)T

(5.54 g, 81.43 mmol) for 3 h at room temperature. The reaction
mixture was quenched with the ice cooled water and partitioned between the water
and dichloromethane. The aqueous layer was washed with 3x30 ml dichloromethane
and the combined organic extract passed through the sodium sulphate; concentrated
under reduced pressure; the crude product was subjected for the silica gel (100-200
mesh) coloum chromatography (30:70% ethyl acetate/petroleum ether) afford
compound 27 (10.5 g, 93 %) as a white gummy. Ry (25% EtOAc/petroleum ether)
0.5; [a]p”>> —22.5 (¢ 0.35, CHCl;); 'H NMR (200 MHz, CDCl;): 6 5.78 (d, J= 3.8 Hz,
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1H), 4.17 (d, J = 9.0 Hz, 1H), 4.06 (d, J = 3.8 Hz, 1H), 3.78 (dd, J = 10.0, 3.3 Hz,
1H), 3.64 (dd, J = 10.0, 5.7 Hz, 1H), 3.38 (dtd, J = 8.9, 5.6, 3.3 Hz, 1H), 2.37 (d, J =
5.4 Hz, 1H), 1.53 (s, 3H), 1.29 (s, 3H), 1.20-0.93 (m, 3H), 0.87 (s, 9H), 0.49 (m, 1H),
0.07-0.04 (m, 6H); °C NMR (50 MHz, CDCls): 6 111.2 (s), 104.0 (d), 88.6 (d), 76.6
(d), 71.7 (d), 64.6 (t), 29.9 (s), 27.0 (q), 26.5 (q), 25.8 (q), 25.6 (q), 18.2 (s), 8.0 (1),
4.6 (t), -3.6 (q), -5.46 (q, 2C) ppm; HRMS (ESI+): caled. For C;7H3,0sNaSi [M'+H]
367.1911; found 367.1909.

(3a'R,5'S,6a'R)-2',2'-Dimethyl-5'-((S)-oxiran-2-yl)dihydro-5'H
spiro[cyclopropane-1,6'-furo[2,3-d][1,3]dioxole] (28): The TBS Q’\O},,O
alcohol 27 (10.4 g, 29.03 mmol) was treated with Et;N (12.2 mL,
87.08 mmol) and CH3SO,Cl (2.47 mL, 31.93 mmol) in
dichloromethane and subjected for the TBAF (12.2 g, 48.27 mmol) in THF (150 mL)

by following the synthetic procedure for compound 6 deliver the C3 cyclopropanted
CS inverted sugar epoxide 28 (4.45 g, 72% overall yield from 2 steps) as a yellow oil.
Ry (25% EtOAc/petroleum ether) 0.5; [a]p” —27.8 (¢ 0.32, CHCl;); IR (CHCl;) v:
3434, 2993, 2069, 1630, 1451, 1331, 1225, 846, 745, 649, 562, 487 cm '; 'H NMR
(200 MHz, CDCl3): 0 5.86 (d, J=3.8 Hz, 1H), 4.13 (t, J=4.1 Hz, 2H), 2.74-2.64 (m,
2H), 2.61 (dd, J = 4.8, 3.1 Hz, 1H), 1.50 (s, 3H), 1.28 (s, 3H), 1.06-0.93 (m, 2H),
0.71-0.54 (m, 2H); *C NMR (50 MHz, CDCl3): 6 111.5 (s), 104.4 (d), 87.3 (d), 78. 8
(d), 49.9 (d), 42.4 (1), 28.2 (s), 26.9 (q), 26.5 (q), 8.9 (t), 3.7 (t) ppm; HRMS (ESI+):
caled. For C;H;s04Na [M'+H] 235.0941; found 235.0938.

(S)-1-((3a'R,5'S,6a'R)-2",2"-Dimethyldihydro-5'H-spiro[cyclopropane-1,6'-
furo[2,3-d][1,3]dioxol]-5'-yl)-4-(trimethylsilyl)but-3-yn-1-ol  (29): The sugar

epoxide 28 (1.0 g, 4.71 mmol), was subjected for the opening on
with TMS-acetylene (1.16 g, 11.78 mmol), by adopting the -0
e
established protocol for the compound 11 with BF;.Et,O (1.24 Il "zo)v
T™MS

mL, 11.78 mmol), and n-BuLi (7.36 mL, 11.78 mmol, 1.6 M in

hexane). The crude product was purified by silica gel chromatography (85:15
petroleum ether/EtOAc) deliver the alkynol 29 (1.25 g, 85% yield) as a colorless
syrup: Rf (30% EtOAc/petroleum ether) 0.4; [a]p® +15.2 (¢ 0.27, CHCL;); '"H NMR
(200 MHz, CDCls): 6 5.87 (d, J = 3.8 Hz, 1H), 4.44 (s, 1H), 4.16 (d, /= 3.8 Hz, 1H),

3.18 (q, J = 7.5 Hz, 1H), 2.52-2.32 (m, 3H), 1.51 (s, 3H), 1.29 (s, 3H), 1.02 (m, 2H),
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0.60 (m, 2H), 0.08 (s, 9H); *C NMR (50 MHz, CDCl3): § 111.8 (s), 104.4 (d), 102.8
(s), 87.7 (d), 87.0 (s), 79.4 (d), 67.0 (d), 27.0 (q), 26.8 (q), 26.7(t), 20.8 (s) 10.0 (t),
4.0 (t), 0.1 (q, 3C) ppm; HRMS (ESI+): caled. For C¢Hys04NaSi [M'+H] 333.1493;
found 333.1488.

(3a’'R,5'S,6a'R)-5'-((S)-1-(Benzyloxy)but-3-yn-1-yI)-2*,2'-dimethyldihydro-5'H-
spiro[cyclopropane-1,6'-furo[2,3-d][1,3]dioxole] (30): To the
solution of TMS alkynol 29 (1.0 g, 3.22 mmol) in anhydrous :_>_§th><
THF (15 ml) sodium hydride (60% oil suspension, 386.48 mg, o °
9.66 mmol) and benzyl bromide (0.46 mL, 3.87 mmol) were added by following the

procedure for compound 12. The crude mass was purified by silica gel coloumn
chromatography (10:90% ethyl acetate/petroleum ether) procured the alkyne 30 (961
mg, 91% yield) as a yellow syrup. Ry (15% EtOAc/petroleum ether) 0.3; [a]p” —27.1
(¢ 1.5, CHCl3); "H NMR (200 MHz, CDCl3): 6 7.39-7.27 (m, 5H), 5.95 (d, J = 4.3
Hz, 1H), 4.73 (d, J = 11.4 Hz, 1H), 4.48 (d, J = 11.4 Hz, 1H), 4.39 (d, J = 4.4 Hz,
1H), 4.24 (d, J= 1.7 Hz, 1H), 3.36 (td, /= 6.8, 1.8 Hz, 1H), 2.58 (dd, /= 6.8, 2.7 Hz,
2H), 1.99 (t, J=2.7 Hz, 1H), 1.56 (s, 3H), 1.37 (s, 3H), 1.19-1.05 (m, 1H), 0.85-0.56
(m, 3H); °C NMR (50 MHz, CDCl;): 6 137.8 (s), 128.3 (d, 2C), 127.8 (d, 3C), 112.6
(s), 106.3 (d), 86.3 (d), 83.8 (d), 81.0 (s), 78.3 (d), 72.4 (t), 70.2 (d), 27.6 (q), 27.5 (t),
27.2(q), 20.1 (s), 9.6 (t), 9.3 (t) ppm; HRMS (ESI+): caled. For CyH,404Na [M'+H]
351.1567; found 351.1563.

(1S,6R)-1-(Benzyloxy)-1-((3a'R,5'S,6a'R)-2",2'-dimethyldihydro-5'H
spiro[cyclopropane-1,6'-furo[2,3-d][1,3]dioxol]-5'-yl)tridec-3-yn-6-0l  (31): By

adopting the coupling procedure for the compound 18, o R
the alkynol 30 (491 mg, 86%) was synthesized from the = o
epoxide (R)-17 (173.0 mg, 1.22 mmol) and the alkyne i
30 (1.0 g, 3.04 mmol) with BF;.Et,0 (0.32 mL, 3.04 mmol), and »-BuLi (1.90 mL,
3.04 mmol, 1.6 M in hexane). colorless liquid; Ry = 0.4 (30% EtOAc/petroleum
ether); [a]p’’ +0.6 (¢ 0.1, CHCLs); "H NMR (400 MHz, CDCls): §7.33 (m, 5H), 5.95
(d, J=4.4 Hz, 1H), 4.74 (dd, J = 11.3, 8.3 Hz, 1H), 4.49 (dd, J = 11.3, 5.6 Hz, 1H),
439 (d, J = 4.4 Hz, 1H), 4.19-4.28 (m, 1H), 3.67 (br. s., 1H), 3.28-3.37 (m, 1H),

2.54-2.68 (m, 2H), 2.36 (d, J = 2.20 Hz, 1H), 2.28 (br. s., 1H), 1.57 (s, 3H), 1.48 (t, J
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= 6.4 Hz, 2H), 1.43 (br.s, 2H), 1.38 (s, 3H), 1.28 (br. s., 11H), 1.09-1.19 (m, 1H),
0.89 (t, J = 6.5 Hz, 4H), 0.69—0.85 (m, 2H), 0.59—0.69 (m, 1H); *C NMR (100 MHz,
CDCls): & 138.0 (s), 128.4 (d, 2C), 127.78 (d, 2C), 127.67 (d), 112.6 (s), 106.3 (d),
86.5 (d), 83.9 (d), 79.3 (s), 78.7 (d), 78.4 (d), 72.3 (1), 70.1 (d), 36.3 (1), 31.8 (1), 29.5
(t), 29.2 (1), 27.8 (t), 27.7 (q), 27.6 (s), 27.3 (q), 25.6 (1), 22.6 (1), 20.5 (), 14.1 (q), 9.5
(t), 9.4 (t) ppm; HRMS (ESI+): caled. For CyH4OsNa [M'+H] 493.2924; found
493.2917.

(1S,2S,7R)-2-(Benzyloxy)-1-(1-((R)-1,2-Dihydroxyethyl)cyclopropyl)tetradec-4-

yne-1,7-diol (32): Following the procedure used in the on on

preparation of compound 19. The tetrol 32 (325 mg, g = oH
OBn

71% yield) was synthesized from alkynol 31 (500 mg, :

1.06 mmol) by a sequence of hydrolysis and reduction of the subsequent lactol.
Colourless gum; Ry = 0.3 (100% EtOAc); ; [a]p®’ +17.2 (¢ 0.1, CHCLs); "H NMR (500
MHz, Acetone-dg): 0 7.45-7.25 (m, 5H), 4.80 (d, J = 11.4 Hz, 1H), 4.65 (d,J=11.4
Hz, 1H), 3.85 (dd, J = 11.2, 5.8 Hz, 2H), 3.69 (dd, J = 28.3, 18.9 Hz, 4H), 3.50-3.39
(m, 2H), 2.74-2.63 (m, 1H), 2.58-2.50 (m, 1H), 2.29 (dd, J = 5.8, 4.1 Hz, 2H), 1.65—
1.54 (m, 1H), 1.50-1.37 (m, 2H), 1.37-1.21 (m, 10H), 0.87 (t, J = 6.8 Hz, 3H), 0.71—
0.59 (m, 3H), 0.54-0.46 (m, 1H); >C NMR (125 MHz, Acetone de): 6 140.0 (s),
129.0 (d, 2C), 128.7 (d, 2C), 128.2 (d), 80.7 (d), 79.8 (s), 79.7 (s), 77.1 (d), 73.1 (d),
72.9 (1), 70.8 (d), 66.2 (t), 37.3 (), 32.7 (t), 30.5 (1), 30.2 (1), 28.6 (), 26.5 (t), 26.1 (s),
23.4 (1), 21.8 (1), 14.5 (q), 7.9 (t), 7.6 (t) ppm; HRMS (ESI+): calcd. For Cy6H49OsNa
[M'+H] 455.2768; found 455.2768.

(R)-1-(2-((2S,3S,5R,7R)-3-(Benzyloxy)-7-heptyl-1,6-dioxaspiro[4.4]nonan-2-
yl)cyclopropyl)ethane-1,2-diol (33): To a solution of

0,
alkynetetrol 32 (150 mg, 0.34 mmol) in dichloromethane \HE\E

OBn__OH

"OH

(30 mL) was added catalyst solution prepared by dissolving
Au(PPh;3)CI (8.58 mg, 17.34 umol) and AgSbFe (5.96 mg, 17.34 umol) in CH,Cl, (10

ml) at 0 °C and the reaction mixture was allowed to stir for 1h at room. The reaction

mixture was concentrated under reduced pressure and purified by silica gel column
chromatography (20% ethyl acetate in petroleum ether) to afford the spiroketal diols
21 and 21’ (134 mg, 89% yield, 20:1) as yellow gum. R, (40% EtOAc/petroleum

ether) 0.3; [a]p®’ —17.2 (¢ 0.2, CHCLs); '"H NMR (500 MHz, CDCls): 6 7.39—7.28 (m,
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5H), 4.57 (d, J = 11.5 Hz, 1H), 4.40 (d, J = 11.5 Hz, 1H), 4.27 (td, J = 6.0, 4.3 Hz,
1H), 3.98 (m 1H), 3.91 (d, J = 5.4 Hz, 1H), 3.69 (s, 1H), 3.61-3.51 (m, 2H), 3.47 (t, J
= 5.2 Hz, 1H), 2.51 (s, 1H), 2.35 (dd, J= 13.7, 6.3 Hz, 1H), 2.18-2.11 (m, 2H), 2.05—
1.96 (m, 1H), 1.95-1.86 (m, 1H), 1.72 (m, 2H), 1.62 (m, 1H), 1.48-1.38 (m, 1H),
1.37-1.19 (m, 11H), 0.87 (t, J = 6.9 Hz, 3H), 0.69-0.62 (m, 3H), 0.56-0.48 (m, 1H);
3C NMR (125 MHz, CDCl;): d 137.1 (s), 128.6 (d, 2C), 128.0 (s), 127.7 (d, 2C),
112.6 (s), 82.2 (d), 80.5 (d), 80.2 (d), 74.0 (d), 71.4 (t), 64.8 (1), 41.4 (t), 37.2 (1), 36.7
(t), 31.8 (1), 30.6 (1), 29.6 (t), 29.3 (1), 26.0 (t), 22.6 (1), 22.2 (1), 14.1 (q), 10.2 (1), 6.4
(t) ppm; HRMS (ESI+): calcd. For CasH40OsNa [M+H] 455.2768; found 455.2768.

(2'R,3a’'S,5"'R,6a'S)-5""-Heptyltetrahydro-3'H,3""H,5"H-dispiro[cyclopropane-
1,6'-furo[3,2-b]furan-2',2"-furan]-5'-one (21): The major H

o) o)
spiro ketal diol 33 (90 mg, 0.21 mmol) was converted to the \(\%\E\(O\/I/\g °
H

corresponding lactone 21 (32 mg, 51% yield from 3 steps) by

following a sequence of reactions that have been used in the synthesis of
Cephalosporolide E (1) /F (2). Colorless oil; Ry (20% EtOAc/petroleum ether) 0.4;
[a]p®” +34.9 (¢ 0.8, CHCls); IR (CHCls) v: 3526, 2927, 2856, 1783, 1461, 1400, 1347,
1155, 1056, 909, 826, 756, 666, 475 cm™'; '"H NMR (400 MHz, CDCls): 6 5.22 (t, J =
6.1 Hz, 1H), 4.53 (d, J= 6.1 Hz, 1H), 3.99 (dt, /= 7.7, 4.1 Hz, 1H), 2.47 (d, J = 14.1
Hz, 1H), 2.15 (dd, J = 14.1, 6.3 Hz, 1H), 2.10-1.97 (m, 3H), 1.60 (s, 1H), 1.52—-1.41
(m, 3H), 1.39-1.29 (m, 4H), 1.29-1.18 (m, 11H), 1.12-1.05 (m, 1H), 0.87 (t, /= 6.9
Hz, 3H); °C NMR (100 MHz, CDCls): 6 178.9 (s), 114.6 (s), 82.8 (d), 80.8 (t), 79.1
(d), 41.7 (), 35.4 (), 33.7 (1), 31.9 (1), 29.7 (1), 29.6 (1), 29.2 (t), 27.3 (s), 26.2 (1), 22.6
(1), 18.7 (t), 14.1 (q), 12.0 (t) ppm; HRMS (ESI+): calcd. For C;gH,0,Na [M+Na]
331.1885; found 331.1881.

(1S,6S)-1-(Benzyloxy)-1-((3a’'R,5'S,6a'R)-2",2"-dimethyldihydro-
5'Hspiro[cyclopropane-1,6'-furo[2,3-d][1,3]dioxol]-5'-yl)tridec-3-yn-6-ol (34):*

By adopting the coupling procedure for the compound oH 0O

31, the alkynol 34 (481 mg, 84%) was synthesized from N "o
the epoxide (S)-17" (173 mg, 1.22 mmol) and the
alkyne 30 (1.0 g, 3.04 mmol) with BF;.Et,O (0.32 mL, 3.04 mmol), and »n-BuLi (1.9
mL, 3.04 mmol, 1.6 M in hexane). colorless liquid; R, = 0.4 (30% EtOAc/petroleum
ether); [o]p”’ —0.7 (¢ 0.1, CHCl3); IR (CHCl3) v: 3468, 2929, 2857, 1736, 1672, 1455,
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1371, 1216, 1163, 1021, 849, 754, 669 cm " 'H NMR (400 MHz, CDCI3): & 7.28—
7.38 (m, 5H), 5.95 (d, J=4.2 Hz, 1H), 4.72 (d, J= 11.3 Hz, 1H), 4.48 (d, /= 11.3 Hz,
1H), 4.38 (d, J = 4.4 Hz, 1H), 4.24 (d, J= 1.5 Hz, 1H), 3.63-3.71 (m, 1H), 3.32 (td, J
= 6.7, 1.7 Hz, 1H), 2.57 (dt, J = 6.6, 2.2 Hz, 2H), 2.33-2.43 (m, 1H), 2.20-2.31 (m,
1H), 1.98 (br. s., 1H), 1.57 (s, 3H), 1.48 (dt, J = 13.0, 6.3 Hz, 2H), 1.37 (s, 2H), 1.23—
1.34 (m, 8H), 1.09-1.18 (m, 1H), 0.89 (t, J = 6.9 Hz, 3H), 0.71-0.83 (m, 2H), 0.60—
0.69 (m, 1H); *C NMR (101 MHz, CDCI3): §138.0 (s), 128.4 (d, 2C), 127.7 (d, 3C),
112.6 (s), 106.3 (d), 86.5 (d), 83.9 (d), 79.3 (s), 78.6 (d), 78.4 (s), 72.4 (t), 70.1 (d),
36.3 (1), 31.8 (1), 29.5 (1), 29.2 (s), 27.7 (1), 27.7 (d), 27.6 (s), 27.3 (d), 25.6 (1), 22.6
(t), 20.5 (t), 14.1 (q), 9.5 (9), 9.4 (q) ppm; HRMS (ESI+): caled. For C9H4,0OsNa
[M™+H] 493.2924; found 493.2917.

(1S,2S,75)-2-(Benzyloxy)-1-(1-((R)-1,2-dihydroxyethyl)cyclopropyl)tetradec-4-

yne-1,7-diol (35):* Following the procedure used in OH OH

OH OH
M

5 OBn

the preparation of compound 18 the alkynetetrol 35
(321 mg, 68%) was synthesized from alkynol 34 (500

mg, 1.06 mmol) by a sequence of hydrolysis and reduction of the subsequent lactol.
Colourless gum; Ry = 0.3 (100% EtOAc); [a]p>> —18.1 (c 0.1, CHCls); 'H NMR (500
MHz, Acetone d): 0 7.33 (ddd, J=31.3, 28.4, 7.4 Hz, 5H), 4.80 (d, /= 11.4 Hz, 1H),
4.65 (d, J = 11.4 Hz, 1H), 3.86 (q, J = 5.7 Hz, 3H), 3.76 (d, J = 3.6 Hz, 1H), 3.72—
3.61 (m, 4H), 3.51-3.43 (m, 1H), 3.41 (t, J = 5.3 Hz, 1H), 2.72-2.63 (m, 1H), 2.58—
2.48 (m, 1H), 2.05 (s, 1H), 1.67-1.53 (m, 1H), 1.43 (m, 2H), 1.28 (s, 10H), 0.88 (t, J
= 6.8 Hz, 3H), 0.70-0.59 (m, 3H), 0.54-0.46 (m, 1H); °C NMR (125 MHz, Acetone
de): 0 140.0 (s), 129.0 (d, 2C), 128.7 (d, 2C), 128. 2 (d), 80.7 (d), 79.8 (s), 79.6 (s),
77.1 (d), 73.1 (d), 72.9 (1), 70.8 (d), 66.2 (t), 37.3 (1), 32.7 (), 30.5(t), 30.2 (t), 28.6 (1),
26.5 (1), 26.1 (s), 23.4 (1), 21.9 (t), 14.5 (q), 7.9 (t), 7.6 (t) ppm; HRMS (ESI+): calcd.
For Cy6H400sNa [M+H] 455.2768; found 455.2768.

(R)-1-(1-((2S,3S,5R,7S)-3-(Benzyloxy)-7-heptyl-1,6-dioxaspiro[4.4]nonan-2-
yl)cyclopropyl)ethane-1,2-diol (36):* The solution of

0Bn_OH

alkynetetrol 35 (150 mg, 0.34 mmol) in dichloromethane 5 .

(30 mL) was employed a freshly prepared catalyst solution
of Au(PPh3)Cl (8.58 mg, 17.34 umol) and AgSbFe (5.96 mg, 17.34 umol) in CH,Cl,

(10 ml) at 0 °C and the reaction mixture was allowed to stir for 1h at room
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temperature. The reaction mixture was concentrated under reduced pressure and
purified by silica gel column chromatography (20% ethyl acetate in petroleum ether)
to afford the spiroketal diols 36 and 36° (128 mg, 83% yield, 20:1) as yellow gum. R,
(40% EtOAc/petroleum ether) 0.3; [o]p”’ +16.9 (¢ 0.2, CHCl3); '"H NMR (400 MHz,
CDCl3): 0 7.40-7.28 (m, SH), 4.58 (d, J = 11.5 Hz, 1H), 4.41 (d, J = 11.5 Hz, 1H),
4.29 (dd, J =10.3, 5.7 Hz, 1H), 4.00 (dd, J = 12.8, 6.4 Hz, 1H), 3.88 (d, J = 5.4 Hz,
1H), 3.74 (s, 1H), 3.61-3.47 (m, 3H), 2.37 (dd, J = 13.7, 6.3 Hz, 1H), 2.18 (dd, J =
13.7, 4.3 Hz, 1H), 2.14-1.94 (m, 4H), 1.74—-1.36 (m, 6H), 1.35-1.18 (m, 14H), 0.87 (t,
J = 6.8 Hz, 3H), 0.67 (dt, J = 13.9, 5.9 Hz, 3H), 0.58-0.48 (m, 1H); *C NMR (100
MHz, CDCls): 6 137.1 (s), 128.6 (d, 2C), 128.1 (d), 127.7 (d, 2C), 112.8 (s), 82.7 (d),
80.3 (s), 78.7 (d), 73.7 (d), 71.5 (t), 64.8 (t), 41.8 (t), 35.6 (1), 31.8 (1), 30.0 (1), 29.6
(1), 29.2 (1), 25.8 (t), 22.6 (1), 22.3 (t), 14.1(q), 10.6 (t), 6.4 (t) ppm; HRMS (ESI+):
calcd. For CygH400O5Na [M++H] 455.2768; found 455.2768.

