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An asymmetric synthesis of highly substituted indenes 3, bearing a
quaternary stereogenic carbon center, has been developed via
the central—-axial-central chirality transfer from optically active
propargyl alcohols 1. This transformation involves the addition/
rearrangement of 1 and ynamides 2 to give tetra-substituted allenes
4 and further cyclization of 4.

Indenes are important structural motifs, widely found in bio-
logically active natural products and pharmaceutical drugs.'
In addition, they serve as functional materials for electronics
and optoelectronics®> and as valuable ligands for transition
metal complexes.® Consequently, organic chemists have focused
on developing a number of synthetic routes towards indene
derivatives.! Some representative methods include the carbo-
cyclization of aryl-substituted propargyl alcohols or allyl alcohols,’
the cyclization of aryl alkynes through sp® C-H activation,® the
annulation of aryl allenes,>**®” the [3+2] annulation of alkynes
with aryl carbonyl or imine compounds,® and the ring expansion
of cyclopropanes or cyclopropenes bearing aryl groups.” Among
these reports, however, only a few describe the synthesis of
optically active indene derivatives, in particular, those bearing a
quaternary stereogenic carbon center.'’

We envisioned an asymmetric synthesis of highly substi-
tuted indene derivatives 3, bearing a quaternary stereogenic
carbon center, by a transformation of optically active aryl
propargyl tertiary alcohols 1 and ynamides 2 (Scheme 1). The
essential points of our transformation relied on the formation
of optically active tetra-substituted allenes 4 and on the intra-
molecular cyclization of 4 into 3, while maintaining the chiral
integrity of 1 during the central-axial-central chirality transfer.'!
The asymmetric synthesis of indenes using optically active allenes
has not been previously described. Although much effort has been
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Scheme 1 A strategy for the transformation of optically active propargyl
alcohols 1 into highly substituted indenes 3, bearing a quaternary stereo-
genic carbon center, via tetra-substituted allenes 4 with chirality transfer.

devoted to the synthesis of allenes,"”” methods for supplying
optically active tetra-substituted allenes are still largely limited.'?
This is ascribed to the lack of an efficient and general synthetic
protocol for tetra-substituted allenes even in the racemic manner,
and the facile racemization of optically active allenes in the
presence of transition metals."*'®> Here, we describe the studies
of the transition metal-catalyzed conversion of propargyl alcohols 1
into tetra-substituted allenes 4 via the addition of 1 to ynamides 2
followed by the [3,3]-sigmatropic rearrangement of the inter-
mediate propargyl vinyl ethers and the intramolecular cyclization
of 4 to give highly substituted indenes 3. This multistep reaction
proceeds with the retention of chiral integrity of 1.

It is known that transition metal-induced m-activated triple
bonds of ynamides undergo nucleophilic addition at the a-position
of the nitrogen atom.'® We hypothesized that sterically hindered
tertiary propargyl alcohols 1 might add to ynamides 2 to in situ
provide propargyl vinyl ethers 5, which would serve as the precursor
for the [3,3]-sigmatropic rearrangement. In addition, these two
steps might proceed continuously at ambient temperature, in
which the catalyst used for the nucleophilic addition could also
promote the subsequent rearrangement into allenes 4. In order
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Table 1 Synthesis of tetra-substituted allenes 4a—4j from la—1j and 2a
in the presence of AgOTf

R‘ RZ R1 RZ
Mb? R! R2 ﬁgr%f %) o A o T]/
+ _ A —
a”y|/N\\ HO \\ i tr?luene Mbs\,i‘/& R® Mbs\,]‘/U\)J\Ra
2a 1a-1] allyl 5a-5 allyl da-4
Substrate 1 . Product 4
Time ——
Entry R' R R? (h) Yield® (%)
1 1a Me Me Ph 1 4a 75 (38)°
2 ib Me Me CeH,-4-OMe 2 4 64
3 1c Me Me CegH,-4-Cl 2 4c 70
4 1d Me CH,O0TBS Ph 3 4d 83
5 1e (CH,)s Ph 1 e 60
6° 1f CH,0OCMe,OCH, Ph 3 af 77
7 1g Me Me N-Boc-indol-5-yl 1 4g 58
84 th Ph  Ph Me 1 4h 55
9 1i Et Ph Me 2.5 4 73
10 1j Me Me (CH,),Ph 05 4j 59