(2'R,3a’'S,5"'S,6a’'S)-5""-Heptyltetrahydro-3'H,3""H,5'"H-dispiro[cyclopropane-
1,6'-furo[3,2-b]furan-2',2""-furan]-5'-one (22):* The final "

. | N0 ~Fo
spiroketal lactone 22 (27 mg, 49% yield from 3 steps) was 5 L\%o
synthesized from the spiroketal diol 36 (90 mg, 0.21 mmol) by H

following a sequence of reactions that have been used in the synthesis of
Cephalosporolide E (1) and F (2). Colorless oil; Ry(20% EtOAc/petroleum ether) 0.4;
[a]p®” -45.1 (c 0.8, CHCl); IR (CHCI3) v: 3526, 2927, 2856, 1783, 1461, 1400, 1347,
1155, 1056, 909, 826, 756, 666, 475 cm™'; 'H NMR (200 MHz, CDCl5): ¢ 5.20 (ddd,
J=17.1,52,3.0 Hz, 1H), 4.40 (d, J = 5.2 Hz, 1H), 3.99 (dd, J = 12.6, 6.3 Hz, 1H),
2.59 (dd, J = 14.6, 7.1 Hz, 1H), 2.34 (dd, J = 14.6, 3.0 Hz, 1H), 2.17-2.00 (m, 3H),
1.59-1.39 (m, 4H), 1.37-1.31 (m, 4H), 1.30-1.17 (m, 15H), 0.87 (t, J = 6.4 Hz, 5SH)
ppm; *C NMR (100 MHz, CDCls): § 178.1 (s), 114.4 (s), 82.1 (d), 80.7 (t), 78.4 (d),
41.7 (t), 35.3 (t), 33.7 (t), 31.9 (1), 29.7 (1), 29.6 (1), 29.2 (1), 27.3 (s), 26.1 (), 22.6 (1),
18.7 (t), 14.0 (q), 12.0 (t) ppm; HRMS (ESI+): caled. For C;gH,O4Na [M'+Na]
331.1885; found 331.1881.
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CHAPTER II:

Gold Catalyzed [1,3] O—C rearrangement



At the heart of Organic synthesis, the formation of carbon—carbon (C-C) and
carbon—hetero (C—X) atom bonds occupies the central role. Since from the early days
of organic synthesis, the search for the new methods for forging C—C and C—X bonds
has unveiled new inventions that has influenced the direction of chemical research
and aided the rapid development of civilization seen during the last two centuries.
Initially, it was the simple acids and bases that were employed for mediating the
organic transformations, especially involving the active methylene groups and the
carbonyl compounds. For example, the early named reactions such as aldol, Claisen,
Perkin, Stobbe condensations to name a few, employ either simple acids or bases to
mediate the C—C bond formations.! In the early 20™ century, the organometallic
reagents/reactions started appearing with due efforts from Barbier and Grignardand
have revolutionized the organic synthetic portfolio by allowing new avenues for the
key C—C bond formations.” Next the notable ones are the rearrangements, sigmatropic
and pericyclic reactions that have enabled the synthetic chemists to manipulate the
existing C—C bonds and forge multiple bonds in a single operation.’ This organized
development that has occurred from the beginning of the 19" century to the middle of
the 20" century, especially in terms of the new synthetic tools aiming for the
formation of C—C and C—X bonds has seen an exponential growth when the transition
metal complexes have entered the armoury of the synthetic chemists.Starting with the
simple small molecules activation, then cross couplings and now recently, the olefin
metathesis reactions catalyzed by Rh-, Pd- and Ru/W-complexes respectively”, now a
wide range of metals and their complexes have entered in this domain and many
synthetic transformations that would have been otherwise impossible employing

traditional organic methods have been unveiled.

Interestingly, many of the popular metal-catalyzed transformations, especially
of palladium, ruthenium and rhodium complexes are direct and their application in a
logical disconnection of complex molecules is functional group based with a
diminished intuition component.’ As everybody agrees, the power of the
retrosynthetic disconnection is directly linked with the transformations that really
reduce the target complexity and employ the transformations which are apparently not
visible. The acid catalyzed skeletal rearrangements,’ electrocyclizations,” the domino-
processes’ are some of the transformations which fall under this category.

Complementing metal-catalytic transformations in this context are very few. The
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recent resurgence of gold-catalysis has addressed this issue and brought new
dimensions to homogeneous metal catalysis,” in general, and new tools for natural
products synthesis, in particular.’ During the last decade, the gold-complexes allowed
organic synthesis with a remarkable reactivity and ability to manipulate the alkene or

alkyne bonds in an unprecedented fashion.'

The Gold-Catalysis

It was quite amazing to note that the first stable metal alkyls to be isolated
were those of platinum and gold by Pope and co-workers in 1907."" The reaction of
arenes with gold(III) chloride was first noted by Kharasch and Isbell in 1931'* and
that the first olefin-gold(Ill) complex, that with cyclooctadiene, was identified as
recently as in 1964." It took a very long time indeed to establish the utility of gold-
complexes in organic synthesis. The early reports onthe reactions of gold-complexes
appeared in 1967 and later in 1976 and were confined mainly to the oxidation of
alkenes/alkynesand have been primarily covering the production of aldehydes and

ketones by the reaction with tetrachloroauric acid (Scheme 1.1

CgHg + AuCly; —— CgHsAuCl, + HCI  ------ > Equation 1

PtCl, + CH;Mgl M (CH3)sPtl  ------- :

Actone + benzene

(CH3)sPtl + Ag(OH) ————————> (CH3)sPtOH "=~~~ = Equation 2
heat |
LiCl '
(CHz);PtOH + HNOs —> (CH3)sPtNO; ——= (CHy)3PtCI- -
H0

AuBr;  + CoHsMgl —EM®h  (CpHgpAuBr o 1

+----= Equation 3

AUBF3 + (02H5)2AUBI' % (CzH5)2AUBF2 -

Scheme S2.1: Synthesis of alkyl gold and alkyl platinum complexes

In 1986, Ito described an early break-through in the gold-catalysis — and
documented the first catalytic version of the aldol reaction.'”” As shown in Scheme
S2.2, the cationic gold(I)-complex having a chiral ferrocenylphosphine ligand has
been employed as the catalyst to access a chiral oxazoline from the reaction of
benzaldehyde with methyl isocyanoacetate.”” Another notable discovery in this
context was the hydration of alkynes with the ligand supported Au(I)-complex that
was reported by Teles in 1998'¢ which has triggered a lot of academic interest in gold

catalysis in the last decade.
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Scheme S2.2: Gold(I) catalyzed hydration of alkyne

Over the last decade, the potential gold catalysts has been realized especially
with the active involvement of research groups of Hashmi, Toste, Echavarren,
Yamamoto and Haruta, among others which has been reflected in a number of
research publications in the literature.'” The inter- and intramolecular
functionalization of alkynes with a wide range of nucleophiles, enyne cyclization in
particular cycloisomerization,'” hydroarylation and cycloaddition reactions by
cationic gold (I) and gold (III) complexes are some of the fundamental
transformations that have been explored in this context. The use of gold in C—H bond
activation and also in coupling reactions has been recently explored.'’

Coming to the various Au(I) and Au(Ill)-complexes, common commercially
available gold catalysts are gold(I) chloride, gold(IIl) chloride, chloroauricacid and a
range of gold phosphines such as chloro(triphenylphosphine)gold(I). Especially, the
phosphine ligated gold(I) complexes have been identified as the promising catalyst for
the C—C, C-N, and C-O bond constructions Vvia selective activation of C=C and also
unique rearrangements or reactions with various nucleophiles.'® The active cationic
catalysts are typically prepared by the addition of halide scavengers such as AgOTHT,
AgBF., AgPFs, AgSbFe.

As coined in 2007 by Fiirstner & Davies, the gold-complexes are characterized
by their m-acidity (cation-m interaction), affinity for the alkynes and, to some extent,
with alkenes.'” Various other metals such as mercury and platinum salts do possess
the same.”® However, the facile protonolysis of the Au—C bond enables true catalysis.
The high barrier for the oxidation of Au(I) to Au(Ill) makes the Au—C bonds prefer
protodeauration over beta-hydride elimination. The lowered oxophilicity of Au-
complexes and thus tolerance towards water and alcohols and relative non-toxicity of
these complexes are some of the other advantages of gold(I) catalysis.”' Apart from
the alkynes, the allenes have also been widely explored in the gold-catalysis.”> As the

next part is going to present our endeavours with the gold-catalyzed reactions of
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allenyl ethers, in this part, we were interested in summarizing the gold-catalyzed inter
and intramolecular functionalization of allenes in three parts respectively, dealing

with the C—C, C—N and C-O bond formations.

Gold-catalyzed transformations with allenes:

Allene is a simple three carbon functional unit which can participate in
nucleophilic and electrophilic additions, cycloadditions and cyclizations.” The higher
reactivity of allenes when compared to simple alkenes and the peculiar axial chirality
of the elongated tetrahedron system has fascinated chemists during the last century.
The chemistry of allenes has experienced a great advancement in the last two decades
by transition metal catalyzed transformations. The selective activation of allenes with
nucleophiles by using the Pd complexes was thoroughly investigated in the literature
by Yamamoto and Trostgroups.”® The gold-complexes have entered in this area very
recently, especially for the functionalization of allenes via inter and intramolecular

2224y addition, allenes have been

addition of carbon and heteroatom nucleophiles.
proposed as intermediates in the gold-catalyzed [3,3]-sigmatropic rearrangements25
(such as Claisen and Cope rearrangements) and also in the 1,2-/1,3-acyloxy

migrations (Meyer-Schuster & Rupe rearrangements).”

R
o Rupe R Mayer-Schuster R O
R5 -~ R - = N
Rearrangement 2 N R Rearrangement Ry R
R1 1

Figure S2.1: Gold catalyzed competitive Meyer-Schuster &Rupe rearrangements

The following description that continues on the gold-catalyzed allene
functionalization aspect will focus mainly on those reports where allenes have been
employed directly and is further divided into two sections, namely, intra and

intermolecular functionalization.

Gold-catalyzed intramolecular functionalization of allenes:

The intramolecular allene functionalization with carbon and hetero atom
nucleophiles is one of the well-studied reactions as it leads to the cyclic products and
the regioselectivity of the nucleophilic attack on the allene can be controlled to some
extent. However, the mode of the coordination of allene with the gold-center is an

important factor in determining the stereochemical outcome of the transformation.
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There exist four different coordination modes of allenes to the Au metal center®® — i.
n?-coordinated complexes I; ii. c-allylic cations 1l; iii. Zwitterionic carbenes 111 and
n’-coordinated bent allenes IV (Figure S2.1). In axis-to-center transfer, the
stereochemical information is maintained in species | or IV. However, due to the
three carbons and their substitutents being positioned in the same plane, it seems to be
lost in I1 or 111.%° In 2008, Malacria group suggested that not only the nature of the
allene substituents, but also the properties of the particular gold complexes employed

P . . 26
have a crucial influence on the coordination modes.

[Au] [Au]

ve Miye M Wiy S
- Nl = e e WH
[Au] = AuBrs He B TH Y B 1VH W//ﬁ( \%\\

Me H H Me Me
| Il m v

Figure S2.2: Four principal coordination modes of (R)-1,3-dimethyl allene to AuBr;

Figure S2.3 emphasizes the frequently used catalysts and ligands for the activation of
the allenes. Throughout this chapter, we have used the following notations for the

representation of the corresponding catalysts and ligands.

&2 —pph,
Fe o
—~—NH i-Pr Pr
H Ar = 4-OMe-3,5-Bu,CgHj
(N,N’-bis(2,6-diisopropylphenyl)

N— imidazol-2-ylidene)
L4

1,1-Bis(diphenylphosphino)methane
(dppm) (L3)

PAr, OO >—ph
PAr, 7 Ph

Ar = 4-OMe-3,5-Bu,CgH3
L6

OO 3 Ph o
PPh2 Ph,P ; :

R= 246/PrCeH2 : ‘
(R)-P1 ' Ph Ph !

Ph Ph
[e) > ", O By 3 i
HN HN | H
/©/o p-AUCH b Pho ..
PPh, Ph,P
By 3 Au(TPP)CI
L10

Figure S2.3: List of commonly employed catalysts and/or ligands

(S,S,5)
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Gold catalyzed hydroalkoxylation of allenes: Among all the transformations of
allenes, the gold-catalyzed hydroalkoxylation of allenes is one of the easy reactions to
be studied. This results in the formal addition of the oxygen-based nucleophiles either
intra or intermolecularly to one of the carbon—carbon doubles bonds of the allene
system. The intramolecular hydroalkoxylation reaction of allenes has been extensively
studied, and different modes of cyclization canbe observed upon careful selection of
the tether connecting the allenes with the oxygen nucleophile and the length of the
chain.”’ The most common products in these reactions are 5 and 6 membered rings
(furan or pyran type products). The first gold-catalyzed addition of a heteroatom
nucleophilehas been accomplished by Hashmi group, who reported the
cycloisomerization of a-allenyl ketones S3.1 to the corresponding substituted furans
S3.2 and also reported the formation of undesired dimerized side product S3.3
(Scheme S2.3).%* In a subsequent report, Che and co-workers have been able to avoid
this side reaction by employing a gold(Ill) propyrin complex for the conversion of
allenones S3.11 to the corresponding furans S$3.12 and S$3.13 exclusively.”® The
porphyrin pre-catalysts offered superior yields compared to other Au complexes under
the reaction conditions, and, importantly, showed little evidence of decomposition, in
contrast to the instability generally observed with AuCls. The Krause group reported
the AuCls catalyzed cycloisomerization of a-hydroxyallenes S3.4 to the chiral 2,5-
dihydrofurans S3.5 via chirality transfer.”® Besides alkyl- and aryl-substituted furans
synthesis, Gevorgyan and co-workers reported gold(III) catalyzed cycloisomerization
of the haloallenones S3.6 to the corresponding halogenated furans S3.7.® On the
other hand, the Shin group reported the gold(Ill) cycloisomerization of allenic
carboxylates S3.8 to synthesize the butenolides S3.9, S3.10 under harsh conditions
(Scheme S2.3).%®

Inthe year 2000  ---------o-mmssoooososoooooooooonoeo s Hashmi Inthe year 2005  -----==---==-=====meesemmmeaeaeeeioos Shin
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Rz, R4 R FS\.\H
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2
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Scheme S2.3: Gold catalyzed intramolecular hydroalkoxylation allenes
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Krause noted significant differences in the reactivity for the Au-catalyzed
cyclization of B-hydroxy allenes S4.1 and B-aminoallenes S4.3 to dihydropyrans S4.2
and tetrahydropyridines S4.4 respectively, upon screening multiple catalytic Au
sources and additives.” Later, this was followed by Widenhoefer’s report that the
choice of the counter ionin the co-catalyst silver salt was crucial to optimizing the
regioselectivity of the nucleophilic addition in reactionswhere 5-exo-trig- and 6-exo-
dig-derived products were competitively formed.” Furthermore, they also examined
the asymmetric intramolecular hydroalkoxylation of allenes S4.5 with chiral gold
complexes.” In a paradigm shift for enantioselective Au catalysis, Toste then reported
that the use of chiral counterions, rather than chiral neutral ligands, could provide
high enantioselectivity in addition of oxygen nucleophiles to allenes S4.7.%° The
divergent product selectivity was proposed to be a consequence of the increased

oxophilicity of Au(III) relative to Au(I) (Scheme S2.4).%

In the year 2006 -------------------------------- Krause In the year 2007 ~ --------c-sosomsoosmoooooo- Widenhoefer
OH (5 mol%) [L2]AuClI o
Rs Ry R (5 mol%) AgOTs
Ry Ry XY 2 Ph ———— = Ph
Ro, 'L\L_; Au(PPh3)CI é L H Ph Tolue;e,'25 °C Ph
R S4.5 min S4.6
R, OH Rs AgBF4, CH,Cl, R. 4
! 2 F. Dean Toste
s4.1 s4.2
OH 3 mol% L(AuCl), H
3 mol% AgX -0
(5 mol%) AuCl Me, E——
nBu NH, & 7 nBu X CH,Cl,
Me (5 mol%) Pyridine HN $4.7 S4.8
CHyCly, 11, 6 d L = PhsP (5 mol%), X = (R)-P1(5 mol%); 89% yiled, 48% ee
s4.3 76% s4.4 L = L3 (2.5 mol%), X = (R)-P1 (5 mol%); 76% yiled, 65% ee

SchemeS2.4: Gold catalyzed intramolecular hydroalkoxylation allenes

Coming to the intermolecular hydroalkoxylation, despite the fact that one of
the early examples of gold-catalysis documented in 1998 by Teles and co-workers'®
was the reaction between allene gas and methanol in the presence of a gold catalyst,
however, this reaction has received attention only over the past few years. This was
mainly due to the development of new and more efficient gold complexes that are
able to catalyze this reaction under mild conditions. In 2008, Widenhoefer reported
the gold(I)-catalyzed regio- and stereoselective intermolecular hydroalkoxylation of
allenes S5.1 with alcohols S5.a to form (E)-alkyl allylic ethers S5.2 (Scheme $2.5).%
The reaction was sensitive to the nature of the ligand and the counter ion.It was found

that the gold(I) NHC complex in combination with AgOTT in toluene gave the best
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results. The gold(I)-catalyzed hydration of allenes S5.3 was also reported by

Widenhoefer’ group using a similar system (Scheme S2.5).*

Ph (5 mol%) [L4]AuCI Pho O
Me._# Ph * M @ @—————— ~ph
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§5.1 S5.a 1h 8§5.2
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(5 mol%) [L4]AuCI OH OH
Me _—
B0~ BzO + BzO
‘ (5 mol%) AgOTF NMe \/\)\Me
dioxane, 23 °C
§5.3 4 h,77%, (2:1) S5.4 S§5.5
H H (5 mol%) AuPPh,CI Me J\
= + OH ———m Yamamoto
PH Me (5 mol%) AgoTf ~ Ph” 7 "0
94% ee neat, 30 °C
S$5.6 S5.b S$5.7
\ RO
(PPhg)AuCI RO /
ROH —— . Horino
o NTs ° AgSbFg O_ NTs O_ NTs
j( CH,Cly, 1t i i
(o] o [e]
S$5.8 S$5.9 S$5.10
Inthe year 2009 ~-----------------mmmmmmosooooosooooooooooooooooooo oo
(2 mol%) Au(PPh3)NO;
Ar, (5 mol%) HySO4 Ar_~ OR
\I\ + ROH -
R, 4h,40°C Ry
S5.11 solvent free S5.12 Zhang
MeOH
/@/\O/x (PPh3)AuNO3 /©/\O
_—
MeO DCE, -15 °C-rt Meo K\OMG
$5.13 S5.14

SchemeS2.5: Gold catalyzed intermolecular hydroalkoxylation of allenes

At the same time, Yamamoto and co-workers also reported the gold-catalyzed
S5.6, the

hydroamination reaction and showed that it proceeds through a completely different

intermolecular hydroalkoxylation of allenes in comparison to
mechanism.”® The Horino group reported the gold(I) catalyzed intermolecular
hydroalkoxylation of N-tosyl-4-vinylidene-2-oxazolidinones S5.8 with alcohols at the
proximal allenic double bond to deliver the addition products S5.9 and S5.10 (Scheme
$2.5).>° And the regio- chemical issues at - or y-position were well studied with
different alcohols. In 2009, Zhang and co-workers also reported the regio- and
stereoselective hydroalkoxylation of aryl allenes in the presence of catalytic amounts
of Ph;PAuNO; and H,SO4, under solvent free conditions. The reaction works well

with primary, secondary and tertiary alcohols, with addition always occurring to the
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less substituted carbon of the allene system. The mono aryl allenes with electron
donating and electron withdrawing groups give the corresponding E-allyl ethers S5.12
in good yields.™® The PhsPAuNO; catalyst was also used by the same group for the
hydroalkoxylation of alkoxyallenes S5.13 to give allylic acetals S5.14.%°

Gold catalyzed Hydroamination of allenes:

Morita and Krause reported the first intramolecular endo-selective
hydroamination of allenes. With gold(III) chloride, various a-aminoallenes S6.1 were
converted to the corresponding 3-pyrrolines S6.2 with high levels of chirality
transfer.’' The application of this method to allenic hydroxylamine derivatives $6.15
has been documented by Krause’s group and has proved to be particularly useful
because three different chiral heterocycles can be obtained with high regio- and
stereoselectivity, depending on the starting material, the gold catalyst, and the

protecting group on the nitrogen (Scheme S2.6).”'

Inthe Year 2004 ---------o-omomomomomomomo s no oo Krause In the Year 2007 ~---=-=-=-=s=s=msmsmommomnonoooos Widenhoefer
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Scheme S2.6: Gold catalyzed intramolecular hydroamination of allenes

In analogy to the corresponding allenols, y- or 6-aminoallenes also under go
exo-selective hydroamination reactions in the presence of gold catalysts.’’ Thus,
Yamamoto and co-workers obtained 2-vinylpyrrolidines S6.4 or 2-vinylpiperidines
S6.6 by treatment of aminoallenes S6.3 and S6.5 with gold(I) chloride.’' The
Widenhoefer group extended the method to the synthesis of enantiomerically enriched

2-vinylpyrrolidines S6.14 from mono-substituted y-aminoallenes S6.13 in the
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presence of chiral gold complexes.”’ And the smooth formation of chiral heterocycles
with up to 99% ee and high chemical yield from the corresponding tri-substituted
tosyl-protected aminoallenes S6.17 was achieved by Toste and co-workers.”!
Recently, the same group has expanded the scope of gold catalyzed intramolecular
exo-selective hydroaminations to allenic hydrazines and hydroxylamines (Scheme
S2.6).%!

The gold-catalyzed intermolecular hydroamination of allenes was disclosed by
Yamamoto in 2006.* Initially, the addition of anilines to allenes S7.1 was found to be
optimally catalyzed by AuBr;. Further studies to develop conditions for the use of
morpholine S7.a as the nucleophile with allene S7.3 demonstrated the need for an
alternative catalyst. In this context, the cationic phosphine gold(I) complexes were
evolved as the successful catalysts.’” Widenhoefer reported the analogous reaction
with Cbz protected amines S7.b as the nucleophiles.*® In 2009, Bertrand and co-
workers have reported the intermolecular Markovnikov hydroamination of allenes
S7.7 with a variety of primary and, more importantly, secondary amines S7.C by using
the cationic gold(I) complex featuring a bulky cyclic (alkyl)(amino)carbene (CAAC)
as the ancillary ligand.32 In 2010, Widenhoefer reported the intermolecular
hydroamination of the allenes S7.9 with aromatic secondary amines S7.d by using the
NHC-gold(I) complex.** More recently, the Cui group has reported intermolecular
hydroamination of the allenes S7.11 with sulfonamides S7.e as the amine partner for
the synthesis of N-allylic sulfonamides with high regio- and stereoselectivity (Scheme

$2.7).%
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Scheme S2.7: Gold catalyzed intermolecular hydroamination of allenes®
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Hydroarylation and cycloaddition of allenes:

As discussed above, homogeneous gold catalysis has been widely utilized for
the addition of heteroatom nucleophiles to allenes since the beginning of this
millennium.> In contrast to this, addition reactions of carbon nucleophiles have been
first disclosed in the year 2006, and the number of examples is still rather small.*®
Most reports on the gold-catalyzed intramolecular C—C bond formation of allenes take
advantage of electron-rich aromatic or heteroaromatic units as the nucleophile.”
Interestingly, this hydroarylation has been utilized in natural product synthesis even
before the method was studied extensively. En route to an enantioselective synthesis
of (-)-Rhazinilam, Nelson subjected diastereomerically enriched allene S8.1 to Au-

catalysis in order to achieve intramolecular hydroarylation. The desired

tetrahydroindolizine S8.2 could be isolated in good yield.*

Other electron-rich heteroaromatics like indoles can also be used as
nucleophiles in gold-catalyzed hydroarylations. As in the case of exo-selective
hydroalkoxylations and hydroaminations, it was Widenhoefer who reported the first
examples of the formation of tetrahydrocarbazoles S8.4 and related heterocycles
fromallenyl indoles $8.3.% Starting from achiral allenes, the hydroarylation products
were synthesized with high ee by using chiral gold complexes (Scheme S2.8).%

Electron-rich phenyl rings are also competent nucleophiles for the
intramolecular gold-catalyzed hydroarylation of allenes. Thus, an efficient route to
dihydroquinoline S8.6 and chromene derivatives S8.8 has been developed by Fujii,

Ohno, and co-workers, from allenic anilines S8.5 or allenic arylethers $8.7.%
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Chapter II
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Scheme S2.8: Gold catalyzed intramolecular hydroaylation of allenes™

In 2010, the Barluenga group reported the synthesis C2 functionalized indole
annulated compounds S8.10 via the 6-endo mode of cyclization of 2- allenyl N-
Methyl indole S8.9 derivatives.” In 2011, Toste and co-workers have used the
hydroarylation strategy in the total synthesis of natural products Flinderoles B and C
for the construction of the tricyclic core S8.12 structure by using the NHC supported
gold(I) complex.”® The Shengming Ma group has documented an efficient approach
for the cyclopenta[b]indole skeleton S8.14 via C2-H functionalization of the indole

from 3-allenyl indoles $8.13 (Scheme S2.8).*

On the other hand, Toste and co-workers used acetylenic and allenic silylenol
ethers S9.1 for the gold-catalyzed intramolecular C—C bond formation.** Liming
Zhang and co-workers documented another possibility of the activation of allenes via
1,3-dipole addition of allene S9.3 to form the cyclopentanone enol ether $9.4.** In
2007, Toste and co-workers developed a novel gold(I)-catalyzed cycloisomerization
of vinyl allenes S9.6 for the synthesis of cyclopentadienes S9.7 with mild reaction
conditions, by using this tandem cycloisomerization/ring-enlargement reaction
sequence.’* This method was applied by Gagne and co-workers to arylallenes S9.8
having extended all-carbon linker between the reactive sites. In this case, a 6-€x0-trig
cyclization was induced by a mixture of triphenylphosphitegold(I) chloride (3 mol %)

and silver hexafluoroantimonate (5 mol %), giving a tetralin S9.9 derivative in high
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yield (Figure S2.9).** Extensive mechanistic studies have revealed a diaurated species

as the catalyst resting state, which is activated by the silver salt.**
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Scheme S2.9: Gold catalyzed intramolecular hydroaylation of allenes®*

Another possibility to use the activation of allenes by gold catalysts for C—C
bond formation 1is their participation in cycloadditions. Enantioselective
intramolecular [4 +3] and [4+2]-cycloadditions of allenicdienes S9.10, S9.12 were
reported by Manscarenas and co-workers.>* On the other hand, intramolecular [2+2]-
cycloadditions of allenenes S9.14 were studied by Toste and co-workers (Scheme

$2.9).%

Intermolecular hydroarylation of allenes:

In 2009, Gagne and co-workers documented the first report on the gold-
catalyzed intermolecular hydroarylation of allenes, where they used the electron rich
methoxybenzenes S10.a as the pro-nucleophiles for the addition over the allenes
$10.1 by cationic gold(I) phosphite complexes to deliver the functionalized arenes.”
However, this process is only limited for the di- and trimethoxybenzenes, while the
heterocyclic nucleophiles like indole, furan and pyrroles are found to be poor
nucleophiles. In the same year, Widenhoefer and co-workers overcame the limitations
of Gagne’s approach by employing the mixtures of (L5)AuCl and AgOTf as a
catalytic system for the purpose of intermolecular hydroarylation.”® They reported the
intermolecular hydroarylation of allenes S10.3 with various indoles S10.a to form 3-
allylic indoles S10.4. Later, for the same reaction, the chiral version has been reported

by Che and co-workers.>> More recently, Liu and co-workers have documented the
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gold(I) catalyzed annualtion of N-hydroxyanilines S10.5 and allenes for the synthesis
of 2,3-disubstituted indole derivatives $10.6 in good yield (Scheme S2.10).%
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Scheme S2.10: Gold catalyzed intermolecular Hydroarylation of allenes”

Allenyl ethers & Reactions:

Among the different classes of allenes, alkoxy-substituted allenes constitute
distinct and synthetically useful structural units. Alkoxyallenes are characterized by a
unique triple reactivity pattern (Figure S2.4): i. the y-carbon is susceptible to
nucleophilic attack; ii. the central B-carbon displays typical enol ether reactivity and
iii. The a-C is also susceptible for nucleophilic attack. The C,—H is easily abstracted
by bases such as alkyllithium generating highly reactive C3-nucleophile which
undergo substitutions at Cl leading to a multitude of synthetically versatile

intermediates with an alkoxyallenyl moiety.*
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Figure S2.4: Reactivity pattern of litigated alkoxyallenes

In continuation of Aren’s pioneering work, lithiated alkoxyallenes have been

recognized as versatile synthetic equivalents for important synthons, some of which
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are displayed in Figure S2.5.%° They represent acyl anion synthons such as a or d,
zwitterionic synthons like b and ¢, or homoenolate synthon e. All synthons involve an
umpolung of regular reactivity.*® Over the past three decades, allenyl ethers were
utilized in the numerous synthetic transformations via inter and intramolecular
avenues due to their ready availability.”® Their reactivity towards the acidic as well as
basic conditions has led to broad applicability in the synthesis of an important class of
naturally occurring alkaloids and terpenoids.”® Following are some selected examples

of reactions of allenyl ethers which are unique on their own.
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Figure S2.5: Synthonsa-e derived from methylated alkoxyallenes

In 1985 Kanematsu and co-workers reported the furan ring expansion via the

formation of the allenyl ether intermediate in the presence of KO'Bu.”’

D\\ KO'Bu
o - -

z\/o heat

~B

H
T\ £CH _
o - = — O |— - O Ken Kanematsu
%/O HO

Scheme S2.11: Base catalyzed furan ring expansion

Later, in 1990, the Ricci group disclosed the Lewis acid catalyzed (BF;.Et,O)
intramolecular [1,3] O—C rearrangement of pyranosyl allenyl ethers S12.1. A
mechanism founded upon the formation of a contact ion pair intermediate has been
proposed.’” The Yamamoto, Rutjes and Moore groups investigated the intermolecular
reactivity of the allenyl ethers via the o activation in the presence of palladium

complexes by employing various pro-nucleophiles for thesynthesis of differently

substituted allyl ethers S$12.4, S12.6 and S12.9 (Scheme S2.12).*’

94



Inthe year 1990 --------------------oooooonn Alfredo Ricci Inthe year 1998 ------------------oo-- Harold W. Moore
BF3 Et,0
[oj/o CHJCl,
- X = i) ::<
78 °C © 0 0
TMSO - .
$12.1 $12.2 ”) 8Ctort  TMSO
Inthe year 1995  ---------------oooooooooooo Yamamoto H i) NaHCO3, H,O
$12.7
NuH
BnO Pdy(dba);CHCly BnQ  CH, e 3,3] rearrangement
e T o
THF, 75 °C, 24 h Ni H H ~
$12.3 $12.4 : - TMSO QG
NuH = PhCH(CN)CO,Et H ~ k o
In the year 1998 ----=--------==------ Floris P. J. T. Rutjes OH OMe
$12.8
OH
M °©
= CO,Me | “1OMe
MeO 5 mol% Pd(OAc), = H Y
— $12.9
Et3N, MeCN, reflux MeO,C” O~ "OMe
$12.5 $12.6

Scheme S2.12: Reactions of allenyl ethers®’

Nagao and co-workers have extensively studied thering expansion reactions of
the pendant allenyl ethers.”® For example, the 2,2-dialkyl-3-hydroxy-3-(1-
methoxyallenyl)indanones S13.1 undergo a tandem two-carbon ring expansion when
treated with strong bases and afford the corresponding exo-benzocycloheptene-1,5-
diones S13.2.°* The palladium(0)-catalyzed one-atom ring expansion of various
hydroxyl = methoxyallenylisoindolinones S138 to  the  corresponding
isoquinolinediones S13.9 and subsequent Heck-coupling with the aryl and vinyl
halides has been developed by the same group in 2002.*® More interestingly, one-
atom ring expansion of various hydroxyl methoxyallenyl compounds S13.4 was also
reported by the same group in the presence and absence of aryl halide.” They have
reported a tandem intramolecular carbopalladation-heterocyclic ring expansion

reaction to achieve tetracyclic compounds S13.11 (Scheme S2.13).%®
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Inthe year 1999 ----------ocomomommoomo o Inthe year 2002  +--=========mm s smeseseseeoooooos
MeO ) o
HO (TMS),NLi e MeQ Pd(PPhs) Q oM
THF-HMPA HO, 34 e
Me P(o-tokyl)3 BN
M 0 -
Me reflux THE o
(e} LiCO Md Me reflux Me Me
S13.1 o]
OMe H,0 S13.4 S13.7
2 In the year 2002  --------------------mmmoooooooooooooo-
MeO fe)
Me HO Ry
o Me Pd(PPhs), Ar
S13.2 NR 4>A| K.CO NR
,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,, I, K2LO3
In the year 2000 THF, reflux & R1=OMe

o oM MeO o)
e
HO, S13.8 S13.9
o] MeO
i o] (0]
. R o ;
Me M€ Md Me Pd(PPhg),

S13.3 S13.4 | Pd(PPhy) N ! O N O
. . 3)4
Arl, K,COy Arl, K,CO3

THF, reflux

THF, reflux fe)

Figure S2.13: Yoshimitsu Nagao reactions of methoxyallene38

In 2000, Parsons and co-workers reported the thermal [3,3]-Claisen
rearrangement of allenyl ethers $14.1.%° On the other hand, the Shimizu group had
documented the in situ preparation of methoxyallene oxide via epoxidation of
methoxyallene with 3-chloroperbenzoic acid and the subsequent reaction with
aldehydes or acetals was promoted by titanium tetra iodide for the synthesis of 2,3-
dialkoxy- or 3-hydroxy-2-methoxy ketones S14.4 and S14.5 respectively in good
yields (Scheme S2.14).%

In the year 2000--------------------- Philip J. Parsons
o) Ox
DMF, 120 °C (or)
—_—
Benzene, reflux
S$14.1 S$14.2
************************************ Makoto Shimizu
m-CPBA O OMe
3-chlorobenzoic acid
Til4, PhCH(OMe) Ph
il, e),
CH,Cly, -78 °C-20 °C OMe
syn:anti = 68:32
= — S$14.4
OMe
) m-CPBA, RCHO O OH
2 equiv Til4-Ti(OiPr), M
S14.3 " 'Ph
PhCH(OMe),, OMe
CH,Cl,
-78 °C-20 °C

anti:syn =27:73

Figure S2.14: Reactions of allenyl ethers
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More remarkably, the syntheses of carbocycles and heterocycles with allene
precursors have recently seen a return of transition metal catalysis.* In this
contribution, the Reissig group reported the samarium diiodide catalyzed y-activation
of the methoxy allene, which gave the 4-hydroxy 1-enol ethers S15.7 and the
subsequent radical mediated cyclization afforded the corresponding cylcopentane
derivatives $15.6.*" The Trost group has developed a palladium-catalyzed asymmetric
allylic alkylation of allenyl ethers via addition of a C—H bond across an allene with
excellent regio-, diastereo-, and enantioselectivities.* Recently, a general method for
the asymmetric synthesis of cyclopentanones S15.9 with a-chiral O-tertiary centers
has been developed by this group employing Pd-catalyzed ring expansions with
pendant allenyl ethers S15.8 (Scheme S2.15).%

In the year 2003 ----------------------oooooooo oo B.M.Trost

o)
BnO 0 -C H PdCI H,$
\ . >< In5-CaHsPdCll, ) ><
o CHoCly, Rt, 75% )ﬁ
o)

99% ee, (3:1)
$15.1 $15.2 s15 3 S15.4

branched Linear
********************************************************************** Hans-Ulrich Reissig

OH

0 0 HO
—_ A /\\QA OMe + Z"0Me
‘BUOH

$15.5 $15.6 $157
Inthe year 2006 === --- === -=--so-soooooooooooooocoocooooooooooooooooooooo B.M.Trost

M smi2

(2.5 mol%) Pd,(dba)3CHCI;

<><Oi/ (7.5 mol%) L10
10 % PhCO,H, 10% EtN
Soo e (O
DCE, 30 °C, 4A° MS OPMB
$15.8 97%, 89% ee

Figure S2.15: Reactions of allenyl ethers™

Overall, it is evident that the utilization of allenyl ethers in the gold catalysis
has been rarely explored. There has been only a single report by Cui and co-workers
who reported the C1 hydroalkoxylation of allenyl(p-methoxybenzyl) ether by using
the gold(I) nitrate complex (details are provided in the next section).This has
prompted us to explore the possibilities of selective functionalization of allenyl ethers
under gold-catalysis. In the following section, described our results that deals with the
gold(I) catalyzed B, y-activation of allenyl ethers via the [1,3] O—C rearrangement
and via the hydroindolylation reactions and some model studies to understand the

mechanism of these reactions.
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Introduction:

During the last decade, gold-complexes enabled organic synthesis with a
remarkable reactivity along with the ability to catalyse diverse organic transformations."’
Amongst them, the gold-catalyzed rearrangement reactions needs a special mention.”
Organic reactions in which a migration takes place are commonly designated as
rearrangement reactions. This may result during the mechanistic course to fulfill the
principle of the minimum energy state of the whole system/transition state. Of course,
many of these rearrangements occur intramolecularly and involve the shift or migration
of atom/group of atoms from one site to another via simultaneous bond breaking-
forming.*' A certain energetic relief or a certain ease of the system must manifest in order
to yield the stable product: the rearrangement product. According to Corey, the
rearrangement reactions fall under the category of neutral transforms which are
characterized as the transformations that are apparently not visible, yet are very effective
in addressing the target complexity.** The Cope and Claisen rearrangements* are special
reactions, which fall under the category of pericyclic reactions, in general proceeding in a
concerted fashion. Whilst the Cope rearrangement is an equilibrium process, the Claisen
rearrangement comprises the formation of a new C—C bond via C-heteroatom bond
breakage and is irreversible in general. The early reports on these Cope and Claisen
rearrangements are mainly thermal-based and involve heating at elevated temperatures.*
In recent years, various transition metal complexes have been deployed to produce these
rearrangements under ambient temperatures and in an enantioselective fashion. The gold-

complexes have entered in this area during the last decade.®

The [1,3] O—C rearrangement of the vinyl ethers, is an interesting reaction that
has been reported by Claisen much earlier than the classical [3,3] Claisen reaction.*® The
[1,3] rearrangement reaction constitutes an important C—C bond formation reaction and
has attracted considerable attention over the last two decades. In general, Lewis acids
have been employed as catalysts for this reaction.® Recently, the transition metal
complexes like Pd, Co, Ir and Ru have been shown to be effective for this purpose.’ The
Lewis acid catalysed [1,3] rearrangement reactions are postulated to proceed through the
heterolytic cleavage of the O—R bond of the vinyl ether and via the formation of an

intermediate ion-pair comprising of the carbocationic species R and an
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enolatecounterpart.® The success of this reaction depends upon a careful choice of Lewis
acids, as well as the selection of appropriate R groups that can stabilize the transient
carbocation. The Rovis group has taken advantage of this insight to establish ion pairing
as a control element for the [1,3] rearrangement of various vinylic systems and

demonstrated its utility in the natural products synthesis via ring expansion or

. 6f, 6
contraction.”” °®
n-Hex W BF3 EtZO n- Hexm n-Hex_ O "\\th
U PhMe, -78°C U o
8:92
trans cis trans
(Tomislav Rovis, 2002)
Ph
EtAICI,
| CH,Cl, o%\ { (Tomislav Rovis, 2005)
0 23°C, 5 min b g
70%
95% ee >95:5d.r. 95% ee

Scheme 1: Lewis acid catalyzed [1,3] rearrangement of vinyl ethers

Coming to the gold-complexes, it comes as a surprise that in 2004, Toste and co-
workers have reported for the first time the trace amounts of the [1,3] rearrangement
products while doing the [3,3] Claisen rearrangement of propargyl vinyl ethers.*’ In 2011,
Kraftt and co-workers provided the evidences for the [1,3] rearrangement on the

occasions of [3,3] Claisen rearrangement of allenyl vinyl ethers.**

(1 mol%) HO
o [(PPhsAUOIBE, [ 7\ OH
CH2C|2 10 min, rt B + (Toste, 2004)
Ph™ N H hee 1Y ’
n-C4H9 NaBHy, MeOH, rt n-C4Hg n-C4H9

5 mol%)
N ( HO o
o) Au(PPh;)Cl + AgSbFg _ + (Krafft, 2011)
Ph/l\/ Ph

i Ph
CH,Cly, 15 min, rt [3,3] 21 11,3]

Scheme 2: Early examples on gold catalysis

We had to learn about the details of this [1,3] O—C rearrangement while
designing a retrosynthetic plan for Propolisbenzofuran B.** As shown in Figure 1, the

intended key reaction for the cyclohexane annulation was the intramolecular radical
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cyclization involving a a-substituted acryl aldehyde. However, when examining the
literature for methods for the synthesis of this key structural unit, it revealed surprisingly
that there are very few methods for the synthesis of a-substituted acryl aldehydes and

even the reports on the simple 2-benzylacryl aldehyde are very few.”"!

o radical
addition RO

—

OAc MeO

HO RO

Propolisbenzofuran B

s a

O [1,3] rearrangement

Figure 1: Key retro synthetic disconnection for the Propolisbenzofuran B

Considering the prerequisite of an ion-pair mechanism for the success of a “[1,3]
rearrangement” and the formation of ion pairs with the catalytically active cations in the
Au[I]-catalyzed reactions,”® we hypothesized that the [1,3] rearrangement of the allenyl
ethers would provide a general and easy protocol for the synthesis of C2-substituted acryl
aldehyde derivatives. However, as mentioned above, the utilization of allenyl ethers in
the gold catalysis has been rarely explored. There has been a single report by Cui and co-
workers who reported the C1 hydroalkoxylation of allenyl(p-methoxybenzyl) ether (37¢)
by using the gold(I) nitrate complex.’ Despite the fact that this report cautioned about
possible failure, we reasoned that carrying out the reaction in aprotic solvents like

dichloromethane would facilitate the reaction inthe requisite direction.
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Present Work Chapter 11
/©/\ 0™\ (PPhANGS /©/\O (cui)
MeO ——————> MeO ﬁOMe

DCE, -15 °C-rt
37c
Nucleophilic addition

(0.05 mol%) AuCI(PPh)

7
(0.15 mol%) AgSbFg
N
MeO o)

CH,Cl,, 0 °C
2 -5 min

38c

[1,3] O—C Rearrangement
Figure 2: Proposed synthesis of C2-substituted acryl aldehydes via allenyl ethers
Results and disscussion:

To start in this direction,the allenyl ethers 37a-37¢, having respectively decyl,
benzyl and p-methoxybenzyl pendant group units, been selected as representative
substrates for the initial screening and to study how the stability of the in-situ generated
carbocation will influence the [1,3] rearrangement reaction scenario. These three
allenylethers have been synthesized by following the established procedure by Trost’s
group involving theKO'Bu mediated transformation of the propargyl ethers to the allenyl

5
ethers.”®
KO'Bu
R0 S R O/\
THF, tt, 30 min
MeO \
\97\0/\ @ \©\/
o
37a, 79% 37b, 82% 37¢c, 83%

Scheme 3: Synthesis of allenyl ethers 37a, 37b and 37¢

The exploratory experiments on the projected [1,3] rearrangement of allenyl
ethers 37a—37c were carried out by employing 2 mol% of catalyst in dichloromethane
solvent at 0 °C. First, most of the Au[lll] salts were screened for the rearrangement
purpose but quite surprisingly, all the reactions ended with the hydrolysis of the allenyl
ethers 37a-37¢ and gave the corresponding alcohols as the only products. When the
Au[I]-complexes were employed alone, all the staring allenyl ethers remained intact.
Quite interestingly, the Au(I)-complexes with the combination of additive AgSbFs

resulted in the quantitative conversion of the allenyl ether 37¢ to the corresponding
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rearranged product 2-(4-methoxybenzyl)acrylaldehyde (38¢) within 5 minutes at 0 °C in
dichloromethane. Under similar conditions, the allenyl ethers 37a and 37b underwent
hydrolysis immediately after the addition of the catalyst. Changing either the ligand on
the Au[l]-complex or the counter anion did not provide any promising results with the
allenyl ethers 37a and 37b. The structure of compound 38¢ was established with the help
of spectral and analytical data. For example, in the "H NMR spectrum of compound 38c,
the characteristic olefinic -CH; appeared as two separate doublets at & 6.06 and 6.10 ppm
with a germinal coupling constant of J = 0.9 Hz . The benzylic —CH, had shifted upfield
at 8 3.52 ppm.

Table 1: Catalyst Optimization for the [1,3] rearrangement

7777777777777777777 — W/)/\/OH
2 ol AuCh or ! (2 mol%) AgOTf or ! 5
(2 mol%) AuCls ori 13 mojoz) AGNT, or !

i ' " (2mol%) AuBr | of | !
! (2 mol%) AuCI(PPhg) | L 2 meh 9 AUBTs Jor | 2mol% AgOAC @AOH

\/\(\WOH
° L@ |°/o/: PMecli | o | | QL. ...

; @mol °)0ru( ea)Cl \/5‘//0 (2 mol%) AuCI(PPhy)’ o

: : ! [(2 mol%) AgNTf, or |

(2 mal%) Ault2)Cl | AgOAcorAgoT] || =

___..and 37a | |TUTTTTTY e
(6 Mol%)AgSbF |
Hydrolysis | ~~~~"~"7-mtooo?
©/\OH CH,Cl,, 0°C @; CHaCL, 0°C | (2 mol%) Au(PPh)Cl [ "o ion staring recovered
2-5min 2-5min
37b
. W/\/OH
o 5
/©/\ Hydrolysis
MeO / ©/\OH
mo are (2 mol%) AgSbFs
- |
N
0
MeO 38¢c m

91% or 82% or 83% MeO 38¢c
[1,3] rearrangement traces 15%

[1,3] rearrangement

Further control experiments revealed that, with the [5 — 10 mol%] of silver salts AgOAc,
AgOTf and AgNTHf, only the hydrolysis of 37a—37¢ was observed.”* On the other hand,
with AgSbFs alone, the rearrangement of 37¢ was sluggish and the moderate conversion
of the corresponding product 38¢ was observed. These experiments clearly demonstrated
that the active catalyst involved in the [1,3] rearrangement was the in-situ generated
cationic [Au]-complex and that the weakly coordinating counter anion favours the

rearrangement.5 3
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From these initial results, it was clear that the reaction with the 2 mol% of the
catalyst found to be almost instantaneous at 0 °C.This observation encouraged us to
examine of the optimal catalyst concentration that was required for the transformation at
ambient temperature. Controlled experiments have been conducted employing the
successful allenyl ether 37¢ for the rearrangement at different concentrations of the
catalyst, varied from 0.0125-0.05 mol%. As the concentration of the catalyst was
decreased from 0.05 mol% to 0.0125 mol% the rate of the reaction was reduced
simultaneously and the reaction temperature was also raised from 0 °C to reflux
temperature. Out of all the concentrations, the reaction with 0.05 mol% of catalyst at 0 °C
(5 min duration, S/C = 2,800) was found to be optimal for a successful rearrangement of
37¢ to afford the rearranged product 38c¢ in 97% yield. This is one of the best TOF (4600
h™') that has been documented in the homogencous gold(I) catalysis.”® As the
concentration was reduced to 0.045 mol%, the rate of the reaction was decreased and it
took 30 min to complete at 0 °C. But there was no substantial change in the yield of the
reaction (92%). On the other hand, when the concentration was reduced further to 0.035
mol%, there was no conversion at the 0 °C, while the rearrangement took 8 h to complete
at 25 °C temperature. At room temperature, the reaction was sluggish for lower
concentrations like 0.0125 mol%.When refluxed, the reaction proceeded within 12 h
(80% conversion), after which there was no further conversion of 37¢, providing 38¢ in

90% isolated yield (S/C = 9072).
Table 2: Optimization studies for the best turn over frequency

(X mol%) AuPPh3ClI
/©/‘o/\ (3X mol%) AgSbFg mo
—_—  »
MeO MeO

37c CH,Cl, 38c

SNo | X (mol%) | temp | time | Yield® S/C | TOF(™)
1 0.050 0°C |05min| 96% 2800 4600
0.045 0°C |30min| 92% 3100 4088
0.040 0°C |60min | 89% 3500 2225
0.035 25°C | 08h 87% 4000 310
0.030 25°C | 10h 86% 4600 286
0.025 25°C | 16h 86% 5600 215
0.0125 reflux | 12h | 90%° | 9072 600

N N W B W N
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Chapter 11

S/C = Substrate/Catalyst Concentration
* isolated yields; "based on the 20% starting material recovered

Substrate scope for the [1,3] O—C rearrangement:

Having established the feasibility of the projected [1,3] O—C rearrangement as a
simple protocol for the synthesis of 2-(4-methoxybenzyl)acryl aldehyde (38¢c), we next
proceeded for the generalization of this approach for the synthesis of various similar
derivatives. The established two-step procedure has been employed to synthesize a wide
range of allenyl ethers having diverse pendant groups. Scheme 4 provides the details of

all the allenyl ethers synthesized in this context.
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Scheme 4: Synthesis of allenyl ethers

Next, the rearrangement of these allenyl ethers has been examined employing

0.05 mol% of the [Au]-catalyst. Table 3 reveals the scope of the rearrangement reaction.