Mbs = 4-methoxybenzenesulfonyl. “ Yield of the isolated product. ” Use
of (Ph;P)AuOTf, generated from (Ph;P)AuCl and AgOTf (1 mol% each),
instead of AgOTf. ¢ Further addition of AgOTf (1 mol%) and 2a (1.2 equiv.)
after 1 h. ¢ Use of AgOTf (5 mol%).

to examine the feasibility of our hypothesis, the reaction of 1 with 2
was first investigated in either a prochiral or racemic form. Mixing
1a and 2a'’ in toluene at room temperature led to the recovery
of starting materials. In the presence of highly alkynophilic
(Ph3P)AuOTS (1 mol%), the addition of 1a to 2a proceeded smoothly
at room temperature to directly afford tetra-substituted allene 4a in
38% yield (Table 1, entry 1 in parentheses). We reasoned that the
facile rearrangement of 5a to 4a could be ascribed to the high
nucleophilicity of the amide enol moiety of 5a and to the activation
of a C-C triple bond in 5a by the gold catalyst, which enhanced the
electrophilicity of the acetylene. Screening of various catalysts'®
revealed AgOTf to be the most effective catalyst, which provided 4a
in 75% yield (entry 1). The substrate scope of the two-step cascade
transformation was then investigated and it was found that various
tertiary propargyl alcohols 1b-1j (1.0 equiv.) react with 2a (1.2 equiv.),
in the presence of AgOTf (1 mol%), to provide tetra-substituted
allenes 4b-4j in good-to-excellent yields (entries 2-10). The reaction
time required to reach completion was typically less than 3 h, and
when R was an aryl, a heteroaryl, or an alkyl group, the rearrange-
ment proceeded. Notably, this method was compatible with acid-
labile protecting groups such as OTBS, acetal, and Boc groups
(entries 4, 6, and 7).

We next investigated the chirality transfer from optically
active propargyl alcohols 1 into tetra-substituted allenes 4

Me R?
Mb Me  R? AgOTf \n/
i (1 mol %) o 1.
N + HO * —_—
allyl” \\\ \\ toluene Mbs
R N
allyl
2a R y R

1k: RZ=Et,R=H, 97% ee
11: RZ=jPr,R = H, 86% ee
1m: R% = Et, R = OMe, 93% ee
1n: R?=Ph,R =H, 74% ee

4k: 97% ee, 68% (4 h)

4l: 86% ee, 68% (2 h)

4m: 92% ee, 54% (1 h)

4n: 74% ee, 77% (1 h)
Scheme 2 Central-to-axial chirality transfer from optically active 1k—1n
to optically active 4k—4n.
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(Scheme 2). Although transition metals often cause the (partial)
racemization of optically active allenes,'*'® we were pleased
to find that the addition-rearrangement reactions of 1k-1n"°
with 2a underwent with the complete retention of the optical
purities during the central-to-axial chirality transfer. We think
that the key factor to suppress the racemization is the low
affinity of silver catalysts for allenes and the small amount
(1 mol%) of AgOTf used.*”° To the best of our knowledge, this
is the first example of the preparation of optically active tetra-
substituted allenes by the [3,3]-sigmatropic rearrangement of
propargyl vinyl ether derivatives,!*®%>!

With tetra-substituted allenes 4 in hand, the intramolecular
cyclization of 4 into indenes 3 became our next concern. As a
model study, the conversion of 4a into 3a was investigated in
toluene (Table 2). The AgOTf-catalyzed reaction of 4a, either at
room temperature or at 80 °C, did not give the desired product
3a at all (entries 1 and 2). When (Ph;P)AuOTf (5 mol%) or InCl;
(5 mol%) was used, the reaction led to the isomerization to
produce the conjugate dienylamide 6a as a main product
(entries 3 and 4). It was found that 3a could be obtained in
good yield when PtCl, was employed (entry 5).>> In addition,
the choice of the solvent proved to have a significant influence
on the ratio of 3a and 6a, and THF afforded 3a in quantitative
yield and complete selectivity (entry 6), while toluene, CH,Cl,,
and DMF resulted in the formation of mixtures of 3a and 6a.

The optimized reaction conditions were applicable to the
synthesis of a wide range of highly substituted indenes 3, as
shown in Scheme 3. In particular, sterically demanding
products (3d, 3e, and 31) were obtained in high yields, albeit
longer reaction times were required. The intramolecular cycli-
zation of indole derivative 4g took place exclusively at the
C4 position to give 3g, and in the cases of 4h and 4i, where
R> = phenyl, the cyclization occurred at the allene moiety,
forming indenes 3h and 3i, respectively, with the acetamide
group at the C1 position.