The Cl-secondary allenyl ethers of (4-methoxyphenyl)methanol with the benzyl 37e

substitution underwent the [1,3] rearrangement smoothly and provided the corresponding
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acryl aldehyde 38e in excellent yield. A similar trend was observed with another electron
rich simple(2,4-dimethoxyphenyl)methanol allenyl ether 37g and that with the CI-
secondary substitution like phenyl 37h delivered the corresponding rearranged products
38g and 38h in 91% and 94% respectively. The other electron-rich allenyl ethers of the
simple (3,4-dimethoxyphenyl)methanol allenyl ether 37i and the Cl-phenyl and benzyl
substituted allenyl ethers 37j and 37k of (3,4-dimethoxyphenyl)methanol and (3.4,5-
trimethoxyphenyl)methanol 371 and 37m were transformed into the acryl aldehydes 38j—
38m with excellent yield. The rearrangement of the Cl-secondary allenyl ethers of (3,5-
trimethoxyphenyl)methanol with phenyl substitution 37q is quite interesting and revealed
that the presence of the methoxy substituent is important for the rearrangement, but that it
is not essential for the substituent to be at the para position. The [1,3] rearrangement of
the allenyl ether of the electron-rich 6-methoxy-1,2,3,4-tetrahydronaphthalen-1-ol (37s)
was also facile under the same catalytic conditions and delivered the expected rearranged
product within 2 minutes in 89% yield . Not onlywith the methoxy aromatic systems, but
even with the (4-(N,N-dimethylamino)phenyl)-methanol allenyl ethers 37n-37p, the
rearrangement reaction proceeded smoothly and the corresponding rearranged products
38n-38p were obtained in excellent yields. Although the simple benzyl allenyl ethers
37b, 37v and 37w are not compatible, gratifyingly, the diphenylmethanolallenyl ether 37r
gave 87% of the rearranged product 38r, indicating that the stabilization of the
intermediate carbocation is important for the rearrangement. As expected on the
stabilization of the intermediate carbocation, the rearrangement of allenyl ethers having
the fused rings 1-(naphthalen-2-yl) ethan-1-ol 37f, I1-(naphthalen-1-yl)ethan-1-ol
37e’and also (tetrahydrofuran-2-yl)methanol 37g’ were found to be unsuccessful and led
to the hydrolysis of allene ether linkage and produced the corresponding aryl alcohols as
the only products (Scheme 7). The rearrangement was successful even in case of the y-
substituted allenyl ethers 37t and 37u led to the formation the 2,3-disubstituted acryl
aldehydes 38t and 38u (isolated as an inseparable E/Z mixture). These results revealed
the applicability of this methodology for the [1,3] rearrangement of the C3- substituted

allenyl ethers.
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Table 3: Scope of the gold catalyzed [1,3] rearrangement.

i 0.05 mol% Au(PPh3)Cl
> X
N I 0.15 mol% AgSbFg A/H(\o
CH,Cl,, 0 °C
37 2°-5 min 38
R =H, Ph, Bn, Bu
R R
OMe R R MeO
No Meo <o o MO
Me.
MeO °N
MeO MeO OMe Me

38i, R=H (94%)
38j, R= Ph (91%)
38k, R=Bn (82%)

m ‘!ﬁ QE N “

38t (R = H, 91%)
38u (R = OMe, 94%)

38n,R=H (92%)
380, R = Ph (95%)
38p, R = n-Bu (93%)

38g, R=H (91%)
38h, R= Ph (94%)

381, R=Bn (83%)
38m, R= Ph (87%)

38q (74%) 38r (87%) 38s (89%)

Next, the feasibility of the rearrangement was examined with the other electron
rich- and heterocyclic allenyl ethers. As shown in Table 4, the rearrangement was facile
in case of the ferrocenyl methanol allenyl ether 37h’ and provided the corresponding
acrylaldehyde 38h’ in quantitative conversion at 0 °C with the 0.05 mol% of the catalyst.
Coming to the heterocyclic allenyl ethers, initially we have screened the five membered
heterocyclic systems like pyrrole and thiophene for the purpose of the [1,3]
rearrangement under the standard catalytic conditions. The Cl-secondary methyl
substituted allenyl ether of 1-(1-methyl-1H-pyrrol-2-yl)ethan-1-0l 37i* and 1-(1-benzyl-
1H-pyrrol-2-yl)ethan-1-ol 37k’ underwent the rearrangement smoothly and gave the
corresponding acryl aldehydes 38i’and 38k’respectively in excellent yield. The formation
of the rearranged product was further confirmed with the analytical and spectral data. The
very fast rearrangement was also observed in case on the thiophene derived allenyl ether
37j> and gave the acrylaldehyde 38j’ in 91% yield. Similarly, in case of the fused
heteroaryl allenyl ethers derived from benzofuran 371°, benzothiophene 37m’ and the N-
benzyl indole 37n’thesame trend was observed and gave 81-91% of the acryl aldehydes
by employing the 0.05 mol% of the catalyst. However, the synthesized aldehydes were
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completely characterized with the help of analytical and spectral data, under these

conditions, the pyridine derived allenyl ether 370’ was found to remain intact.

Table 4: Scope of the gold catalyzed [1,3] rearrangement of heterocyclic allenyl ethers

i 0.05 mol% Au(PPh,)Cl R
> AN
A0S 0.15 mol% AgSbFe ArYO
CH,Cly, 0 °C
37 2-5min 38
Me Me n-Bn
TN Wo Mo WO
< NMe S NBn
38h' (96%) 38i' (89%) 38" (91%) 38K’ (84%)
381" (91%) 38m’ (92%) 38n’ (81%)

Gram scale experiments:

In order to show the practicality of our method, the rearrangement reactions of
Cl-secondary allenyl ethers of the (4-methoxyphenyl)methanol with n-butyl 37f phenyl
substituents 37d along with the primary allenyl ether 37¢ have been examined at 1 g scale
employing 0.05 mol% of the catalyst. All these allenyl ethers were subjected for the [1,3]
rearrangement employing approximately 1 mg catalyst. The reactions were completed
smoothly at 0 °C, within 5 minutes (Scheme 5) and the corresponding acryl aldehydes
were obtained in quantitative yields. An examination of the literature has revealed that, in
the area of homogeneous gold catalysis, this is one of the best conversions, having high

54
turnover frequency.

108



Present Work Chapter 11
R R R R R E b ,
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Gram Scale

o o .
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2c, 91% 2d, 97% 2f, 92%
Scheme 5: Gram scale experiments for [1,3] O—C rearrangement
Mechanism of the [1,3] O—C rearrangement:

Coming to the mechanism of the reaction, there are two possible modes for the
activation of allenyl ether that were expected — through i) either coordination with the
oxygen; or ii) formation of the n' complex A via the n-complexation with the electron
rich olefin of the allene unit.*’>** In case of the reaction of 37¢ with Au(PPh3)NOs, it has
been proposed by Cui and co-workers that the mechanism operates through the formation
of ann' complex (Figure 3).*° As a control, when the same allenyl ether 37¢ was exposed
to our catalytic system Au(PPh3;)SbFg, in the presence of 3 equivalents of methanol, the
methyl PMB ether 39 was obtained exclusively without any traces of the rearranged
product 38c or of the allylic acetal resulting from hydroalkoxylation with methanol
(Scheme 6). This indicated that the formation of the benzylic carbocation intermediate
was occurring in the reaction path and that it was getting trapped with the alcohol to
provide the corresponding ether. It was further supported by the trapping products
resulting from the allenyl ethers 37d and 37f with methanol and pentynol under the same

catalytic conditions.
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39, 81% 40, 85% 41, 82%

Scheme 6: Trapping experiments with alcohols

This complementary result obtained reveals that the electrophilicity of the Au[I]
complex plays an important role and suggests the possibility of the reaction proceeding
through coordination of gold (I) to the lone pair of oxygen.” This coordination leads to
significant elongation of the carbinol C—O bond and it depends strongly on the
electrophilicity of the substituent attached to the oxygen.”® More electrophilic
substituents promote the cleavage of the carbinol C—O bond leading to the [1,3]
rearrangement.”’ The mechanism is depicted in Figure 3. On the other hand, the less
electrophilic substituents on the pendant group disfavour the cleavage of the C—O bond,
which was the case with the substrates 37a, 37b, 37v—37z and 37a’-37g’ where the
hydrolysis of the C—O bond occurred through the allenyl ether activation by the [Au]-

complex and led eventually to the corresponding aryl alcohols (Scheme 7).

[ Au? A NG 3 Ar /\o‘® A No
. - - - . Al
: 2y CNeBI T meo Al
Cui AP MeOH H
A

path a

Ar/\

(o) ®
® |- Ad]
Kraftt | [Au] Meo)m

path b

/ [Au] o7 [Au] / [Au] (0]
_ o |Ar +C f YI
/ Ar
Y s
38

MeOH
A" NOMe

39

Figure 3: Mechanism of [Au]-catalyzed [1,3] rearrangement
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R 0.05 mol% Au(PPhs)Cl R
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37x- 37z
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Scheme 7: Gold(l) catalyzed hydrolysis of the allenyl ethers

To provide further support to our mechanistic proposal, the vinyl ethers 42a—42f
have been prepared and subjected for the Au-catalyzed [1,3] O—C rearrangement. The
reactivity of these vinyl ethers was similar to the corresponding allenyl ethers and
provided the 2,3-disubstituted propanaldehydes in excellent yields. As expected, the
reactions with the simple benzyl or alkylvinyl ethers resulted mainly in the hydrolysis.

Table 5 shows the generality of this reaction.

Table 5: Scope of [Au]-catalyzed [1,3] rearrangement of vinyl ethers

(0.05 mol%) AuCI(PPhs)

0,
N (0.15 mol%) AgSbFs /YQO
CH,Cly, 0 °C, 5 min

42 43
MeO 0
MeO /o = Me
TS LA
Me Me 0
Me Me
43a, 92% 43b, 87%, (dr 1:1) 43c, 89%, (dr 1:1)
Me Me 4 Q Me
\ _o \ _o = -0
O S
Bu
43d, 91% 43e, 93% 43f, 90%, (dr 1:1)

In case of the vinyl ethers having a substituent at the benzylic carbon, the

rearrangement provided a 1:1 mixture of diastereomers. The lack of the
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diastereoselectivity in this rearrangement reveals the possibility of a tight ion-pair
intermediate during the reaction path and an early transition state that was kinetically
favoured. To support this argument, the cross-over experiments of the allenyl ethers and
vinyl ethers different in their benzylic counterparts have been conducted. As shown in
Scheme 8, only two rearranged products have been obtained without any formation of the
crossover products. These experiments clearly supported our proposed vinyl oxygen
activation in these [1,3]-rearrangements and the significance of the counter anion SbFg in

keeping the dissociated benzylic cation and the gold enolate in close proximity.

(0.05 mol%) AuCI(PPhs)

R
e /©/\ (015 mol%) AgSbFs _ m
O +
MeO CH,Cl,, 0 °C
MeO OMe

5 min
42g 38c 43g,R=H 38c
42h 38c 43h, R = Me 38¢c
42i 38c 43i, R ="Bu 38c

Scheme 8: Cross over experiments

Gold-Catalyzed Indolylation of Allenyl Ethers:

After having successfully demonstrated the gold-catalyzed [1,3]-rearrangement of
allenyl ethers, we next looked at the possibility of C3-functionalization of the allenyl
ether intermolecularly, with a keen interest on the gold-catalyzed electrophilic
hydroarylation.” ** Allenes have been widely used as atom economic surrogates for
generating the m-allyl Pd-complexes (replacing the use of pre-functionalized allyl
electrophiles) and have been successfully employed for the trapping of various C- and
hetero atom nucleophiles.”> As mentioned in the previous introductory section, the gold-

29, 30 3132 6f allenes has been well

catalyzed hydroalkoxylation and hydroamination
explored when compared to that of the gold-catalyzed hydroarylation of allenes. The
gold-catalyzed conjugate addition of the furans to the electron deficient allenes by
Hashmi and co-workers,”® the intermolecular hydroarylation of allenes employing di-

35¢ the

and trimethoxybenzene derivatives as nucleophiles by Gagne and co-workers,
intra- and intermolecular hydroindolylation of (electronically unbiased) allenes by
Widenhoefer and co-workers® are the only few notable reports documented so far in this

area. Keeping in mind the fact that there are very limited examples on the arylation with
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the allenes and that the functionalized indoles are valuable synthons in the area of total
synthesis and also for material applications, we intended to explore the possibility of the

hydroindolylation of allenyl ethers under the gold-catalysis.

As shown in Figure 4, we speculated three possible products from the gold(I)-
catalyzed reaction of allenyl ethers when there an external C-nucleophile such as indole
is present in the reaction media. The addition can occur either at C1, like it was observed
with the oxygen nucleophiles or at C3, which is desired. On the other hand, if the fast
[1,3] O—C rearrangement of these allenyl ethers is the first event it will result in the
isolation of the corresponding acryl aldehydes.”® We speculated that if the gold-allene
association is the first event in the catalytic path,the dissociation of the ether bond should
be facile and should provide either the [1,3]-rearranged product 38 or, as was previously
observed with the alcohols, the indole C3-benzylated product 45. On the other hand, the
formation of the C3-allylated indole 46 was expected via the simultaneous coordination
of gold with both indole and allene. An alternative path comprising the formation of an
C3-aurated-indole and its subsequent coordinative insertion across the allene cannot be

ruled out in case of C3-hydroindolylation.

,,,,,,,,,,,,,,,,,,,,,,,,,,,,,, Ar

: 0 : _

§Arﬁ == O = “ indole >t© - (@)
! (Au] Au] LA N

. ! ‘ ‘ 4

45 o

\

D) . Ar/Y .. (b)
ArAOM (/\/© 38
: N |

\ 'R !

ul ,,,,,,,,,, [AS? ~[Au]

R R:<— + —

Ar /S{Z O

Figure 4: The possible pathways for the reaction of allenyl ethers
in the presence of indole and gold-catalyst

With this hypothesis, we have selected four allenyl ethers 37a” and 37b—37d as
the model allene substrates, considering their increasing ease of stabilization of the
intermediate carbocation. The reactions were carried out by employing a freshly prepared
CH,Cl,; solution of AuCI(PPh3) and AgSbF¢ (0.1 mol% Au with respect to the indole) to
a cooled solution of indole and allene in CH,Cl,. The starting allenyl ether was seen to

disappear within 1.5 h at room temperature and the products were characterized with the
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help of spectral and analytical data. The results were quite surprising and complementary
in nature with 37a’/37b and 37d. As shown in Scheme 9, the allenyl ethers 37a’ and 37b
delivered the selective hydroindolylation products 46aa’and 46ab. On the other hand,
with the electron rich allenyl ether 37d, the C3 benzylation was the only event and gave
45ad in 76% yield.

0 N\—o
Indole (44a, 1.1 eq.) N\
E)) Catalyst, CH,Cl,
—_—

N
0°Ct,1-15h H
37a’ 46aa (72%) | Catalyst: ;

| (0.1 mol%)AuCI(PPhy) |
! (0.3 mol%) AgSbFg

0 N—o_ to T
Indole (44a, 1.1 eq.) A
Catalyst, CH,Cl,
_— N

0°C-rt,1-15h H
37b 46ab (72%)
O OMe A0
/\o Indole (44a, 1.1 eq.) N\
Catalyst, CH,Cl, N\ N
- > + H
0°C-rt,1-15h ”
MeO
37¢ 45ac (75%,1:3)  46ac
o] O oM
e Indole (44a, 1.1 eq.) O °
O O Catalyst, CH,Cl,
- N
MeO 0°C-rt,1-15h O N
H

37d 45ad (76%)
Scheme 9: The complementary reactivity of the allenyl ethers 37a’ and 37b-37d

On the other hand, in case of the reaction of 37¢ with indole 44a, both the
pathways seem to be operating and resulted in a mixture of products 45ac (via C3
benzylation) and 46ac (via hydroindolylation) in a 1:3 ratio. Quite interestingly, the[1,3]-
rearrangement was not observed in any of the four allenyl ethers used. This is very
interesting, since the allenyl ethers 37c¢ and 37d undergo instantaneous [1,3]-

rearrangement even with 0.05 mol% of the same catalyst in the absence of indole.”®

Next, the compatibility of other Au-catalytic systems was examined for the

hydroindolylation reaction by keeping the indole 44a and benzyl allenyl ether 37b as
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representative substrates. As shown in Table 6, the Au(I) complex alone has no influence
on the reaction (entry 1). On the other hand, in combination with the silver additive
AgSbFg, the conversion was smooth and secured 72% of the hydroindolylation product.
With AgSbF; alone, only trace amounts of product was formed and most of the allenyl
ether was decomposed. With other additives like AgOAc, AgNTf, and AgBF; salts, no
product formation was observed individually or in combination with AuCIl(PPhs). This is
quite interesting, in case of the allenamides, the nucleophilic addition was smooth with
the AgNTf, in combination with the gold(I) complex.” With the Au(IIl) complexes
[AuCl; and AuBrj salts], the hydroindolylation reaction was the major event with 32% of
the product 46ab formation.

Table 6: Catalyst screening for hydroindolylation of allenyl ethers

— §R
5 J

B
0.1 mol% catalyst \ %
0.3 mol% additive N
37b CHCl, 46ab
Entry Catalyst additive Yield
1 AuCI(PPh;) -- No reaction
2 AuCI(PPh;) AgSbF, 72%
3 -- AgSbF 15%
4 -- AgNTf, No reaction
5 -- AgBF, No reaction
6 AuCI(PPhs) AgNTf, No reaction
7 AuClsor AuBr; - 32%

Next, the complementary functionalization of indole with allenyl ethers was
examined by employing two sets of allenyl ethers that differ mainly on the ease of the
benzylic carbocation formations. All the reactions were carried out by employing 0.1
mol% of the catalyst solution. Initially, the reaction trend was studied in case of the
electron rich allenyl ethers 37n—37s with the indole 44a. Gratifyingly, all the allenyl
ethers lead to the successful formation of the C3 benzylation products 45an—45as in
excellent yield. Quite interestingly, products resulting either from [1,3] O—C
rearrangement or from the hydroindolylation reactions were not observed with all these

allenyl ethers having the electron rich benzylic pendant groups.
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Table 7: C3 bezylation of indoles with the electron rich allenyl ethers

OR
37,

AUCI(PPh3) (0.1 mol%) R
©E\> AgSbFg (0.3% mol%) CE\g
N
H CH,Cl,, 0°C - 1t, 1.5 h N

45ae (R = Bn, 74%) 45ag (R = H, 84%) 45an (R = H, 81%)
45af (R = C4Hg, 76%) 45ah (R = Ph, 82%) 45a0 (R = Ph, 87%)

On the other hand, the hydroindolylation reaction of the various p-
(floro/chloro/bromo)-benzylallenyl ethers 37x—37z with indole was smooth and delivered
the corresponding allylated products 46ax—46az in 71-73% yield. Not only the simple
benzylallenyl ethers, but also the allenyl ethers having the fused rings like I-
napthylmethyl, 2-napthylmethyl units 37e’ and 37g’ are also found to be good substrates
for this hydroindolylation process. The reactions of the tetrahydrofurfurylmethylallenyl
ether 37g’ and 2,6-diflorobenzylallenyl ether 37¢’ were also found to be successful for
the hydroindolylation with indole 44a and gave the corresponding hydroindolylation
products in good yield. And the smooth formation of the C3 allylated indole 46ad’ was
observed with the hydroindolylation of the simple phenyl allenyl ether 37d’.
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Table 8: Scope of hydroindolylation of allenyl ethers with indole

37 PR y OR

AuCI(PPhjz) (0.1 mol%)
©\/\> AgSbFg (0.3% molf@ N
m CH,Cl,, 0°C-rt,1.5h H

H H
46ax (R = F, 71%)
46ay (R = Cl, 73%) 46ac’ (77%) 46ae’ (74%)

46az (R = Br, 72%)

QS\\LO Me W% WOO

N
N
N H
46af" (76%) 46ag' (76%) 46ad' (R = H, 79%)

After the successful hydroindolylation reaction with indole 44a and the above set
of allenyl ethers, we next proceeded for the understanding of how the electronic effects
associated with the substrates on the indole will influence the outcome of the reaction.
Various substituted indoles have been examined with the selected allenyl ethers. The
hydroindolylation reaction of the N-methylindole (44b) with the allenyl ethers 37a’, 37b,
37c, 37y, 37b’ and 37¢’ was quite smooth and gave the corresponding hydroindolylation
products in good yields. In case of the indoles like 5-methoxy- (44¢) and 5-bromoindole
(44d) and 2-methyl-5-methoxy- indole (44e), the hydroindolylation reaction proceeded

smoothly and delivered the corresponding products in excellent yield.
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Table 9: Scope of different indole nucleophiles on the hydroindolylation reaction

OR
37

AuCI(PPhs) (0.1 mol%)

Ramw AgSbFg (0.3% mol%)
| _ N o

\ CH.Cl, 0°C-rt,1.5h
R2
44
R
\
(0]
) N
Me I
Me
' 46bb (R = H, 76%) , ,
46ba’ (73%) 46be (R = OMe, 69%) 46bc’ (78%) 46cc’ (75%)

46by (R = Cl, 71%)

R
MeO MeO, Q Br. Q
© g CZ—{\\\‘O
H H

N
H

46¢cb (R = H, 75%)
46cc (R = OMe, 70%) 46eb (71%) 46db (74%)
46¢cb' (R = CF3, 64%)

Coming to the 2-methyl-5-nitro indole (44f) having an electron withdrawing
group, the reaction outcome needs a special mention. The reactivity of the nitro indole
44f was different from that of the remaining indoles. The allenyl ethers 37a’or 37b
provided exclusively 3-(indol-3’-yl)propanal 47f with 44f. On the other hand, the allenyl
ether 37¢ gave the 3-(4-methoxybenzyl) indole derivative 45fc in 79% yield. The striking
reactivity difference of the allenyl ether 37¢ with indoles 44b, 44a and 44f — where the
percentage of the hydroindolylation product varied from 100% to 75% to 0% respectively
- indicates that the nucleophilicity of C3 of indole is also an important factor in deciding
the course of the reaction. To further probe in this direction, the competitive
hydroindolylation of 37¢ was examinedin presence of the equimolar amount of indoles
44b and 44f. Interestingly, the formation of the hydroindolylation product 46bc was

exclusive and no traces of the other expected product 45fc was noticed (Scheme 11).
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m AuCI[PPha] (0.1 mol%) Q{/
\
@ AgSbFg (0.3 mol%) Me

CH,Clo, 1t, 1.5 h N
44f (1 eq) 37b (1 eq.) 47f (63%)
O:N PMP
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N + MeO AgSbF (0.3 mol%) N Me
CH,Clo, 1t, 1.5 h B
44f (1 eq)) 37¢ (1 eq.) 45fc (79%)
Competion experiment - -------------=----------------------o----ooo—oooooooooooooo oo
37c (1eq.) PMR
O:N N \  AuCI[PPhg] (0.1 mol%) \ >
Me + N R — \ O
H Ve AgSbFg (0.3 mol%) N
CH,Cly, 1t, 1.5 h tle
44f (1 eq.) 44b (1 eq.) 46bc (79%)

Scheme 10: Hydroindolylation with 2-methyl-5-nitroindole (44f)

Thus, from all these above observations, it was clear that the reaction pathway
was dictated equally by the nucleophilicity of the external nucleophile [indole] and also
by the ease of the dissociation of the allenyl ether. Coming to the mechanistic proposals
on the reported gold catalyzed nucleophilic additions over the allenes, there were two
complementary pathways proposed. Depending upon the mode of gold complexation
with the nucleophile and allene, the two mechanistic pathways were classified as inner
sphere and outer sphere.” For the inner sphere pathway: the simultaneous coordination of
allene-gold-nucleophile or the gold-nucleophile®" association will be the first event in the
reaction path and the subsequent addition over the allene would led to the product
formation. In case of the chiral allenes the inner sphere pathway leds to the retention of
stereochemistry with high ee.® For the outer sphere pathway: the gold allene
complexation is the first event and the addition of the nucleophile over the allene results

in the racemization. The two pathways are depicted in Figure 5.
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Figure 5: Inner and Outer Sphere pathways in the gold catalyzedhydroarylation

In 2006, Yamamoto and co-workers proposed an inner-sphere mechanistic
pathway for the intermolecular hydroamination of allenes.’** For the same reaction, Toste
and co-workers proposed an outer sphere pathway.*** Coming to hydroindolylation of the

allenes, Widenhoefer proposed an outer-sphere pathway.*>®

H H 10 mol% AuBrs | Soh
>:-:'\ + PhNH, — » ”“erh phere Yamamoto, 2006
PH Me THF, 30 °C Pathway

0,
94% ee 68%

" M / AuCI (5 mol%),

e, e 0,

>:.:< + Me@ AgOTT (5 mal¥%)_ |outer Sphere Widenhoefer, 2008
N Pathway

Me’ 1,4 dioxane, rt, 24 h

NH,NHCO,Me

6 mol% PPh3AuNTf, Outer Sphere

Pathway F D Toste, 2010

Ph\/\/\/\Ph
MeNO,, 45 °C

87% ee 81%

Figure 6: The possible path-ways for the Au-catalyzed hydroindolylation of allenes

Thus, the issue of inner VS outer sphere pathways in the gold-catalyzed
nucleophilic addition to allenes still remains an open question. Given the observed
dependence of the reaction outcome on electronic effects associated either with the
nucleophile or the allene, we planned to conduct some control experiments with the pre-
mixed indole gold solutions A [44b. Au(PPh;)SbF¢)] and B [44f. Au(PPh3)SbFs] as

catalysts and examine the feasibility of both [1,3] rearrangement [without any indole in

120



the reaction mixture] and the hydroindolylation [with indole] of allenyl ethers 37b and
37c.

s N~ )
BnO
A= ©j\> , AUWCIPPhy) ,  AgSbFg
N (1eq.) (2eq)
a4p |\
L (1eq.) ] 37b
( O,N ) | PMBO
B = m , AUCI(PPh;) , AgSbFg
N (leq) * (2eq)
a4 H
L (1eq) )L 37¢c

Figure 7: The constitution of the catalyst solutions A and B prepared
and structures of selected model allenes 37 b and 37¢

As shown in Scheme 11 with the pre-complex A, the starting allenyl ethers 37b
and 37¢ were found to be intact at rt. On the other hand, with pre-complex solution B, the
allenyl ether 37b underwent hydrolysis and the allenyl ether 37¢ gave exclusively the
[1,3] rearrangement product 38¢. These results clearly indicates a strong binding between
the indole 44b and gold-complex and that the resulting complex is not active enough to

affect the [1,3] rearrangement of allenyl ether 37b.

R =Bn

OBn
J
R =Bn \
N
\

\—Ph - RO
65% w o A%
1 mol% B* 1 mol% A’
e ° o 46bb (trace amount/) OPMB
/{\/0 R = PMB CH20|2, rt 37b (R = Bn) 2V12,
ZY e 37¢ (R = PMB) _
79% R =PMB N
38c N

(*1 mol% with respect to gold)

\

46bc (trace amount)

Scheme 11: The reactivity of allenyl ethers 37b and 37¢
in the presence of catalyst solutions A and B

Next, we examined the same reactions in the presence of 1 eq. of corresponding

indole. With complex A, when (N-Me indole) 44b was present, both allenyl ethers 37b
and 37¢ gave the corresponding hydroindolylation products. With complex B and in the
presence of indole 44f, the starting allenyl ethers 37b and 37¢ were found to be intact at
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rt. However, when heated at 40 °C, 37b gave the 3-(indol-3-yl)propanal 47f and 37¢ gave
the benzylated product 45fc (Scheme 12).

/ OBn
(*1 mol% with respect to gold)
R =Bn
—_— A\
RO N
w \
1 mol% A* o
46bb (72 A:/) OPMB
37¢ (R= PMB) CHoCl, 1t
A\
R =PNMB N\
1 mol% B* 46bc (67%)

1 eq. of 44f
CH,Cly, rt
—
47f (63%

— O OMe
O,N
L. O N\
R = PMB N
H

45fc (79%)

Scheme 12: The reactivity of allenyl ethers 37b and 37¢ in the presence of
catalyst solutions A/indole 44b and B/indole 44f

These complementary results, observed either with respect to the allenyl ethers
37b and 37¢ or with respect to indoles 44b and 44f, are remarkable. It is very clear that in
case of indole 44b, its complexation with the gold-center is the first event and the
resulting complex is not sufficiently active to bring the [1,3]-rearrangement of the allenyl
ether 37¢. And the subsequent transfer of the indole from the metal complex to the allenyl
ethers 37b and 37¢ was evidenced by the formation of the tarce amount of the
hydroindolylation products 46ab and 46bc. These observations strongly suggest that an
inner sphere coordination path is in operation for the corresponding hydroindolylation
reactions. The isolation of intact 37c¢ when 44b.Au(PPh;)SbF¢ was employed as the
catalyst, and its facile [1,3]-rearrangement with 44f Au(PPh;)SbFs suggests that the
binding ability of indoles 44b and 44f with gold(I) center is substantially different.
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At the same time, with 44f. Au(PPh;)SbFs, the observed benzylation of indole 44f
with 37c¢ is also suggestive of an innersphere mechanism via the formation of the
tricoordinated intermediate. Coming to the reactions, with the nitroindole 44f, the
hydrolysis of the allenyl ether seems to be the first step. The choice of the electrophile,
1.e., acrolein VS benzylcation with which 44f reacts, depends upon the stability of the

resulting benzylcation.

To further understand the involvement of an inner sphere mechanism in these two
complementary hydroindolylation/benzylation reactions, an equimolar mixture of the
allenyl ether 37b and indole (44a) has been treated with leq. of catalyst solution A
(prepared from the N-methylindole 44b). The LC-analysis of the reaction indicated the
formation of 46bb resulting from the hydroindolylation with the N-methylindole 44b that
was present on the gold-complex. The product expected from hydroindolylation with
externally present indole 44a was not detected. Next, examined was the benzylation
reaction. An equimolar mixture of indole 370 and indole (44a) has been treated with leq.
of catalyst solution A. Once again, the LCMS analysis clearly indicated the exclusive
benzylation of the N-methylindole present on the gold-complex (Scheme 13). These two
stoichiometric experiments clearly indicated that the indole transfer either to the allene or
to the carbocation of the contact ion pair resulting from the dissociation of the allenyl

ether is occurring intramolecularly inter alia an inner sphere mechanism in operation.

/ OBn / OBn
BnO.
H leq. of A* N N
1 eq. of indole (44a) N H
37b CHzCla, 1t a6bb M® 46ab
detected by LCMS not detected
O o O O NMe, O O NMe,
leq. of A*
—— N\ N\
1 eq. of indole (44a) N N
CH,Cl,, rt [\\/l H
e
NMe; 45bo 4530
370 detected by LCMS not detected

Scheme 13: Control experiments in suppportof the innersphere mechanism
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Overall, these results clearly indicate that the hydroindolylation of allenyl ethers
proceeding through an inner sphere path either via the formation of an aurated indole®
intermediate (with electron rich 44b) or through a simultaneous coordination of indole (in
case of 44f) followed by allene with the gold(I)-center. Support for the proposed
mechanistic pathway is provided by the positive ion electron spray mass spectra (ESI-
MS) of the solution derived by mixing 44b with a stoichiometric amount of AuCI(PPh;)
and AgSbF¢ in CH,Cl,, which showed the two ion peaks at m/z = 459 and at m/z= 721
that match with[AuPPh;]" and [bisindolyl-AuPPhs]" respectively. On the other hand,
when 2.5 equivalents of indole 44b was used, for the ESI-MS of the solution (kept at rt
overnight) only one peak at 721 was observed. In case of 44f, the peak at m/z = 657

corresponding to [monoindolyl- AuPPh;]" was observed.

To show the applications of these products in making the simple building blocks,
the hydrolysis and the hydrogenation of some representative hydroindolylation products
have been carried out to prepare respectively either a two-carbon homologated aldehydes

or the corresponding alcohol directly.

O= HO
N
7 2N HCI, CH,Cl, ©/\O \ Pd/C, H, /
N N N
46 H H 4

"6h MeOH
How
Br OMe
o~ o= HO
o7 \ | / HO | [
N ph” N N
R Me H R H
47a,R = H, 72% 479, 71% 47d,70% o R N 8¢, 81%

47b, R = Me, 75%
Scheme 14: Applicability of synthesized vinyl ethers

In summary, the selective functionalization of allenyl ethershas been explored
under gold-catalysis. Taken together with the earlier report on gold-catalyzed
functionalization at C1 (with oxygen nucleophiles), to this end, we have demonstrated
that the functionalization at C2 and C3 can be executed selectively. As a part of this, we
developed the B-activation of the allenyl ethers via the gold(I) catalysed [1,3] O—C
rearrangement leading to the C2-substituted acryl aldehydes with the best turnover
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frequency (TOF) in the area of homogeneous gold-catalysis. A mechanistic proposal
comprising the initial coordination of the gold-center with the oxygen of allenyl ether and
subsequent C—O bond cleavage leading to a tight compact ion pair has been extended.
This rationale was founded upon the trapping experiments with alcohols, the observed
facile [1,3] O—C rearrangement of vinyl ethers under the same catalytic conditions and

finally the crossover experiments with the selected allenyl and vinyl ethers.

The selective C3-functionalization of allenyl ethers via hydroindolylation has
been successfully demonstrated. It has been observed that the course of the reaction
depends mainly upon the nature of the pendant group on the allenyl ether and also on the
nucleophilicity of the indole derivative. If the carbocation resulting from the pendant
group is sufficiently stable (more electrophilic), the alkylation of the indole is the major
event. On the other hand, if the resulting carbocation is not sufficiently stabilized (groups
like alkyl or simple benzyl), the hydroindolylation is the exclusive path. This is
interesting since, the allenyl ethers of the first category - where exclusive alkylation of
indoles has been observed - they underwent facile [1,3] rearrangement in the absence of
the indole. With the other set of allenyl ethers under similar conditions, their hydrolysis
was the major event. Coming to the indoles, with the majority of the indoles, the reaction
outcome was dictated mainly by the reactivity of the allenyl ether. However, with a nitro-
substituted indole, the scenario has completely changed. No hydroindolylation reaction
has been noticed. The reaction seems to proceed first with the hydrolysis of the allenyl
ether resulting with the benzylic cation and the acryl aldehyde. Depending upon the
electrophilicity of these two units, either the indole alkylation or the conjugate addition to
acryl aldehyde has been noticed. A tentative proposal featuring an inner-sphere
mechanism comprising the initial coordination of the gold-center with indole and
subsequent coordination of the allenyl ether has been proposed. Further studies are
warranted to understand how the nature of the intermediates/transition states involved in

this process is decided by the nucleophilicity of the indole.
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General Remarks:

Reactions were carried out in anhydrous solvents under an atmosphere of argon in
oven-dried glassware. NMR spectra were recorded on JEOL AL-400 (400 MHz),
Bruker AC 200 MHz, Bruker DRX 400 MHz and Bruker DRX 500 MHz
spectrometers, and TMS was used as an internal standard of spectrometers. The
chemical shifts were reported in parts per million (0) relative to internal standard TMS
(0 ppm) and for CDCIl; (7.25 ppm). The peak patterns are indicated as follows: s,
singlet; d, doublet; dd, doublet of doublet; t, triplet; m, multiplet; q, quartet. The
coupling constants, J, are reported in Hertz (Hz). Mass spectroscopy was carried out
on PI QStar Pulsar (Hybrid Quadrupole-TOFLC/MS/MS) and High-resolution mass
spectra (HRMS) were recorded on a Thermo Scientific Q-Exactive, Accela 1250 pump,
and IR spectra were recorded on FT-IR Perkin Elmer spectrometer by neat for oil
sample and a CH3Cl solution for solid samples. Column chromatography was
performed over silica gel 100-200 mesh. All reagents were weighed and handled in air
and back filled under argon at room temperature. Unless otherwise noted, all reactions
were performed under an argon atmosphere. All reagents were purchased from

Aldrich and Alfa aeser and used without further purification.
General Procedure A:

At 0 °C, to a solution of allenyl ether 37¢ (1.0 g, 5.68 mmol) in anhydrous CH,Cl,
(100 ml) was added above catalyst solution [(2.80 ml, 2.83 mmol) prepared by
dissolving Au(PPh3)CI (5 mg, 10.1 mmol) and AgSbFs (10 mg, 29.1 pmol) in CH,Cl,
(10 ml)] and allowed to stir for 5 minutes. The reaction mixture was concentrated
under reduced pressure and the crude was purified by column chromatography (100-

200 Silica gel) to afford 38¢ (910 mg, 91%) as a yellow oil.

2-(4-Methoxybenzyl)acrylaldehyde (38c): Yellow oil; 91%; (Ry [, _J o
= 0.6, 5% ethyl acetate/pet. ether); IR (CHCI3) v: 3361, 2998, m
2954, 2836, 2700, 1690, 1611, 1509, 1464, 1300, 1248, 1178, =
1035, 958, 852, 809, 769 cm™'; 'TH NMR (200 MHz, CDCl3): § 3.52 (s, 2H), 3.80 (s,
3H), 6.04—6.13 (m, 2H), 6.85 (m, 2H), 7.11 (m, 2H), 9.61 (s, 1H); °C NMR (50 MHz,
CDCI3): 0 33.3 (1), 55.2 (g), 113.9 (d, 2C), 130.1 (d, 2C), 135.0 (t), 150.1 (s, 2C),
158.2 (s), 194.1 (d) ppm; HRMS (ESI+): caled. For C;1H;,0,Na [M+Na]™ 199.0730;
found 199.0728.
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2-((4-Methoxyphenyl)(phenyl)methyl)acrylaldehyde (38d): OMe
colorless syrup; 97%; (R = 0.5, 5% ethyl acetate/pet. ether); IR O
(CHCl3) v: 3367, 3027, 2836, 1692, 1609,1509, 1463, 1302, 1250, q
1177, 1033, 966, 844, 751, 701, 545 cm'; '"H NMR (200 MHz, O °

CDCls): 6 3.72 (s, 3H), 5.33 (s, 1H), 5.96 (d, J,= 1.1 Hz, 1H), 6.23 (s,

1H) 6.78-6.86 (m, 2H), 7.02 (d, J = 8.8 Hz, 2H), 7.06-7.15 (m, 2H), 7.16-7.28 (m,
3H), 9.60 (s, 1H); C NMR (50 MHz, CDCls): § 48.4 (d), 55.2 (q), 113.9 (d, 2C),
126.6 (d), 128.4 (d, 2C), 128.8 (d, 2C), 129.9 (d, 2C), 133.1 (s), 136.6 (1), 141.5 (s),
153.0 (s), 158.3 (s), 193.2 (d) ppm; HRMS (ESI+): caled. For C;7H;40,Na [M+Na]"
275.1043; found 275.1039.

3-(4-Methoxyphenyl)-2-methylene-4-phenylbutanal (38e):

colorless syrup; 81%; (Ry= 0.6, 10% ethyl acetate/pet. ether); IR OMe
(CHCI3) v: 3367, 3027, 2836, 1692, 1609,1509, 1463, 1302, 1250, O
1177, 1033, 966, 844, 751, 701, 545 cm™'; 'H NMR (200 MHz, O o
CDCl3): 6 3.00-3.13 (m, 1H), 3.14-3.26 (m, 1H), 3.77 (s, 3H), 38e

4.19 (t, J = 7.9 Hz, 1H), 6.10 (s, 1H), 6.38 (d, J = 0.9 Hz, 1H), 6.74-6.85 (m, 2H),
7.03-7.10 (m, 3H), 7.11-7.24 (m, 4H), 9.49 (s, 1H); >C NMR (50 MHz, CDCl;):
540.3 (t), 44.0 (d), 55.2 (q), 113.7 (d, 2C), 126.0 (d), 128.1 (d, 2C), 128.9 (d, 2C),
129.1 (d, 2C), 133.4 (s), 134.1 (1), 139.6 (s), 152.6 (s), 158.2 (s), 193.9 (d) ppm;
HRMS (ESI+): caled. For CjgH;30,Na [M+Na]" 289.1199; found 289.1195.

3-(4-Methoxyphenyl)-2-methyleneheptanal (38f): Yellow gum;
92%; (Ry= 0.5, 10% ethyl acetate/pet. ether); IR (CHCl3) v: 3366,
2956, 2931, 1693, 1610, 1509, 1464, 1301, 1248, 1178, 1036, 942,
827 cm'; '"H NMR (200 MHz, CDCl;): 6 0.86 (t, J = 6.9 Hz, 3H),

OMe

38f

1.12-1.41 (m, 4H), 1.70-1.88 (m, 2H), 3.78 (s, 3H), 3.80-3.86 (m,
1H), 6.05 (s, 1H), 6.30 (s, 1H), 6.79-6.88 (m, 2H), 7.09-7.19 (m, 2 H), 9.51 (s, 1 H);
13C NMR (50 MHz, CDCL): § 13.9 (q), 22.5 (t), 29.8 (t), 33.8 (1), 42.0 (d), 55.1 (q),
113.7 (d, 2C), 128.9 (d, 2C), 133.3 (t), 134.4 (s), 153.7 (s), 158.1 (5), 194.0 (d) ppm;
HRMS (ESI+): caled. For CsH0O,Na [M+Na]' 255.1356; found 255.1352.

2-(2,4-Dimethoxybenzyl)acrylaldehyde (38g): Yellow gum;
91%; (Rr= 0.6, 5% ethyl acetate/pet. ether); IR (CHCls) v: 3359,

2998, 2935, 2835, 1909, 1690, 1590, 1512, 1464, 1418, 1333, om;sg

MeO o)
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1262, 1155, 1029, 954, 867, 805, 771, 755 cm™'; "H NMR (200 MHz, CDCl3): 6 3.49
(s, 2H), 3.78 (s, 3H), 3.81 (s, 3H), 5.96-6.04 (m, 2H), 6.41-6.48 (m, 2H), 7.02 (s,
1H), 9.61 (s, 1H); °C NMR (100 MHz, CDCls): § 27.8 (t), 55.3 (q, 2C), 98.6 (d),
103.9 (d), 118.8 (s), 131.1 (d), 134.7 (t), 149.2 (s), 158.3 (s), 159.7 (s), 194.4 (d) ppm;
HRMS (ESI+): caled. For C1,H403Na [M+Na]™ 229.0835; found 229.0833.

2-((2,4-Dimethoxyphenyl)(phenyl)methyl)acrylaldehyde (38h):
Yellow gum; 94%; (Ry = 0.6, 5% ethyl acetate/pet. ether); IR
(CHCIl3) v: 3367, 3023, 2957, 2836, 1693, 1591, 1514, 1417, 1265,
1141, 1028, 954, 754, 701 cm'; 'H NMR (200 MHz, CDCls): 6

3.80 (s, 3H), 3.84 (s, 3H), 5.69 (s, 1H), 5.98 (s, 1H), 6.28 (s, 1H), 6.41-6.49 (m, 1H),
6.54 (d, J = 2.4 Hz, 1H), 6.81 (d, J = 8.3 Hz, 1H), 7.15-7.23 (m, 2H), 7.33 (td, J =
5.3, 1.8 Hz, 3H), 9.70 (s, 1H); °C NMR (100 MHz, CDCls): d 42.1 (d), 55.2 (q), 55.4
(q), 98.7 (d), 103.6 (d), 122.4 (s), 126.3 (d), 128.2 (d, 2C), 128.9 (d, 2C), 129.6 (d),
135.7 (t), 141.0 (s), 152.6 (s), 157.6 (s), 159.6 (s), 193.2 (d) ppm; HRMS (ESI+):
calcd. For CisH;30sNa [MJrNa]+ 305.1148; found 305.1145.

2-(3, 4-Dimethoxybenzyl)acrylaldehyde (38i): Yellow oil; 94%; | meo _o
(Rr= 0.4, 5% ethyl acetate/pet. ether); IR (CHCI3) v: 3359, 2998, Meom
2935, 2835, 1909, 1690, 1590, 1512, 1464, 1418, 1333, 1262,

38i

1155, 1029, 954, 867, 805, 771, 755 cm'; 'H NMR (200 MHz, CDCls): 6 3.50 (s,
2H), 3.85 (s, 6H), 6.05 (d, J= 0.8 Hz, 1H), 6.11 (s, 1H), 6.68—6.75 (m, 2H), 6.77-6.83
(m, 1H), 9.60 (s, 1H); C NMR (50 MHz, CDCls): § 33.7 (t), 55.7 (q), 55.8 (q), 111.2
(d), 112.3 (d), 121.0 (d), 130.6 (s), 134.9 (t), 147.6 (s), 148.9 (s), 149.9 (s), 194.0 (d)
ppm; HRMS (ESI+): caled. For C;,H1403Na [M+Na]+ 229.0835; found 229.0833.

2-((3,4-Dimethoxyphenyl)(phenyl)methyl)acrylaldehyde (38j):
Yellow gum; 91%; (Ry = 0.6, 5% ethyl acetate/pet. ether); IR
(CHCI,) v: 3367, 3023, 2957, 2836, 1693, 1591, 1514, 1417, 1246,

1141, 1028, 954, 754, 701 cm™'; 1H NMR (200 MHz, CDCLy): &
3.85 (s, 3H), 3.90 (s, 3H), 5.38 (s, 1H), 6.06 (d, J = 1.0 Hz, 1H), 6.35 (s, 1H), 6.64—
6.73 (m, 2H), 6.80-6.88 (m, 1H), 7.14-7.20 (m, 2H), 7.28-7.41 (m, 3H), 9.70 (s, 1 H);
13C NMR (50 MHz, CDCL): 6 48.6 (d), 55.7 (q, 2C), 110.9 (d), 112.4 (d), 120.7 (d),
126.5 (d), 128.3 (d, 2C), 128.7 (d, 2C), 133.5 (s), 136.5 (1), 141.2 (s), 147.7 (s), 148.9
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(s), 152.8 (s), 193.0 (d) ppm; HRMS (ESI+): calecd. For C;sH;gOsNa [M+Na]"
305.1148; found 305.1144.

3-(3,4-Dimethoxyphenyl)-2-methylene-4-phenylbutanal (38k): | wmeo _o
Colorless gum; 82%; (Ry= 0.6, 10% ethyl acetate/pet. ether); IR | yeo O
(CHCl3) v: 3362, 3025, 2934, 2835, 1692, 1591, 1515, 1454, O -
1419, 1260, 1141, 1028, 950, 809, 757, 700 cm™'; 'H NMR (200
MHz, CDCls): 6 2.99-3.13 (m, 1H), 3.13-3.26 (m, 1H), 3.79 (s, 3H), 3.84 (s, 3H),
4.17 (t,J=17.9 Hz, 1H), 6.13 (s, 1H), 6.37-6.41 (m, 1H), 6.63 (s, 1H), 6.71-6.77 (m,
2H), 7.02-7.09 (m, 2H), 7.13-7.23 (m, 3H), 9.51 (s, 1H); *C NMR (50 MHz,
CDCls): 0 40.3 (t), 44.4 (d), 55.8 (q, 2C), 111.0 (d), 111.8 (d), 119.7 (d), 126.0 (d),
128.1 (d, 2C), 128.9 (d, 2C), 133.9 (s), 134.1 (t), 139.5 (s), 147.6 (s), 148.6 (s), 152.5
(s), 193.8 (d) ppm; HRMS (ESI+): calcd. For Cj9H0O3Na [MJrNa]+ 319.1305; found
319.1304.

2-Methylene-4-phenyl-3-(3,4,5-trimethoxyphenyl)butanal (38I): oMo
White gum; 83%; (R; = 0.6, 10% ethyl acetate/pet. ether); IR MeO O oMe
(CHCl3) v: 3362, 2997, 2936, 2837, 1693, 1589, 1506, 1455, 1421, O
1327, 1239, 1126, 1010, 700 cm'; '"H NMR (200 MHz, CDCl;): § 38

o

2.98-3.13 (m, 1H), 3.13-3.26 (m, 1H), 3.78 (s, 6H), 3.81 (s, 3H),
4.16 (t, J= 7.8 Hz, 1H), 6.15 (s, 1H), 6.35 (s, 2H), 6.41 (s, 1H), 7.03-7.10 (m, 2H),
7.14-7.23 (m, 3H), 9.52 (s, 1H); °C NMR (101 MHz, CDCls): §40.3 (t), 45.0 (d),
56.1 (g, 2C), 60.8 (q), 105.1 (d, 2C), 126.2 (d), 128.2 (d, 2C), 128.9 (d, 2C), 134.5 (t),
136.6 (s), 137.0 (s), 139.4 (s), 152.1 (s), 153.0 (s, 2C), 193.9 (d) ppm; HRMS (ESI+):
calcd. For Cy0H2,04Na [M+Na]+ 349.1410; found 349.1404.

2-(Phenyl(3,4,5-trimethoxyphenyl)methyl)acrylaldehyde (38m): OVe

Yellow gum; 87%; (R = 0.5, 10% ethyl acetate/pet. ether); IR Meo O ome
(CHCI5) v: 3366, 2998, 2938, 1959, 1693, 1589, 1505, 1419, 1237, \
1126, 1008, 960, 823, 702 cm ~'; '"H NMR (200 MHz, CDCl3): § O 0

3.81 (s, 6H), 3.87 (s, 3H), 5.36 (s, 1H), 6.07 (d, J = 1.1 Hz, 1H), 38m

6.35-6.38 (m, 3H), 7.13-7.20 (m, 2H), 7.28-7.40 (m, 3H), 9.70 (s, 1H); *C NMR (50
MHz, CDCls): § 49.2 (d), 56.0 (q, 2C), 60.8 (q), 106.1 (d, 2C), 126.7 (d), 128.4 (d,
2C), 128.8 (d, 2C), 136.6 (s), 136.7 (s), 136.8 (1), 140.9 (s), 152.6 (s), 153.1 (s, 2C),
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193.1 (d) ppm; HRMS (ESI+): calcd. For Ci9H2004Na [M+Na]" 335.1254; found
335.1248.

2-(4-(Dimethylamino)benzyl)acrylaldehyde (38n): Yellow oil;
92%; (Rr= 0.6, 10% ethyl acetate/pet. ether); IR (CHCI3) v: 3358, Me/NO\/ﬁ
2916, 2802, 1885, 1686, 1615, 1523, 1479, 1347, 1163, 1061, 947,

857, 800 cm'; 'H NMR (400 MHz, CDCL3): d 2.94 (s, 6H), 3.49
(s, 2H), 6.04 (d, J= 0.9 Hz, 1H), 6.12 (s, 1H), 6.72 (m, J = 8.7 Hz, 2H), 7.08 (m, J =
8.7 Hz, 2H), 9.62 (s, 1H); *C NMR (50 MHz, CDCl5): d 33.0 (t), 40.7 (q, 2C), 112.9
(d, 2C), 125.8 (s), 129.7 (d, 2C), 134.7 (1), 149.3 (s), 150.4 (s), 194.2 (d) ppm; HRMS
(ESI+): calcd. For C,H;cON [MJrH]+ 190.1226; found 190.1225.