Having established the basic study, we finally undertook an
intramolecular cyclization of enantioenriched allenes 4
(Scheme 4). Although electron-rich allenes are prone to the

Table 2 Catalyst screening for the intramolecular cyclization of tetra-
substituted allene 4a

Me Me Me Me
\[r catalyst Me
o (5 mol %) 0 D o #Me
R +
Mbs\’}‘ toluene MbS\'f‘ Q Mbs\'i‘ =
allyl allyl allyl

4a 3a 6a
Entry  Catalyst Temp. (°C) Time (h) 3a“ (%) 6a“ (%)
1 AgOTf rt 12 0 0
2 AgOTf 80 12 0 9
3 (PhsP)AuOTE? 1t 1 0 100
4 InCl; 50 4 Trace 83
5 PtCl, 80 1 73 9
6° PtCl, Reflux 1 100 (98)? 0

“ NMR yield using 1,4-dimethoxybenzene as the internal standard.
b c :

Generated from (Ph;P)AuCl and AgOTf (5 mol% each). © The reaction
was performed in THF. “ Yield of the isolated product is shown in
parentheses.
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MbS\'T‘ THF, reflux Mbs\,}, 'O
allyl allyl
4b-4e, 4g, 41 3b-e, 3g, 31
Me

(o] OTBS
Mbs N DO Mbs ~N DO Mbs N D
|
allyl OMe ally\ Cl aIIyI

3¢: 89% (6 hy 3d: 94% (24 h)

i i D
Mbs\’}l 'O MbS\"I‘ 'O N Mbs\ O
allyl allyl NBoc auyl

31 90% (24 h) 3g: 88% (1 h) 31: 79% (24 h)
R1
as above
O .
/U\)]\ MbS\
Mbs
N
Me aly]
allyl 4h, 4i 3h: R' = Ph, 57% (21 h)

3i R' = Et, 51% (26 h)

Scheme 3 Pt-catalyzed intramolecular cyclization of 4 into highly substituted
indenes 3.

Me Et

T

o .ok
PACI, (5 mol %)
Mos. PG, (5 mol %) LN DO
| THE, refiux 1h
allyl e allyl OMe
OMe
4m: 92% ee 3m: 91% ee, 89%

Me R?

Y "

o 0 * PtCl, (5 mol %)
Mbs — Mbs
\’;1 THF, temp \’;1
allyl allyl

4k: R2=Et, 97% ee reflux 2 h)  3k: 86% ee, quant.
60°C(15h) 3k:89% ee, 82%
60°C (85h) 3I:79% ee, 75%

41: R% = jPr, 86% ee

Scheme 4 Axial-to-central chirality transfer from allenes 4m, 4k, and 4L.

transition metal-catalyzed racemization,'**"'* we were pleased

to find out that the transformation of 4m (92% ee), having an
electron-rich aryl group, occurred with the complete transfer of
its axial chirality to the newly formed quaternary stereogenic
carbon center in 3m. The cyclization of 4k (97% ee) produced
indene 3k quantitatively, with 86% ee.>* Reducing the reaction
temperature to 60 °C slightly improved the optical purity of 3k
(89% ee). The little loss of the optical purity may be due to a
platinum-catalyzed racemization of allene prior to the cycliza-
tion. In the case of 41, having a sterically demanding isopropyl
group, a high level of chirality transfer was achieved, albeit the
reaction time was longer.

In summary, we have reported a new, convenient, and
environmentally benign route for synthesising a variety of
highly substituted indene derivatives 3 bearing a quaternary
stereogenic carbon center. The reaction occurs between tertiary
propargyl alcohols 1 and ynamide 2a, and for the first time,
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the central chirality of 1 was effectively transferred into that of
3. This was achieved via the temporary formation of tetra-
substituted allenes 4 by the central-axial-central chirality
transfer. Moreover, our method provides a new synthetic route
towards the less accessible racemic and optically active tetra-
substituted allenes. Additional investigation to determine the
absolute stereochemistries of 4 and 3 and a practical extension
of this method are currently in progress.

M.E. gratefully acknowledges financial support in the form
of the Grant-in-Aid for Scientific Research (C) (No. 24590016).
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