2-((4-(Dimethylamino)phenyl)(phenyl)methyl)acrylaldehyde

(380): Yellow gum; 95%; (Rr= 0.5, 10% ethyl acetate/pet. ether);
IR (CHCl5) v: 3365, 3026, 2885, 2803, 2696, 1884, 1692, 1612,
1520, 1449, 1350, 1221, 1162, 1061, 948, 806, 761, 701 cm'; 'H

NMR (200 MHz, CDCls): 6 3.00 (s, 6H), 5.37 (s, 1H), 6.08 (s, 1H),
6.34 (s, 1H), 6.71-6.80 (m, 2H), 7.01-7.10 (m, 2H), 7.16-7.24 (m, 2H), 7.29-7.42
(m, 3H), 9.72 (s, 1 H); °C NMR (50 MHz, CDCls): 6 40.6 (q, 2C), 48.2 (d), 112.7 (d,
2C), 126.4 (d), 128.3 (d, 2C), 128.8 (d, 2C), 129.6 (d, 2C), 136.4 (t), 141.9 (s), 149.2
(s), 153.2 (s, 2C), 193.4 (d) ppm; HRMS (ESI+): caled. For CigHyON [M+H]"
266.1539; found 266.1539.

3-(4-(Dimethylamino)phenyl)-2-methyleneheptanal (38p): Me. Me
Yellow Syrup; 93%; (R = 0.6, 10% ethyl acetate/pet. ether); IR I
(CHCls) v: 3363, 2955, 2929, 1693, 1614, 1520, 1445, 1348, 1223,
1163, 1061, 812 cm'; 'H NMR (200 MHz, CDCls): 6 0.84 (t, J =
6.9 Hz, 3H), 1.14-1.37 (m, 4H), 1.70-1.84 (m, 2H), 2.91 (s, 6H),
3.75 (t, J=17.6 Hz, 1H), 6.00 (s, 1H), 6.26 (s, 1H), 6.61-6.74 (m, 2H), 7.02-7.11 (m,
2H), 9.50 (s, 1H); *C NMR (50 MHz, CDCl3): 6 13.9 (q), 22.6 (t), 29.9 (t), 33.8 (1),
40.7 (q, 2C), 41.8 (d), 112.6 (d, 2C), 128.6 (d, 2C), 130.3 (s), 133.1 (t), 149.2 (s),
154.1 (s), 194.3 (d) ppm; HRMS (ESI+): caled. For Ci¢HsON [M+H]™ 246.1852;
found 246.1851.

38p

2-((3,5-Dimethoxyphenyl)(phenyl)methyl)acrylaldehyde (38q): Yellow liquid;
74%; (Ry= 0.6, 10% ethyl acetate/pet. ether); IR (CHCl3) v: 3367, 3023, 2957, 2836,
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1693, 1591, 1514, 1417, 1265, 1141, 1028, 954, 754, 701 cm‘l; '"H
MeO OMe

NMR (200 MHz, CDCl;): d 3.79 (s, 6H), 5.36 (s, 1H), 6.09 (d, J = 1.0 O

Hz, 1H), 6.31-6.37 (m, 3H), 6.38 (d, J = 2.1 Hz, 1H), 7.14-7.21 (m,

2H), 7.29-7.36 (m, 3H), 9.69 (s, 1H); *C NMR (50 MHz, CDCl;): & O

~o
38q

493 (d), 55.2 (q, 2C), 98.4 (d), 107.4 (d, 2C), 126.7 (d), 128.5 (d, 2C),
128.9 (d, 2C), 136.8 (1), 140.8 (5), 143.5 (s), 152.4 (s), 160.8 (s, 2C), 193.1 (d) ppm;
HRMS (ESI+): caled. For C1gH;5s0sNa [M+Na]® 305.1148; found 305.1146.

2-Benzhydrylacrylaldehyde (38r): Yellow gum; 87%; (R, = 0.6,
10% ethyl acetate/pet. ether); IR (CHCIl3) v: 3362, 2995, 2932, 1894,
~o
38r

1690, 1617, 1509, 1456, 1253, 1229, 1162, 1047, 940, 830 cm '; 'H O
NMR (200 MHz, CDCI3): §5.43 (s, 1H), 6.05 (d, J = 1.1 Hz, 1H),
6.36 (s, 1H), 7.12-7.21 (m, 4H), 7.28-7.41 (m, 6H), 9.70 (s, 1H); *C NMR (50 MHz,
CDCI3): 649.2 (d), 126.7 (d, 2C), 128.5 (d, 4C), 128.9 (d, 4C), 136.8 (1), 141.1 (s,
20), 152.7 (s), 193.1 (d) ppm; HRMS (ESI+): caled. For C;sH;4,ONa [M+Na]
245.0937; found 254.0933.

2-(6-Methoxy-1,2,3,4-tetrahydronaphthalen-1-yl)acrylaldehyde
(38s): Yellow Syrup; 89%; (Ry= 0.6, 10% ethyl acetate/pet. ether);
IR (CHCI3) v: 3362, 2995, 2932, 1894, 1690, 1608, 1500, 1456,

1253, 1226, 1162, 1038, 940, 830 cm™; 'H NMR (200 MHz, | s
CDCLy): § 1.66-1.81 (m, 3H), 1.87-2.01 (m, 1H), 2.72-2.82 (m,

2H), 3.79 (s, 3H), 4.11 (br. s., 1H), 5.81 (s, 1H), 6.12 (s, 1H), 6.64-6.72 (m, 2H),
6.77-6.84 (m, 1H), 9.61 (s, 1H); *C NMR (50 MHz, CDCls): 6 19.2 (t), 28.3 (t), 29.7
(1), 36.4 (d), 55.2 (q), 112.4 (d), 113.3 (d), 129.2 (s), 130.6 (d), 137.0 (1), 139.1 (s),
155.4 (s), 157.8 (s), 194.0 (d) ppm; HRMS (ESI+): calcd. For Ci4H;c0,Na [M+Na]"
239.1043; found 239.1040.

=0

2-((4-Methoxyphenyl)(phenyl)methyl)-3-phenylacrylaldehyde (38t): Colorless
syrup; 91%; (Ry= 0.4, 10% ethyl acetate/pet. ether); 'H NMR
(400 MHz, CDCls): 63.8 (s, 3H), 5.62 (s, 1H), 6.90 (d, J = 8.6
Hz, 2H), 7.14 (d, J = 8.6 Hz, 2H), 7.18-7.26 (m, H), 7.28-7.48
(m, 9H), 9.98 (s, 1H); *C NMR (100 MHz, CDCl;): §49.4 (d),
55.2 (q), 79.4 (d), 113.7 (d), 113.9 (d), 126.5 (d), 127.0 (d),
127.1 (d), 127.2 (d), 127.2 (d), 128.3 (d), 128.4 (d), 128.5 (d), 128.6 (d), 129.1 (d),
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129.2 (d), 129.9 (d), 130.1 (d), 133.7 (s), 133.9 (s), 142.1 (), 142.7 (s), 144.6 (),
148.3 (d), 158.2 (s), 158.9 (s), 192.0 (d) ppm; HRMS (ESI+): calcd. For Co3HaoO:Na
[M+Na]* 351.1356; found 351.1354.

2-((2,4-Bimethoxyphenyl)(phenyl)methyl)-3-phenylacrylaldehyde (38u): Colorless
syrup; 94%; (Ry= 0.4, 10% ethyl acetate/pet. ether); 'H NMR
(400 MHz, CDCls): §3.72 (s, 3H), 3.76 (s, 4H), 5.60 (s, 1H),
5.90 (s, 1H), 6.20 (s, 1H), 6.33-6.43 (m, 1H), 6.43-6.50 (m,
1H), 6.72 (d, J = 8.6 Hz, 1H), 7.11 (d, J = 7.1 Hz, 2H), 7.17-
7.41 (m, 5H), 9.62 (s, 1H); °C NMR (100 MHz, CDCL): &
42.1 (d), 43.3 (d), 55.3 (q), 55.5 (q), 98.7 (d), 98.8 (d), 103.6 (d), 122.5 (s), 126.4 (d),
128.3 (d), 129.0(d), 129.2 (d), 129.7 (d), 129.9 (d), 130.0 (d), 134.2 (s), 135.7 (1),
141.0(s), 141.6 (s), 144.3 (s), 147.1 (d), 152.6 (s), 157.7 (s), 159.7 (s), 191.9 (s), 193.3
(d) ppm; HRMS (ESI+): caled. For Co4H»,03Na [M+Na]" 381.1461; found 381.1461.

Cyclopenta-2,4-dien-1-yl(2-(2-formylallyl)cyclopenta-2,4-dien-1-
i 1=
yl) iron (38h’): Orange color powder; 96%; (Ry = 0.6, 5% ethyl -
Fe
acetate/pet. ether); IR (CHCls) v: 3362, 3093, 2924, 2853, 1894, @
1693, 1627, 1464, 1340, 1245, 1105, 959, 819 cm’l; "H NMR (200
MHz, CDCls): 6 3.31 (bs, 2H), 4.06-4.20 (m, 9H), 5.95 (s, 1H), 6.08 (s, 1H), 9.56 (s,
1H); *C NMR (50 MHz, CDCl;): 6 28.1 (t), 67.7 (d, 2C), 68.4 (d), 68.7 (d, 3C), 68.9
(d, 2C), 69.4 (d), 84.6 (s), 134.6 (1), 150.2 (s), 194.0 (d) ppm; HRMS (ESI+): calcd.

For C4H4OFe [M"] 254.0389; found 254.0386.

3-(1-Methyl-1H-pyrrol-2-yl)-2-methylenebutanal (38i’): Yellow
oil; 89%; (R = 0.5, 5% ethyl acetate/pet. ether); 'H NMR (200 Mo
MHz, CDCly): §1.40 (d, J = 7.1 Hz, 3H), 3.39 (s, 3H), 4.04 (q, J = | ¢ 38i
7.1 Hz, 1H), 5.95 (s, 1H), 6.02-6.04 (m, 1H), 6.04-6.07 (m, 1H),

6.07-6.12 (m, 1H), 6.54-6.60 (m, 1H), 9.63 (s, 1H); *C NMR (100 MHz, CDCl;): &
19.6 (q), 28.9 (d), 33.4 (q), 106.1 (d), 106.5 (d), 121.8 (d), 134.4 (s), 134.8 (1), 154.0
(s), 193.7 (d) ppm; HRMS (ESI+): caled. For C;oH;4ON [M+1]" 164.1070; found
164.1070; CoH;30NNa [M+Na]" 186.0889; found 186.0889.

2-Methylene-3-(thiophen-2-yl)butanal (38j’): Colorless oil; 91%; Me
(Rr= 0.5, 5% ethyl acetate/pet. ether); 'H NMR (200 MHz, CDCL3): [ S

132



Experimental Data Chapter II

01.52(d,J=7.2Hz, 3H), 434 (q, /= 7.2 Hz, 1H), 6.09 (s, 1H), 6.28 (d, /= 1.0 Hz,
1H), 6.86 (dt, J= 3.4, 1.1 Hz, 1H), 6.94 (dd, J = 5.12, 3.5 Hz, 1H), 7.16 (dd, J = 5.1,
1.3 Hz, 1H), 9.58 (s, 1H); *C NMR (100 MHz, CDCls): 6 21.4 (q), 32.5 (d), 123.5
(d), 124.1 (d), 126.6 (d), 134.2 (1), 147.4 (s), 154.2 (s), 193.4 (d) ppm; HRMS (ESI+):
calcd. For CoH;oONaS [M+Na]" 189.0345; found 189.0344.

3-(1-Benzyl-1H-pyrrol-2-yl)-2-methyleneheptanal (38k’):
Yellow oil; 84%; (Ry= 0.5, 5% ethyl acetate/pet. ether); 'H NMR
(200 MHz, CDCl3): 60.78-0.88 (m, 3H), 1.11-1.33 (m, 4H), 1.62— | (] J o
1.74 (m, 2H), 3.91 (t, J = 7.3 Hz, 1H), 4.97 (s, 2H), 5.95 (s, 1H), o
6.1 (s, 1H), 6.12-6.18 (m, 1H), 6.20-6.27 (m, 1H), 6.67—6.74 (m, 1H), 7.1 (dd, J =
7.4, 1.7 Hz, 2H), 7.27-7.39 (m, 3H), 9.49 (s, 1H); *C NMR (100 MHz, CDCl3): &
13.9 (q), 22.4 (t), 29.9 (1), 33.6 (d), 34.7 (1), 50.5 (t), 106.6 (d), 107.0 (d), 121.4 (d),
126.7 (d, 2C), 127.3 (d), 128.5 (d, 2C), 133.7 (s), 135.4 (1), 138.2 (s), 153.0 (s), 193.8
(d) ppm; HRMS (ESI+): calcd. For C19H4ON [M+1]" 282.1852; found 282.1851;
C19H,ONNa [M+Na]" 304.1672; found 304.1671.

3-(Benzofuran-2-yl)-2-methylenebutanal (381’): Yellow gum;
A
91%; (Ry= 0.4, 5% ethyl acetate/pet. ether); 'H NMR (500 MHz, o N
! O
CDCLy): 51.53 (d, J = 7.0 Hz, 3H), 4.28 (d, J= 7.0 Hz, 1H), 6.14 %

(s, 1H), 6.30 (s, 1H), 6.52 (s, 1H), 7.18-7.28 (m, 2H), 7.43 (d, /= 7.9 Hz, 1H), 7.53
(d, J=17.3 Hz, 1H), 9.62 (s, 1H); *C NMR (125 MHz, CDCl3): § 18.0 (q), 31.5 (d),
102.6 (d), 110.9 (d), 120.5 (d), 122.5 (d), 123.6 (d), 128.4 (s), 134.8 (t), 151.5 (s),
154.7 (s), 159.6 (s), 193.1 (d) ppm; HRMS (ESI+): caled. For C;3H130, [M+1]"
201.0910; found 201.0910.

3-(Benzo[b]thiophen-2-yl)-2-methylenebutanal (38m’): N
Colorless gum; 92%; (R = 0.4, 5% ethyl acetate/pet. ether); 'H 388 N
m’ o)

NMR (200 MHz, CDCls): 61.6 (d, J = 7.1 Hz, 3H), 4.5 (d, J=7.1
Hz, 1H), 6.01-6.15 (m, 2H), 7.27 (d, J = 1.0 Hz, 1H), 7.32-7.42 (m, 2H), 7.53-7.62
(m, 1H), 7.84-7.96 (m, 1H), 9.70 (s, 1H); *C NMR (100 MHz, CDCls): § 19.5 (q),
30.9 (d), 121.8 (d), 122.0 (d), 122.8 (d), 123.9 (d), 124.4 (d), 134.8 (1), 137.9 (s),
138.5 (s), 140.5 (s), 153.5 (s), 193.7(d) ppm; HRMS (ESI+): calcd. For C;3H;,ONaS
[M+Na]™ 239.0501; found 239.0500.
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3-(1-Benzyl-1H-indol-3-yl)-2-methyleneheptanal (38n°): Yellow
gum; 81%; (R, = 0.4, 5% ethyl acetate/pet. ether); "H NMR (400
MHz, CDCl;): &0.83-0.93 (m, 3H), 1.29-1.42 (m, 4H), 1.84-2.02
(m, 2H), 4.22 (t, J = 7.6 Hz, 1H), 5.32 (s, 2H), 6.05 (s, 1H), 6.27 (s,
1H), 7.03 (s, 1H), 7.05-7.12 (m, 3H), 7.16 (ddd, J = 8.2, 6.9, 1.4 Hz, 1H), 7.25 (d, J =
8.2 Hz, 1H), 7.27-7.34 (m, 2H), 7.54 (dd, J = 8.9, 1.1 Hz, 1H), 9.63 (s, 1H); "°C
NMR (100 MHz, CDCls): §14.0 (q), 22.6 (1), 30.2 (t), 33.8(t), 34.3 (d), 49.9 (t), 109.7
(d), 116.6 (s), 119.0 (d), 119.5 (d), 121.8 (d), 126.1 (d), 126.5 (d, 2C), 127.4 (d),
127.5 (d), 128.7 (d, 2C), 134.4 (1), 136.8 (s), 137.7 (s), 153.5 (s, 2C), 194.3 (d) ppm;
HRMS (ESI+): caled. For CpnHsON [M+1]" 332.2009; found 232.2008;
Cy3H,50NNa [MJrNa]+ 354.1828; found 354.1828;

Bn 380’

General Procedure B: At 0 °C, a solution of allenyl ether 38¢ (100 mg, 567 pumol)
and 3 equivalents of nucleophile (MeOH) in dichloromethane (5 mL) was treated with
the catalyst stock solution (1 mol % catalyst) and stirred for 3 h at room temperature.
The reaction mixture was concentrated under reduced pressure and the resulting crude
was purified by silica gel column chromatography to afford 39 (71 mg, 81% yield) as

a colorless liquid.

1-Methoxy-4-(methoxy(phenyl)methyl)benzene (40): Yellow

Ph
liquid: 85%; '"H NMR (200 MHz, CDCls): §3.41 (s, 3H), 3.78 (s, O/%Me
3H), 5.26 (s, 1H), 6.84-6.97 (m, 2H), 7.23-7.46 (m, 7H); °C NMR |° 40

(100 MHz, CDCls): §55.0 (q), 56.7 (q), 84.8 (d), 113.6 (d, 2C), 126.7 (d, 2C), 127.2
(d), 128.1 (d, 2C), 128.2 (d, 2C), 134.2 (s), 142.3 (5), 158.8 (s) ppm;

1-Methoxy-4-(1-(pent-4-yn-1-yloxy)pentyl)benzene (41): Yellow "o
oil; 72%; (Ry= 0.5, 10% ethyl acetate/pet. ether); IR (neat) v: 3296, /@/‘\Bu
2999, 2954, 2931, 1658, 1510, 1462, 1244, 1171, 1097, 1035, 830, | Meo

41

634 cm'; '"H NMR (200 MHz, CDCL): § 0.88 (t, J = 6.8, 3H),
1.24-1.37 (m, 5H), 1.76 (t, J = 6.4 Hz, 3H), 1.91 (t, J = 2.6 Hz, 1H), 2.23-2.35 (m,
2H), 3.25-3.44 (m, 2H), 3.82 (s, 3H), 4.13 (dd, J= 6.3, 7.1 Hz, 1H), 6.88 (d, J = 8.6
Hz, 2H), 7.20 (d, J = 8.6 Hz, 2H); *C NMR (100 MHz, CDCls): 5 14.0 (q), 15.4 (%),
22.6 (1), 28.1 (t), 28.8 (1), 38.0 (1), 55.2 (q), 66.8 (1), 68.3 (s), 82.0 (d), 84.1 (d), 113.6
(d, 2C), 127.7 (d, 2C), 135.1 (s), 158.8 (s) ppm; HRMS (ESI+): calcd. For
C17H240,Na [M+Na]" 283.1668; found 283.1669.
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General Procedure C:

At 0 °C, to a solution of allenyl ether 42a (1.0 g, 5.6 mmol) in anhydrous CH,Cl, (20
ml) was added above catalyst solution [(2.81 ml, 2.81 pumol) prepared by dissolving
Au(PPh3)CI (5 mg, 10.1 mmol) and AgSbF¢ (10 mg, 29.1 pmol) in CH,Cl, (10 ml)]
and allowed to stir for 15 minutes. The reaction mixture was concentrated under
reduced pressure and the crude was purified by column chromatography (100-200

Silica gel) to afford 43a (920 mg, 92%) as a yellow color oil.

3-(4-Methoxyphenyl)-2-methylpropanal (43a): Yellow color Q
oil; 92%; (Ry = 0.6, 5% ethyl acetate/pet. ether); 'H NMR (200 m
MHz, CDCL): & 1.02-1.14 (m, 3H), 2.50-2.71 (m, 2H), | 4%

2.95-3.11 (m, 1H), 3.78-3.81 (m , 3H), 6.79—6.91 (m, 2H), 7.04-7.15 (m, 2H), 9.72
(d, J = 1.4 Hz, 1H); °C NMR (101 MHz, CDCL): & 13.1, 35.7, 48.2, 55.2, 113.9,
129.9, 130.7, 158.1, 204.7 ppm; HRMS (ESI+): calcd. For C;;H;40,Na [M+N.21]Jr
201.0886; found 201.0886.

3-(4-Methoxyphenyl)-2-methylbutanal (43b): Yellow syrup;

87%; (Ry= 0.5, 5% ethyl acetate/pet. ether); "H NMR (200 MHz, /Q/HAO
CDCl3): 6 0.90 (d, J = 7.0 Hz, 3H), 1.08 (d, J = 7.0 Hz, 3H), "
1.24-1.33 (m, 6H), 2.42-2.65 (m, 2H), 2.85-3.19 (m, 2H), 3.80 (d, J = 1.4 Hz, 6H),
6.78—6.93 (m, 4H), 7.04-7.21 (m, 4H), 9.59 (d, J = 2.2 Hz, 1H), 9.68 (d, J = 3.2 Hz,
1H); *C NMR (50 MHz, CDCls): §10.5, 12.3, 17.7, 20.1, 39.4, 39.9, 52.6, 53.1, 55.2,

113.8, 128.3, 128.5, 135.6, 136.2, 158.2, 205.1 ppm; HRMS (ESI+): calcd. For
C1,H;60,Na [M+Na]" 215.1043; found 215.1042.

3-(Benzofuran-2-yl)-2-methylbutanal (43c): Yellow liquid,;

o) Me
89%; (Ry = 0.4, 5% ethyl acetate/pet. ether); '"H NMR (200 w
MHz, CDCl;): 6 1.06 (dd, J = 10.9, 7.1 Hz, 3H), 1.36 (m 3H), ME

2.74 (m, 2H), 3.35-3.61 (m, 2H), 6.45 (s, 1H), 7.13-7.29 (m, 2H), 7.36-7.45 (m, 1H),
7.46-7.54 (m, 1H), 9.78 (d, J = 1.5 Hz, 1H); *C NMR (50 MHz, CDCls): 59.5, 10.8,
14.3, 16.5, 33.5, 34.5, 49.6, 50.5, 102.6, 102.9, 110.9, 110.9, 120.5, 122.6, 123.6,
128.4, 154.6, 159.8, 160.4, 203.7, 203.9 ppm; HRMS (ESI+): calcd. For Ci3H;40.Na
[M+Na]" 202.0994; found 202.0990.
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3-(Benzofuran-2-yl)-2,3-dimethylbutanal (43d): Colorless 3

Gummy; 91%; (R, = 0.5, 5% ethyl acetate/pet. ether); 'H NMR y 4
€ Me O

(200 MHz, CDCl;): 6 1.04 (d, J = 7.1 Hz, 3H), 1.46 (s, 6H), g

2.82 (dd,J=17.0, 2.5 Hz, 1H), 6.48 (d, /= 0.9 Hz, 1H), 7.19-7.28 (m, 2H), 7.42-7.57
(m, 2H), 9.74 (d, J = 2.4 Hz, 1H); *C NMR (101 MHz, CDCls): §9.3, 24.2, 24.6,
38.0,53.7,101.9, 111.0, 120.6, 122.7, 123.7, 128.3, 154.6, 163.4, 204.6 ppm; HRMS
(ESI+): caled. For C14H60,Na [MJrNa]+ 239.1043; found 239.1041.

3-(Benzo[b]thiophen-2-yl)-2,3-dimethylbutanal (43e): Yellow [
\
oil; 93%; (Ry= 0.4, 5% ethyl acetate/pet. ether); 'H NMR (400 y 4
€ Ve S
MHz, CDCls): 61.00 (d, J = 6.9 Hz, 3H), 1.54 (s, 3H), 1.59 (s, M43e

3H), 3.35 (dd, J = 6.9, 2.3 Hz, 1H), 7.18 (s, 1H), 7.33-7.42 (m, 2H), 7.89-7.92 (m,
1H), 8.04-8.11 (m, 1H), 9.65 (d, J = 1.8 Hz, 1H); °C NMR (101 MHz, CDCls): &
9.2, 25.3, 25.5, 39.6, 52.2, 122.0, 123.6, 123.7, 123.9, 124.0, 136.9, 141.8, 142.5,
205.2 ppm; HRMS (ESI+): caled. For C;4H;cONaS [MJrNa]+ 255.0814; found
255.0813;

3-(Furan-2-yl)-2-methylheptanal (43f): Yellow liquid; 90%; (Ry=
0.5, 6% ethyl acetate/pet. ether); 'H NMR (200 MHz, CDClL): &
0.80-0.97 (m, 6H), 1.08 (d, J = 7.0 Hz, 3H), 1.13-1.40 (m, 9H), 431
1.49-1.85 (m, 5H), 2.51-2.77 (m, 2H), 2.98-3.26 (m, 2H), 6.06 (t, J = 2.53 Hz, 2H),
6.25-6.32 (m, 2H), 7.32 (m, 2H), 9.65 (d, J = 1.9 Hz, 0.8H), 9.71 (d, J = 2.02 Hz,
1H); °C NMR (101 MHz, CDCl3): §10.6, 11.0, 13.9, 22.4, 22.5, 29.6, 29.7, 30.1,
31.1, 39.5, 40.1, 49.9, 50.1, 106.6, 106.8, 109.8, 109.9, 141.3, 155.4, 155.7, 204.5,
204.6 ppm; HRMS (ESI+): calcd. For C12H;90; [MJrNa]+ 195.1380; found 195.1381.

General Procedure D:

At 0 °C, to a solution of indole 44b (500 mg, 3.81 mmol) and allenyl ether 372’ (557
mg, 3.81 mmol) in anhydrous CH,Cl, (100 ml) was added catalyst solution [(3.80 ml,
3.81umol) prepared by dissolving AuCl(PPh;) (5 mg, 10.1 umol) and AgSbFs (10
mg, 29.1 umol) in CH,Cl, (10 ml)] and allowed to stir for 1.5 h at room temperature.
The reaction mixture was concentrated under reduced pressure and the crude was
purified by column chromatography (100-200 Silica gel) to afford 46ba’ (761 mg,
76%) as a Yellow color thick gum.
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(E)-3-(3-(Hexyloxy)allyl)-1H-indole (46aa’): Yellow syrup;

72%; (Ry= 0.3, 100% pet. ether); 'H NMR (400 MHz, CDCL3):8 /\%

0.89-0.96 (m, 3H), 1.31-1.47 (m, 6H), 1.62—1.70 (m, 2H), 3.43 WO
N .

(dt, J= 7.1, 1.1 Hz, 2H), 3.69 (t, J = 6.6 Hz, 2H), 5.07 (dt, J = H__ 20

12.6, 7.1 Hz, 1H), 6.46 (d, J = 12.6 Hz, 1H), 6.99-7.00 (m, 1H), 7.10-7.26 (m, 2H),
7.34-7.39 (m, 1H), 7.64-7.68 (m, 1H), 7.94 (br.s., 1H); C NMR (101 MHz, CDCl;):
014.0 (q), 22.6 (), 23.8 (1), 25.7 (1), 29.3 (t), 31.6 (1), 69.3 (t), 102.4 (d), 111.0 (d),
116.4 (s), 119.0 (d), 119.1 (d), 121.3 (d), 121.9 (d), 127.3 (s), 136.5 (s), 147.0 (d)
ppm; HRMS (ESI+): caled. For C;7H4sON [M+H]" 258.1852; found 258.1850.

76%; (R = 0.6, 10% ethyl acetate/pet. ether); IR (CHCI3) v:
3410, 2996, 2930, 2832, 1654, 1484, 1210, 1135, 1028, 925, WO
828, 735, 695 cm'; 'H NMR (200 MHz, CDCl3):53.44 (dt, J = i
7.1, 1.1 Hz, 2H), 4.78 (s, 2H), 5.19 (dt, J = 12.6, 7.2 Hz, 1H), 6.55 (d, J = 12.5 Hz,
1H), 6.95-6.96 (m, 1H), 7.09—7.17 (m, 1H), 7.22 (td, J= 7.5, 1.5 Hz, 1H), 7.32-7.40
(m, 6H), 7.62—7.66 (m, 1H), 7.91 (br. s., 1H); °*C NMR (101 MHz, CDCl5):523.8 (t),
71.1 (t), 103.7 (d), 111.0 (d), 116.1 (s), 119.0 (d), 119.2 (d), 121.4 (d), 122.0 (d),
127.3 (s), 127.6 (d, 2C), 127.8 (d), 128.5 (d, 2C), 136.4 (s), 137.3 (s), 146.6 (d) ppm;
HRMS (ESI+): caled. For C13H;sON [M+H]+264.1383; found 264.1380.

(E)-3-(3-(Benzyloxy)allyl)-1H-indole (46ab): Colorless gum; Q

(E)-3-(3-((4-Methoxybenzyl)oxy)allyl)-1H-indole (46ac):
Yellow oil; 65%; (Ry = 0.6, 10% ethyl acetate/pet. ether); IR

(CHCI) v: 3411, 2997, 2831, 1655, 1486, 1215, 1133, 1020, \Q
927, 821, 737, 695 cm'; 'TH NMR (200 MHz, CDCl3): & 3.42 W
(dt, J=17.2, 1.2 Hz, 2H), 3.84 (s, 3H), 4.69 (s, 2H), 5.16 (dt, J =

12.6, 7.1 Hz, 1H), 6.51 (dt, J = 12.5, 1.3 Hz, 1H), 6.87-6.94 (m, 2H), 6.96—6.97 (m,
1H), 7.07-7.15 (m, 1H), 7.20 (m, 1H), 7.27-7.31 (m, 2H), 7.34-7.38 (m, 1H), 7.62
(m, 1H), 7.94 (br. s., 1H); >C NMR (50 MHz, CDCl3): §23.8 (t), 55.3 (q), 70.9 (t),
103.6 (d), 111.0 (d), 113.9 (d, 2C), 116.1 (s), 119.0 (d), 119.2 (d), 121.4 (d), 122.0
(d), 127.3 (s), 129.2 (d, 2C), 129.3 (s), 136.5 (s), 146.6 (d), 159.3 (s) ppm; HRMS
(ESI+): caled. For C1oH190,NNa [M+Na]" 316.1308; found 316.1304.
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(E)-3-(3-((4-Fluorobenzyl)oxy)allyl)-1H-indole (46ax): R
Gummy liquid; 71%; (Ry= 0.5, 10% ethyl acetate/pet. ether); IR
(CHCIy) v: 3412, 3053, 2919, 1653, 1605, 1509, 1456, 1343, WO
1219, 1140, 928, 821, 737 cm '; "H NMR (400 MHz, CDCl5):8 N
3.43 (d, J=17.1 Hz, 2H), 4.72 (s, 2H), 5.17 (dt, J = 12.6, 7.0 Hz,

1H), 6.51 (d, J = 12.5 Hz, 1H), 6.96 (m, 1H), 7.03-7.09 (m, J = 8.7 Hz, 2H),
7.11-7.14 (m, 1H), 7.22 (t, J = 7.5 Hz, 1H), 7.31-7.38 (m, 3H), 7.62 (d, J = 7.8 Hz,
1H), 7.93 (br. s., 1H); °C NMR (50 MHz, CDCl3): & 23.7 (t), 70.4 (t), 104.0 (d),
111.1 (d), 115.2 (d), 115.4 (d), 116.0 (s), 119.2 (d, /= 10.3 Hz, 2C), 121.4 (d), 122.0
(d), 127.3 (s), 129.4 (d, J = 8.1 Hz, 2C), 133.1 (s), 136.5 (s), 146.5 (d), 163.7 (s) ppm;
HRMS (ESI+): caled. For C1gH;sONF [M]™ 281.1210; found 281.1210.

(E)-3-(3-((4-Chlorobenzyl)oxy)allyl)-1H-indole (46ay): Yellow o
oil; 73%; (Ry= 0.6, 10% ethyl acetate/pet. ether); IR (CHCl3) v: Q
3464, 3417, 3053, 1652, 1490, 1341, 1263, 1144, 1088, 930, 808, WO
732 cm'; 'H NMR (400 MHz, CDCl;):6 3.43 (dd, J = 7.3, 0.9 N 4oy

Hz, 2H), 4.72 (s, 2H), 5.10-5.20 (dt, J = 12.8, 6.9 Hz, 1H), 6.51

(d, J=12.4 Hz, 1H), 6.94 (m, 1H), 7.12-7.15 (m, 1H), 7.20-7.24 (m, 1H), 7.28-7.30
(m, 2H), 7.34-7.37 (m, 3H), 7.62 (m, 1H), 7.93 (br. s., 1H); °C NMR (101 MHz,
CDCl3):623.7 (t), 70.2 (t), 104.0 (d), 111.1 (d), 115.9 (s), 119.0 (d), 119.2 (d), 121.4
(d), 122.0 (d), 127.2 (s), 128.6 (d, 2C), 128.8 (d, 2C), 133.5 (s), 135.7 (s), 136.4 (s),
146.4 (d) ppm; HRMS (ESI+): calcd. For C;gH;7ONCl [M+H]"298.0986; found
298.0993.

(E)-3-(3-((4-Bromobenzyl)oxy)allyl)-1H-indole (46az): Yellow
gum; 72%; (Ry= 0.5, 10% ethyl acetate/pet. ether); IR (CHCL) v: Q
3462, 3415, 3050, 1650, 1487, 1343, 1261, 1142, 1082, 924, 803, W
729cm '; '"H NMR (400 MHz, CDCls):6 3.43 (m, 2H), 4.71 (s, ;
2H), 5.12-5.19 (m, 1H), 6.49-6.52 (m, 1H), 6.95 (br.s, 1H),

7.11-7.15 (m, 1H), 7.20-7.25 (m, 3H), 7.35-7.38 (m, 1H), 7.49-7.51 (m, 2H), 7.62
(d, J = 8.2 Hz, 1H), 7.94 (br. s., 1H); *C NMR (101 MHz, CDCl;):523.7 (1), 70.2 (),
104.1 (d), 111.1 (d), 115.9 (s), 119.0 (d), 119.2 (d), 121.4 (d), 121.7 (s), 122.0 (d),
127.2 (s), 129.1 (d, 2C), 131.6 (d, 2C), 136.3 (s), 136.4 (s), 146.3 (d) ppm; HRMS
(ESI+): calced. For C;sH1cONBr [M]+341.0410; found 341.0410.
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(E)-3-(3-((2,6-Difluorobenzyl)oxy)allyl)-1H-indole (46ac’):

Black oil; 77%; (Ry = 0.5, 10% ethyl acetate/pet. ether); IR QF
(CHCIy) v: 3415, 3055, 2893, 1655, 1626, 1594, 1466, 1266, @\/\g{o
1134, 930, 785, 730 cm '; 'H NMR (200 MHz, CDCls): & 3.40 N e

(dt, J=17.2, 1.3 Hz, 2H), 4.81 (s, 2H), 5.20 (dt, J = 12.5, 7.1 Hz,

1H), 6.48 (d, J = 12.5 Hz, 1H), 6.83-6.95 (m, 3H), 7.03—7.35 (m, 4H), 7.59 (m, 1H),
7.87 (br. s., 1H); °C NMR (101 MHz, CDCls): §23.6 (1), 58.8 (t), 104.2 (d), 111.0
(d), 111.3 (dd, J = 5.8,19.2 Hz, 2C), , 112.9 (t, /= 19.2 Hz, 1C), 115.8 (s), 119.0 (d),
119.2 (d), 121.4 (d), 121.9 (d), 127.2 (s), 130.5 (dd, J = 9.9, 11.2 Hz, 1C), 136.4 (s),
146.3 (d), 160.6 (d, J = 7.8 Hz, 1C), 163.1 (d, J = 7.8 Hz, 1C) ppm; HRMS (ESI+):
calcd. For C1sH;5s0ONF,Na [M+Na]+ 322.1014; found 322.1013.

(E)-3-(3-(1-(Naphthalen-2-yl)ethoxy)allyl)-1H-indole (46ae’): Yellow syrup; 76%;
(Rr= 0.5, 10% ethyl acetate/pet. ether); IR (CHCI3) v: 3412,
2992, 2931, 2830, 1651, 1489, 1216, 1139, 1025, 927, 828, O‘)

737, 695 cm'; "H NMR (400 MHz, CDCls): §1.62 (d, J = 6.4 \_ e
Hz, 3H), 3.31 (d, J = 7.3 Hz, 2H), 4.99-5.04 (m, 1H), 5.20 (dt, WO
J=12.5,7.1 Hz, 1H), 6.33 (d, J = 12.2 Hz, 1H), 6.74 (s, 1H),
6.96-7.00 (m, 1H), 7.13=7.17 (m, 1H), 7.30 (d, J = 8.1 Hz, 1H), 7.46-7.52 (m, 4H),
7.78 (s, 2H), 7.84—7.88 (m, 3H); *C NMR (101 MHz, CDCL): §23.7 (t), 23.7 (q),
78.1 (d), 105.7 (d), 110.9 (d), 116.0 (s), 119.0 (d), 119.1 (d), 121.3 (d), 121.8 (d),
124.0 (d), 124.9 (d), 125.8 (d), 126.1 (d), 127.2 (s), 127.7 (d), 128.0 (d), 128.4 (d),
133.0 (s), 133.3 (s), 136.4 (s), 140.7 (s), 145.6 (d) ppm; HRMS (ESI+): calcd. For
Ca3H, ONNa [M+Na]" 350.1515; found 350.1513.

(E)-3-(3-(1-(Naphthalen-1-yl)ethoxy)allyl)-1H-indole (46af’): Yellow syrup; 74%;
(Rr= 0.4, 10% ethyl acetate/pet. ether); IR (CHCL3) v: 3412,

2992, 2931, 2830, 1651, 1489, 1216, 1139, 1025, 927, 828, Qj
737, 695 cm '; '"H NMR (400 MHz, CDCL): 6 1.71 (d, J = Q_\(\O Me
6.41 Hz, 3H), 3.29 (dd, J = 7.3, 0.9 Hz, 2H), 5.13-5.20 (m, N -

1H), 5.60 (q, J = 6.4 Hz, 1H), 6.34 (dd, J = 12.6, 1.1 Hz, 1H),
6.70 (m, 1H), 7.03-7.07 (m, 1H), 7.15-7.19 (m, 1H), 7.30-7.32 (m, 1H), 7.48-7.56
(m, 4H), 7.62 (d, J = 7.3 Hz, 1H), 7.82 (d, J = 7.8 Hz, 2H), 7.90-7.92 (m, 1H),
8.09-8.12 (m, 1H); *C NMR (101 MHz, CDCls): §22.9 (q), 23.7 (t), 75.3 (d), 105.4
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(d), 110.9 (d), 116.03 (s), 119.0 (d), 119.1 (d), 121.3 (d), 121.8 (d), 123.0 (d), 123.4
(d), 125.5 (d), 125.6 (d), 126.1 (d), 127.2 (s), 128.0 (d), 128.9 (d), 130.3 (s), 133.8 (s),
136.3 (s), 138.6 (s), 145.5 (d) ppm; HRMS (ESI+): calcd. For C23H,;ONNa [M+Na]"
350.1515; found 350.1512.

(E)-3-(3-((Tetrahydrofuran-2-yl)methoxy)allyl)-1H-indole
(46ag’): Yellow oil; 76%; (R = 0.5, 10% ethyl acetate/pet. Cgo
ether); IR (CHCls) v: 3315, 3052, 2923, 2869, 1657, 1611, WO
1456, 1348, 1155, 1043, 926, 732 cm '; 'H NMR (400 MHz, N
CDCly): 61.63-1.71 (m, 1H), 1.87-2.08 (m, 4H), 3.42 (d, J =

6.9 Hz, 2H), 3.67-3.74 (m, 2H), 3.79-3.87 (m, 1H), 3.89-3.95 (m, 1H), 4.13-4.19
(m, 1H), 5.04-5.12 (m, 1H), 6.50 (d, J = 12.4 Hz, 1H), 6.97 (s, 1H), 7.11-7.15 (m,
1H), 7.19-7.23 (m, 1H), 7.34-7.36 (m, 1H), 7.65 (d, J = 7.8 Hz, 1H), 8.09 (br. s.,
1H); '*C NMR (101 MHz, CDCls): §23.6 (), 25.6 (1), 27.9 (1), 68.3 (t), 71.3(t), 77.1
(d), 102.7 (d), 111.0 (d), 115.9 (s), 118.9 (d), 119.0 (d), 121.4 (d), 121.8 (d), 127.2 (s),
136.4 (s), 146.9 (d) ppm; HRMS (ESI+): calcd. For CsH;90,NNa [M+Na]"280.1308;
found 280.1307.

(E)-3-(3-(Hexyloxy)allyl)-1-methyl-1H-indole (46ba’): Yellow

thick gum; 73%; (Ry = 0.6, 100% pet. ether); 'H NMR (200 /\%
MHz, CDCl): ¢ 0.89-0.96 (m, 3H), 1.33-1.41 (m, 6H), Wo
1.61-1.72 (m, 2H), 3.42 (d, J= 7.1 Hz, 2H), 3.69 (t, J = 6.6 Hz, Me  sgba
2H), 3.76 (s, 2H), 5.06 (dt, J = 12.6, 7.1 Hz, 1H), 6.46 (m, 1H), 6.9 (s, 1H), 7.09-7.17
(m, 1H), 7.20-7.25 (m, 1H), 7.28-7.30 (m, 1H), 7.62-7.67 (m, 1H); °C NMR (101
MHz, CDCls): 614.0 (q), 22.6 (t), 23.7 (t), 25.7 (t), 29.3 (1), 31.6 (), 32.5 (1), 69.2 (1),
102.6 (d), 109.1 (d), 114.7 (s), 118.5 (d), 119.1 (d), 121.5 (d), 126.2 (d), 127.6 (s),
137.1 (s), 146.9 (d) ppm; HRMS (ESI+): calcd. For C;sHsON [M+H]" 272.2009;
found 272.2006.

Gum; 76%; (Ry= 0.6, 10% ethyl acetate/pet. ether); IR (CHCIs) v:
3412, 2996, 2931, 1651, 1485, 1220, 1133, 1025, 927, 828, 737, Wo
695cm '; 'H NMR (400 MHz, CDCls): & 3.40 (d, J = 7.1 Hz, he 40D
2H), 3.73 (s, 3H), 4.76 (s, 2H), 5.15 (dt, J = 12.7, 7.1 Hz, 1H),

(E)-3-(3-(Benzyloxy)allyl)-1-methyl-1H-indole (46bb): Brown Q
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6.51 (d, J = 12.5 Hz, 1H), 6.77 (s, 1H), 7.07-7.13 (m, 1H), 7.22-7.30 (m, 2H),
7.36-7.38 (m, 5H), 7.59 (d, J = 8.1 Hz, 1H); >*C NMR (101 MHz, CDCls): §23.7 (t),
32.5(q), 71.1 (), 103.9 (d), 109.1 (d), 114.5 (s), 118.6 (d), 119.1 (d), 121.5 (d), 126.3
(d), 127.0 (s), 127.6 (d, 2C), 127.8 (d), 128.5 (d, 2C), 137.2 (s),137.3 (s), 146.5 (d)
ppm; HRMS (ESI+): caled. For C19H;9ONNa [M+Na]+300.1359; found 300.1358.

(E)-3-(3-((4-Methoxybenzyl)oxy)allyl)-1-methyl-1H-indole  (46bc): Yellow oil;

69%; (Rr = 0.6, 10% ethyl acetate/pet. ether); IR (CHCl3) v: MeO

3052, 2963, 1656, 1611, 1513, 1466, 1245, 1137, 1032, 929, 819, Q
731 em'; '"H NMR (400 MHz, CDCls): 8 3.41 (d, J = 7.1 Hz, WO
2H), 3.75 (s, 3H), 3.83 (s, 3H), 4.70 (s, 2H), 5.08-5.19 (m, 1H), Ee sebe

6.51 (d, J= 12.5 Hz, 1H), 6.80 (s, 1H), 6.91 (d, J = 8.3 Hz, 2H),
7.07-7.13 (m, 1H), 7.19-7.26 (m, 1H), 7.29-7.32 (m, 3H), 7.60 (d, J = 7.8 Hz, 1H);
13C NMR (101 MHz, CDCls): 523.7 (1), 32.5 (q), 55.3 (q), 70.9 (t), 103.8 (d), 109.1
(d), 113.9 (d, 2C), 114.6 (s), 118.6 (d), 119.1 (d), 121.5 (d), 126.3 (d), 127.7 (s), 129.3
(d, 2C), 129.4 (s), 137.2 (s), 146.5 (d), 159.4 (s) ppm; HRMS (ESI+): calcd. For
Ca0H210,NNa [M+Na]" 330.1465; found 330.1464.

(E)-3-(3-((4-Chlorobenzyl)oxy)allyl)-1-methyl-1H-indole (46by): Yellow Syrup;

71%; (Ry= 0.5, 10% ethyl acetate/pet. ether); IR (CHCIs) v: 3052, cl
2920, 1719, 1654, 1482, 1326, 1128, 1009, 927, 804, 737 cm'; Q
'H NMR (200 MHz, CDCl3): §3.35-3.40 (m, 2H), 3.70 (s, 3H), WO
4.69 (s, 2H), 5.11 (dt, J = 12.6, 7.1 Hz, 1H), 6.46 (m, 1H), 6.74 l,\\lllle sy

(s, 1H), 7.03-7.11 (m, 1H), 7.16-7.24 (m, 2H), 7.27-7.34 (m,
4H), 7.53-7.58 (m, 1H); °C NMR (50 MHz, CDCls): & 23.6 (t), 32.5 (q), 70.2 (t),
104.4 (d), 109.1 (d), 114.4 (s), 118.6 (d), 119.1 (d), 121.5 (d), 126.3 (d), 127.6 (s),
128.6 (d, 2C), 128.8 (d, 2C), 133.5 (s), 135.9 (s), 137.2 (s), 146.2 (d) ppm; HRMS
(ESI+): calced. For Cj9H;3ONCI [M]"311.1071; found 311.1066.

(E)-3-(3-Phenoxyallyl)-1H-indole  (46ad’): Pale yellow
liquid; 79%; (Ry = 0.5, 5% ethyl acetate/pet. ether); 'H NMR WOQ
(400 MHz, CDCls): 63.59 (d, J = 7.1 Hz, 2H), 5.75 (dt, J = N

12.0, 7.1 Hz, 1H), 6.64 (d, J = 12.0 Hz, 1H), 7.06-7.13 (m,
4H), 7.21-7.24 (m, 1H), 7.27-7.31 (m, 1H), 7.36-7.43 (m, 3H), 7.74 (d, J = 7.8 Hz,

46ad’
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1H), 7.97 (br.s., 1H); °C NMR (101 MHz, CDCl3): §23.3 (t), 111.1 (d), 112.0 (d),
115.0 (s), 116.4 (d), 118.9 (d), 119.3 (d), 121.6 (d), 122.1 (d), 122.5 (d), 127.2 (s),
129.6 (d), 136.4 (s), 142.5 (d), 157.3 (s) ppm; HRMS (ESI+): caled. For Ci;H;sON
[M+1]"250.1226; found 250.1223.

(E)-1-Methyl-3-(3-phenoxyallyl)-1H-indole (46bd*): Pale
yellow gum; 78%; (R, = 0.5, 5% ethyl acetate/pet. ether); 'H Q_g\\\\OQ
NMR (200 MHz, CDCls): & 3.49 (dt, J = 7.1, 1.2 Hz, 2H), W

3.69 (s, 3H), 5.65 (dt, J = 12.1, 7.1 Hz, 1H), 6.52-6.59 (m,

1H), 6.85 (s, 1H), 6.96-7.06 (m, 3H), 7.09-7.18 (m, 1H), 7.23-7.33 (m, 4H),
7.61-7.66 (m, 1H); °C NMR (50 MHz, CDCL): §23.2 (t), 32.48 (q), 109.2 (d), 112.2
(d), 113.4 (s), 116.4 (d), 118.7 (d), 119.0 (d), 121.6 (d), 122.4 (d), 126.4 (d), 127.6 (s),
129.5 (d), 137.2 (s), 142.4 (d), 157.4 (s) ppm; HRMS (ESI+): calcd. For C;gH;sON
[M+1]" 264.1383; found 264.1379.

46bd’

(E)-5-Methoxy-3-(3-phenoxyallyl)-1H-indole (46cd’):
yellow syrup; 75%; (Ry= 0.5, 5% ethyl acetate/pet. ether); |"*° \ Q
'H NMR (200 MHz, CDCl3): 6 3.50 (dt, J = 7.1, 1.2 Hz, N\ °
2H), 3.89 (s, 3H), 5.67 (dt, J=12.1, 7.1 Hz, 1H), 6.57 (dt, J i
=12.1, 1.4 Hz, 1H), 6.86—-6.91 (m, 1H), 6.97-7.04 (m, 4H), 7.08-7.10 (m, 1H), 7.23-
7.24 (m, 1H), 7.27-7.28 (m, 1H), 7.31-7.35 (m, 1H), 7.89 (br.s., 1H); °C NMR (50
MHz, CDCls): 623.3 (t), 55.9 (q), 100.8 (d), 111.9 (d), 112.0 (d), 112.3 (d), 114.6 (s),
116.4 (d), 122.5 (d), 127.6 (s), 129.5 (d), 131.6 (s), 142.5 (d), 153.9 (s), 157.3 (s)
ppm; HRMS (ESI+): caled. For CigH30,N [M+1]+ 280.1332; found 280.1332.

46¢d’

(E)-3-(3-(Benzyloxy)allyl)-5-methoxy-1H-indole  (46cb):

Yellow gum; 75%; (Ry= 0.6, 10% ethyl acetate/pet. ether); | weo Q
IR (CHCI5) v: 3413, 2998, 2937, 2834, 1651, 1612, 1511, Wo
1476, 1435, 1225, 1131, 1021, 926, 814, 732 cm'; 'H H e

NMR (200 MHz, CDCly): 53.39 (dt, J = 7.0, 1.1 Hz, 2H), 3.87 (s, 3H), 4.77 (s, 2H),
5.17 (dt, J = 12.5, 7.12 Hz, 1H), 6.49-6.57 (m, 1H), 6.84-6.93 (m, 2H), 7.06-7.07
(m, 1H), 7.22-7.27 (m, 1H), 7.31-7.38 (m, 5H), 7.85 (br. s., 1H); °C NMR (101
MHz, CDCly): 523.8 (1), 55.9 (q), 71.1 (q), 100.9 (d), 103.5 (d), 111.7 (d), 112.1 (d),
115.7 (s), 122.3 (d), 127.5 (d, 2C), 127.6 (s), 127.8 (s), 128.5 (d, 2C), 131.6 (s), 137.2
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(s), 146.6 (d), 153.8 (s) ppm; HRMS (ESI+): calcd. For CjoH;9O,NNa [M+Na]"
316.1308; found 316.1305.

(E)-5-Methoxy-3-(3-((4-methoxybenzyl)oxy)allyl)-1H- MeQ
indole (46cc): Yellow oil; 70%; (Rf = 0.4, 5% ethyl oo Q
acetate/pet. ether); IR (CHCL3) v: 3412, 2997, 2937, 2834, Q_g\\Lo
1653, 1613, 1512, 1481, 1447, 1244, 1135, 1028, 926, 818, N 46cc

732 em'; "H NMR (400 MHz, CDCl3): 63.41 (d, J = 6.9

Hz, 2H), 3.84 (s, 3H), 3.89 (s, 3H), 4.71 (s, 2H), 5.15-5.22 (m, 1H), 6.53 (d, J=12.5
Hz, 1H), 6.88—6.95 (m, 4H), 7.08-7.09 (m, 1H), 7.25-7.29 (m, 1H), 7.31 (d, J = 8.6
Hz, 2H), 7.86 (br. s., IH); °C NMR (101 MHz, CDCl3): §23.8 (1), 55.3 (q), 55.9 (q),
71.0 (t), 101.0 (d), 103.5 (d), 111.7 (d), 112.1 (d), 113.9 (d, 2C), 115.8 (s), 122.3 (d),
127.7 (s), 129.2 (s), 129.3 (d, 2C), 131.6 (s), 146.6 (d), 153.8 (s), 159.4 (s) ppm;
HRMS (ESI+): caled. For CyH,;03NNa [M+Na]+ 346.1414; found 346.1411.

(E)-5-Methoxy-3-(3-((4-(trifluoromethyl)benzyl)oxy)allyl)-1H-indole (46¢b’): Pale
yellow solid; 64%; m.p = 148 °C; (R, = 0.4, 10% ethyl
acetate/pet. ether); IR (CHCls) v: 3414, 2999, 2939, 2837,
1655, 1611, 1510, 1489, 1440, 1244, 1134, 1028, 926, 818, W

732 cm'; '"H NMR (200 MHz, CDCls): 63.39 (dt, J=7.1, 1.2 N\ °
Hz, 2H), 3.86 (s, 3H), 4.82 (s, 2H), 5.16 (dt, J = 12.6, 7.0 Hz,
1H), 6.47-6.53 (m, 1H), 6.84-6.92 (m, 2H), 7.04 (d, J = 2.4 Hz, 1H), 7.23-7.27 (m,
1H), 7.45-7.49 (m, 2H), 7.61-7.65 (m, 2H), 7.83 (br. s., IH); °C NMR (101 MHz,
CDCLy): §23.7 (t), 55.9 (q), 70.1 (1), 100.9 (d), 104.1 (d), 111.8 (d), 112.1 (d), 115.5
(s), 122.2 (d), 125.4 (d), 125.4 (d, 2C), 125.5 (d), 127.4 (d, 2C), 127.6 (s), 131.6 (s),

141.4 (s), 146.3 (d), 153.8 (s)ppm; HRMS (ESI+): caled. For Cy0H;30,NF; [M]"
361.1284; found 361.1278.

FsCO

(E)-3-(3-(Benzyloxy)allyl)-5-bromo-1H-indole (46db):
Yellow porous powder; 74%; (R,= 0. 5, 10% ethyl acetate/pet. |,

ether); IR (CHCly) v: 3426, 3033, 2923, 1654, 1611, 1454, CF{@

1133, 1090, 927, 791, 733, 695 cm '; 'H NMR (200 MHz, N a6
CDCls): §3.37 (dt, J=17.1, 1.1 Hz, 2H), 4.77 (s, 2H), 5.13 (dt, J = 12.6, 7.1 Hz, 1H),
6.51 (dt, J = 12.6, 1.4 Hz, 1H), 6.94-6.95 (m, 1H), 7.19-7.25 (m, 1H), 7.30—7.47 (m,
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6H), 7.74-7.75 (m, 1H), 7.97 (br. s., 1H); *C NMR (101 MHz, CDCls): & 23.6 (t),
71.2 (1), 103.3 (d), 112.5 (d), 115.8 (s, 2C), 121.6 (d), 122.7 (d), 124.8 (d), 127.5 (d,
2C), 127.9 (d), 128.5 (d, 2C), 129.1 (s), 135.0 (s), 137.1 (s), 146.8 (d) ppm; HRMS
(ESI+): calced. For C;sH17;ONBr [MJrH]+ 342.0488; found 342.0487.

(E)-3-(3-(Benzyloxy)allyl)-5-methoxy-2-methyl-1H-indole  (46eb): Yellow oil;
71%; (Ry= 0.5, 10% ethyl acetate/pet. ether); IR (CHCl;) v:
3364, 2933, 1650, 1486, 1453, 1213, 1027, 821, 731, 696 Q
cm™'; "H NMR (200 MHz, CDCLy): §2.35 (s, 3H), 3.33 (dd, J CZ—{\LO
= 6.6, 1.3 Hz, 2H), 3.85 (s, 3H), 4.69 (s, 2H), 5.00-5.13 (m,
1H), 6.44 (dt, J=12.6, 1.3 Hz, 1H), 6.75-6.81 (m, 1H), 6.99
(d, J = 2.4 Hz, 1H), 7.14-7.18 (m, 1H), 7.29-7.40 (m, 5H), 7.62 (br. s., 1H); °C
NMR (101 MHz, CDCls): 6 11.7 (q), 22.6 (t), 56.0 (q), 71.0 (t), 100.8 (d), 103.9 (d),
110.4 (d), 110.7 (d), 127.5 (d, 2C), 127.8 (d), 128.4 (d, 2C), 128.6 (s), 129.1 (s), 130.3
(s), 131.9 (s), 137.3 (s), 146.2 (d), 153.8 (s) ppm; HRMS (ESI+): calcd. For
Ca0H,10,NNa [M+Na]" 330.1465; found 330.1461.

3-((4-Methoxyphenyl)(phenyl)methyl)-1H-indole  (45ad):
Yellow color solid; m.p = 159 °C; 75%; (Ry= 0.5, 15% ethyl O
acetate/pet. ether); '"H NMR (200 MHz, CDCls): & 3.71 (s, Q \ O OMe
3H), 5.56 (s, 1H), 6.46 (dd, J = 2.3, 0.9 Hz, 1H), 6.73—6.78 H
(m, 2H), 6.91-7.04 (m, 1H), 7.06-7.14 (m, 3H), 7.15-7.19 (m, 2H), 7.24 (m, 4H),
7.24-7.26 (m, 1H), 7.82 (br. s., 1H); *C NMR (50 MHz, CDCls): 647.9 (d), 55.2 (q),
111.0 (d), 113.6 (d, 2C), 119.3 (d), 119.9 (d), 120.2 (s), 122.0 (d), 123.9 (d), 126.1
(d), 126.9 (s), 128.2 (d, 2C), 128.9 (d, 2C), 129.9 (d, 2C), 136.1 (s), 136.7 (s), 144.3
(s), 157.9 (s) ppm; HRMS (ESI+): calcd. For C»,H;9ONNa [M+Na]+ 336.1359; found
336.1353.

45ad

3-(1-(4-Methoxyphenyl)pentyl)-1H-indole (45af): Yellow
syrup; 76%; (Ry= 0.5, 15% ethyl acetate/pet. ether); 'H NMR
(200 MHz, CDCls): 60.86—-0.92 (m, 3H), 1.28-1.42 (m, 4H), O i O OMe
1.85-2.27 (m, 2H), 3.78 (s, 3H), 4.09—4.16 (m, 1H), 6.82 (d, N

J = 8.5 Hz, 2H), 6.99-7.09 (m, 2H), 7.11-7.20 (m, 1H), 7.23 (d, J = 8.6 Hz, 2H),
7.31-7.39 (m, 1H), 7.46 (d, J= 7.7 Hz, 1H), 7.95 (br. s., 1H) ppm.

45af
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3-(1-(4-Methoxyphenyl)-2-phenylethyl)-1H-indole (45ae):

white solid; m.p = 146 °C; 74%; (R = 0.5, 20% ethyl O
acetate/pet. ether); IR (neat) v: 3383, 2923, 2851, 1642, 1546, O \ O OMe
1504, 1234, 1176, 1018, 818, 741, 692 cm™'; "H NMR (200 N

MHz, CDCls): 63.26 (dd, J=13.5, 8.8 Hz, 1H), 3.54 (dd, J =

13.6, 6.4 Hz, 1H), 3.76 (s, 3H), 4.47 (dd, J = 8.7, 6.6 Hz, 1H), 6.75-6.80 (m, 2H),
6.98-7.04 (m, 1H), 7.05-7.13 (m, 4H), 7.13-7.22 (m, 4H), 7.30-7.45 (m, 2H), 7.96
(bs, 1H); *C NMR (50 MHz, CDCls): §42.6 (t), 44.0 (d), 55.1 (q), 111.0 (d), 113.5
(d, 2C), 119.2 (d), 119.6 (d), 120.1 (s), 121.3 (d), 121.9 (d), 125.7 (d), 126.9 (s), 128.0
(d, 2C), 129.0 (d, 2C), 129.1 (d, 2C), 136.5 (s), 140.7 (s), 157.8 (s, 2C) ppm; HRMS
(ESI+): calcd. For Cy3H,;ONNa [MJrNa]+ 350.1515; found 350.1509.

45ae

3-(2,4-Dimethoxybenzyl)-1H-indole (45ag): Brown color
solid; m.p = 118 °C; 84%; (R = 0.5, 15% ethyl acetate/pet. Q , e
ether);IR (neat) v: 3417, 1582, 1497, 1452, 1258, 1207, 1152, HN

1109, 1029, 832, 746, 697 cm'; 'H NMR (200 MHz,
CDCls): §3.80 (s, 3H), 3.86 (s, 3H), 4.05 (s, 2H), 6.39 (dd, J = 8.3, 2.5 Hz, 1H), 6.51
(d, J=2.4 Hz, 1H), 6.92 (d, J = 2.3 Hz, 1H), 7.03 (d, J = 8.2 Hz, 1H), 7.05-7.15 (m,
1H), 7.15-7.25 (m, 1H), 7.32-7.39 (m, 1H), 7.60 (d, J = 7.7 Hz, 1H), 7.93 (bs, 1H);
B3C NMR (100 MHz, CDCl3): §24.5 (t), 55.3 (q), 55.5 (q), 98.4 (d), 103.8 (d), 110.9
(d), 115.6 (s), 119.1 (d), 119.2 (d), 121.8 (d), 122.0 (s), 122.3 (d), 127.6 (s), 130.1 (d),
136.3 (s), 158.1 (s), 159.1 (s) ppm; HRMS (ESI+): calcd. For C;7H;;ONNa [M+Na]"
290.1152; found 290.1144.

OMe
45ag

3-((2,4-Dimethoxyphenyl)(phenyl)methyl)-1H-indole (45ah): Brown color solid;
m.p = 154 °C; 82%; (Ry= 0.5, 15% ethyl acetate/pet. ether);
IR (neat) v: 3156, 2955, 2917, 2846, 1605, 1510, 1450, 1334,
1250, 1128, 930, 808, 739 cm '; 'H NMR (400 MHz,
CDCls): 63.75 (s, 3H), 3.78 (s, 3H), 6.00 (s, 1H), 6.37 (dd, J 45ah
= 8.5, 2.5 Hz, 1H), 6.51 (d, J= 2.7 Hz, 1H), 6.52 (d, J= 1.4 Hz, 1H), 691 (d, J=8.2
Hz, 1H), 6.97-7.02 (m, 1H), 7.16 (t, J = 7.1 Hz, 1H), 7.18-7.23 (m, 2H), 7.23-7.26
(m, 3H), 7.27-7.30 (m, 1H), 7.33 (d, J = 8.2 Hz, 1H), 7.91 (bs, 1H); *C NMR (50
MHz, CDCLs): §40.7 (d), 55.2 (q), 55.6 (q), 98.6 (d), 103.8 (d), 110.9 (d), 119.1 (d),
119.9 (d), 121.9 (d), 123.9 (d), 124.9 (s), 125.8 (d), 127.1 (s), 127.9 (d, 2C), 128.9 (d,
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2C), 130.3 (d), 136.7 (s), 144.3 (s), 157.8 (s), 159.2 (s) ppm; HRMS (ESI+): calcd.
For C»3H,1O,NNa [M+Na]+ 366.1465; found 366.1461.

4-((1H-indol-3-yl)methyl)-N,N-dimethylaniline  (45an):
Blue color solid; m.p = 141 °C; 81%; (R;= 0.5, 15% ethyl NMe2
acetate/pet. ether); 81%; '"H NMR (200 MHz, CDCls): 52.93 N 45an

(s, 6H), 4.05 (s, 2H), 6.74 (d, J = 8.6 Hz, 2H), 6.89-6.92 (m,

1H), 7.04-7.13 (m, 1H), 7.14-7.24 (m, 3H), 7.33-7.39 (m, 1H), 7.56 (m, 1H), 7.94
(br. s., 1H) ppm; HRMS (ESI+): calecd. For C;7HoN, [M+1]" 251.1543; found
251.1538.

4-((1H-indol-3-yl)(phenyl)methyl)-N,N-dimethylaniline (45a0): Purple color solid,;
m.p = 145 °C; 82%; (Ry= 0.5, 15% ethyl acetate/pet. ether);
87%; 'H NMR (400 MHz, CDCls): §2.95 (s, 6H), 5.63 (s, O

1H), 6.56-6.58 (m, 1H), 6.72 (m, 2H), 6.99-7.05 (m, 1H), | { (e
7.14 (m, 2H), 7.19 (t, J = 7.6 Hz, 1H), 7.21-7.26 (m, 1H), I 4520
7.28-7.35 (m, 6H), 7.89 (br. s., 1H); >*C NMR (50 MHz, CDCl;): 540.7 (q, 2C), 47.8
(d), 110.9 (d), 112.6 (d, 2C), 119.2 (d), 120.0 (d), 120.5 (s), 121.9 (d), 123.9 (d),
125.9 (d), 127.0 (s), 128.1 (d, 2C), 128.9 (d, 2C), 129.5 (d, 2C), 132.2 (s), 136.6 (s),
144.7 (s), 149.0 (s) ppm; HRMS (ESI+): caled. For CpHyN, [M+1]" 327.1856;
found 327.1851.

3-(4-Methoxybenzyl)-2-methyl-5-nitro-1H-indole (45fc): Red color solid; 79%; m.p
= 223 °C (Ry = 0.5, 15% ethyl acetate/pet. ether); 'H
NMR (200 MHz, CDCls): & 2.40 (s, 3H), 3.74 (s, 3H), OzNOMe
4.00 (s, 2H), 6.74—6.84 (m, 2H), 7.04-7.13 (m, 2H), 7.23 O N\ Me

(d, J =27 Hz, 1H), 7.99 (dd, J = 8.9, 2.2 Hz, 1H), 8.27 e
(br. s., 1H), 8.32 (d, J= 2.1 Hz, 1H); >*C NMR (50 MHz, CDCl;): 5§11.9 (q), 28.9 (1),
55.2 (q), 110.0 (d), 113.5 (s), 113.9 (d, 2C), 115.5 (d), 116.9 (d), 128.3 (s), 129.0 (d,

2C), 132.6 (s), 135.0 (s), 138.4 (s), 141.5 (s), 157.9 (s) ppm; HRMS (ESI+): calcd.
For Ci7H;¢0sN,Na [M+Na]+ 319.1053; found 319.1049.

3-(2-Methyl-5-nitro-1H-indol-3-yl)propanal (47f): Yellow NO,
color crystalline solid; 63%; m.p = 212 °C; (Rr= 0.5, 20% OA/IQ
ethyl acetate/pet. ether); IR (CHCI;3) v: 3105, 1657, 1604, 925 Me | N

47f
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cm-1; "H NMR (200 MHz, CHCl3): §2.46 (s, 3H), 2.78-2.90 (m, 2H), 2.99-3.10 (m,
2H), 7.31 (s, 1H), 8.05 (dd, J = 8.9, 2.21 Hz, 1H), 8.23 (br. s., 1H), 8.44 (d, J = 2.2
Hz, 1H), 9.84 (t, J = 1.2 Hz, 1H); °C NMR (101 MHz, CHCl;): 5 11.8 (q), 16.4 (1),
443 (t), 110.1 (d), 112.5 (s), 114.8 (d), 117.1 (d), 127.7 (s), 134.9 (s), 138.4 (s), 141.5
(s), 201.6 (d) ppm; HRMS (ESI+): caled. For C1,H,03N;Na [M+1]" 255.0740; found
255.0734.

General Procedure E:

At 0 °C, to a solution of hydroindolylation product 46ab (500 mg, 5.68 mmol) in
CH,Cl; (20 ml) was treated with 2N HCI (5 ml) and left over for the 6 h stirring at
room temperature procure the 3-carbon homologated indole C3-carbaxldehyde 47b

(237 mg, 72%) as a white solid.

3-(1H-indol-3-yl)propanal (47a): White solid; 72%; (Ry = 0.5,

15% ethyl acetate/pet. ether); IR (CHCl;) v: 3410, 1654, 1028, OA/TJQ
925, 828, 735 cm '; '"H NMR (200 MHz, CHCl;): & 2.81-2.92 a7
(m, 2H), 3.08-3.19 (m, 2H), 6.97-7.05 (m, 1H), 7.10-7.26 (m,

2H), 7.34-7.42 (m, 1H), 7.56-7.66 (m, 1H), 7.99 (br. s., 1H), 9.86 (t, J = 1.6 Hz, 1H)

ppm; HRMS (ESI+): caled. For C;;H;;ONNa [M+Na]" 196.0733; found 196.0732.

3-(1-Methyl-1H-indol-3-yl)propanal (47b): Pale yellow solid;

75%; (Ry = 0.6, 15% ethyl acetate/pet. ether); IR (CHCls) v: Ow

3410, 1654, 1024, 927, 828, 732 cm'; 'H NMR (200 MHz, N
CHCLy): §2.75-2.87 (m, 2H), 3.03-3.14 (m, 2H), 3.71 (s, 2H), 47b

6.82 (s, 1H), 7.05-7.16 (m, 1H), 7.17-7.24 (m, 1H), 7.24-7.28
(m, 1H), 7.52-7.61 (m, 1H), 9.81 (t, J = 1.6 Hz, 1H); >C NMR (50 MHz, CHCL;): &
17.7 (t), 32.5 (q), 44.2 (), 109.2 (d), 113.1 (s), 118.6 (d), 118.8 (d), 121.7 (d), 126.3
(d), 127.4 (s), 137.0 (s), 202.5 (d) ppm; HRMS (ESI+): caled. For C;,H14ON [M+1]"
188.1070; found 188.1067.

3-(1-Methyl-2-phenyl-1H-indol-3-yl)propanal (47g): Thick

Yellow syrup; 71%; (Ry= 0.5, 10% ethyl acetate/pet. ether); IR 07\/jl\/©
(CHCLs) v: 3410, 2996, 2930, 1652, 927, 824, 731lcm'; 'H Y
NMR (400 MHz, CHCl3): §2.65-2.73 (m, 1H), 3.06 (t, J= 7.8 479 Me
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Hz, 1H), 3.56-3.59 (m, 2H), 7.14-7.20 (m, 1H), 7.24-7.30 (m, 1H), 7.33-7.39 (m,
2H), 7.42-7.54 (m, 2H), 7.60 (d, J= 7.3 Hz, 1H), 9.70 (dd, J = 1.9, 2.8 Hz); °C NMR
(101 MHz, CHCLs): §17.4 (t), 30.7 (q), 44.9 (t), 109.5 (d), 111.0 (s), 118.6 (d), 119.4
(d), 121.9 (d), 127.1 (s), 128.3 (d), 128.6 (d, 2C), 130.5 (d, 2C), 131.7 (s), 137.1 (s),
138.1 (s), 202.6 (d) ppm; HRMS (ESI+): caled. For C;gH;sON [M+1]" 264.1383;
found 264.1377.

3-(5-Bromo-1H-indol-3-yl)propanal (47d): Brown color Br
powder; 70%; (R = 0.5, 15% ethyl acetate/pet. ether); IR 05\/\(@
(CHCl5) v: 3107, 1652, 1603, 927 cm-1; 'H NMR (400 MHz, ; N
CHCl;): 52.83 (t,J= 7.1 Hz, 2H), 3.06 (t, J = 7.3 Hz, 2H), 7.00 -

(d, J= 1.4 Hz, 1H), 7.21-7.24 (m, 1H), 7.25-7.30 (m, 2H), 7.70 (s, 1H), 9.83 (q, J =
1.4 Hz, 1H); >C NMR (101 MHz, CHCLs): §17.6 (t), 43.9 (t), 112.6 (s), 112.7 (d),
114.5 (s), 121.3 (d), 122.8 (d), 125.1 (d), 128.9 (s), 134.9 (s), 202.1 (d) ppm; HRMS
(ESI+): calcd. For C;1H;;ONBr [MJrl]+ 252.0019; found 252.0013.

3-(1H-indol-3-yl)propan-1-ol (48a): Colorless gum; 82%; (R;= [Ho

0.4, 25% ethyl acetate/pet. ether); 'H NMR (500 MHz, CHCl;): /\/m
01.69 (br. s., 1H), 2.03 (br. s., 2H), 2.90 (br. s., 2H), 3.76 (br. s., 48a g
2H), 7.00 (br. s., 1H), 7.16 (br. s., 1H), 7.24 (br. s., 1H), 7.38 (d,

J =173 Hz, 1H), 7.66 (d, J = 6.5 Hz, 1H), 8.05 (br. s., 1H); °C NMR (125 MHz,
CHCl3): 6 21.3 (1), 32.9 (1), 62.6 (t), 111.1 (d), 115.9 (s), 118.8 (d), 119.1 (d), 121.3
(d), 121.9 (d), 127.4 (s), 136.4 (s) ppm; HRMS (ESI+): caled. For C;;H;4ON [M+1]"
176.1070; found 176.1067.

3-(1-Methyl-1H-indol-3-yl)propan-1-ol (48b): Yellow thick 5
liquid; 83%; (Ry= 0.5, 20% ethyl acetate/pet. ether); 'H NMR /\/w
(500 MHz, CHCls): 62.00 (br. s., 2H), 2.87 (br. s., 2H), Me
3.66-3.83 (m, 5H), 6.88 (br. s., 1H), 7.13 (br. s., 1H), 7.22-7.36
(m, 2H), 7.63 (d, J = 6.9 Hz, 1H); >C NMR (125 MHz, CHCl3): §21.2 (t), 32.5 (q),
33.1 (1), 62.6 (), 109.1 (d), 114.4 (s), 118.6 (d), 118.9 (d), 121.5 (d), 126.1 (d), 127.8
(s), 137.1 (s) ppm; HRMS (ESI+): caled. For C;sH;ON [M+1]" 190.1226; found
190.1223.
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3-(5-Methoxy-1H-indol-3-yl)propan-1-ol (48c): Yellow thick

liquid; 81%; (Ry= 0.6, 20% ethyl acetate/pet. ether); 'H NMR HO/\/\(d "
(500 MHz, CHCl3): &1.54 (br. s., 1H), 2.00 (quin, J = 6.9 Hz, L,

1H), 2.84 (t, J = 7.3 Hz, 1H), 3.75 (t, J = 6.3 Hz, 1H), [
3.82-3.92 (m, 2H), 7.26 (d, J = 12.6 Hz, 1H); °*C NMR (125 MHz, CHCL;): 5§21.4
(t), 32.8 (1), 56.0 (q), 62.7 (), 100.8 (d), 111.8 (d), 112.1 (d), 115.7 (s), 122.1 (d),

127.8 (s), 131.6 (s), 153.9 (s); HRMS (ESI+): calcd. For Cj,His0N [M+1]"
206.1176; found 206.1172.
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