
Organic &
Biomolecular
Chemistry

Dynamic Article Links

Cite this: Org. Biomol. Chem., 2012, 10, 536

www.rsc.org/obc PAPER

Enantiomeric scaffolding of a-tetralone and related scaffolds by EKR
(Enzymatic Kinetic Resolution) and stereoselective ketoreduction with
ketoreductases†
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Stereochemically pure compounds containing an all carbon quaternary stereocenter based on
1-tetralone, 1-indanone and 4-chromanone scaffolds have been synthesized by employing Lipase PS
(Burkholderia cepacia) catalyzed kinetic resolution. These scaffolds are further functionalized by
microbial ketoreductase enzymes (Geotrichum candidum, Candida parapsilosis and Aspergillus niger) to
access stereochemically pure diols which, on further synthetic manipulation, yield novel cyclic
compounds.

Introduction

Natural products and their analogues provide the inspiration for
an array of strategies used in the diversity oriented synthesis
of novel small molecule libraries.1 These libraries are generally
focused on core scaffolds from individual natural products or
specific substructures found across a class of natural products
or altogether a new chemotype.2 Increasing evidence supports the
utility of these strategies for identifying new biologically active
small organic molecules. These efforts also have led to noteworthy
advances in several novel strategies in synthetic organic chemistry.3

The introduction of chemical diversity in compound collection
libraries according to different strategies of organic synthesis is
essential for the identification of small organic molecules with
diverse biological activities. The ongoing development of novel
synthetic methodology, both on solid phase and in solution,
enables the creation of small molecule libraries with well de-
fined substituent, stereochemical and scaffold diversity to yield
new lead molecules (after biological screening) from relatively
small compound collections. Generation of carbon containing
quaternary stereocenters is a challenging and daunting task
in asymmetric organic synthesis. There exist many well-defined
chemical strategies for creating a quaternary stereocenter in an
organic molecule.4 Still, the quest for newer methods for the above
mentioned theme is ongoing. Though there exist many chemocat-
alyst based strategies for generation of quaternary stereocenters,
very few efficient biocatalytic approaches have been known in
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the literature till today.5 Enzymatic kinetic resolution (EKR),
desymmetrization of meso or prochiral substrates (enantioselective
enzymatic desymmetrization) are different approaches which can
be used successfully to create all carbon quaternary stereocenters
in small organic molecules.6 We have earlier demonstrated an
efficient method to generate all carbon quaternary stereocenters
by EKR based on a-tetralone, a-indanone and chroman-4-
one scaffolds.7 The methodology has been successfully applied
to the synthesis of 2,2-dialkylated tetralones and indanones
in an asymmetric fashion. We have chosen chromanone, a-
tetralone and a-indanone based scaffolds as there exist many
natural products based on chromanone (flavonoids and ho-
moisoflavonoids) and a-tetralone.8 The generality of our method
is well explored for many substrates. In the present work we intend
to extend our strategies for further stereoselective biocatalytic
functionalization on the existing scaffolds in a diverse way
(Scheme 1).

Results and discussion

Enzymatic kinetic resolution of tetralone/indanone and
chromanone scaffolds

The initial EKR has been optimized in our lab by taking many
substrates based on a-tetralone, a-indanone and chroman-4-
one.7b The enantioselectivity and absolute configuration for the
fast reacting acetate enantiomer and the slow reacting alcohol
in the EKR reaction has been established by the Kazlauskas
empirical rule. In our earlier article we did have minor problems
using the deacetylation reaction from the acetate compounds
(obtained from the fast reacting enantiomer) to access the
stereochemically pure alcohols, mainly due to the fact that in
some cases slight racemization is observed under the reaction
conditions (K2CO3/MeOH). The problem of this racemization
has been taken care of by performing an enzyme (lipase, Porcine
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Scheme 1 Proposed biocatalytic functionalization of tetralone and indanone scaffolds.

pancreatic lipase) mediated deacetylation reaction. Though the
enzyme-mediated (PPL) deacetylation is a little time consuming,
the reaction is extremely efficient in terms of chemical yield
as well as stereochemical purity of the obtained alcohols (as
no racemization was observed during enzymatic deacetylation).
So, by changing the deacetylation conditions we have access to
both the enantiomeric hydroxymethylated compounds bearing
all carbon quaternary stereocenters based on a-tetralones, a-
indanones and chroman-4-one. The enantiomeric excess (ee) for
the product acetates of 1–14 (Scheme 2) as well as the parent
alcohols was determined by chiral-HPLC measurements. In all
the cases we have synthesized racemic acetates of compounds
1–14 by means of chemical acylation and recorded their HPLC
data, which allows us to assign the retention time for major and
minor enantiomers respectively. The reaction was monitored by
TLC and the reaction was stopped after an appreciable amount
of conversion was achieved (as indicated by quantitative HPLC
analysis; the presence of approximately 1 : 1 ratio of alcohol and
acetate was indicated). The selectivity factor (E) for the EKR
reaction is shown in Table 1 for all the substrates (2–4 and 8–
12, data for substrates 1, 5–7, 13–14 was presented in our earlier
article).7b

Table 1 Lipase-PS catalyzed transesterification of compounds 2–4 and
8–12

Entry Substrate Conversion(c) Ees
a (%) Eep

a (%) Eb

1 2 49 97 99 > 200
2 3 49 96 98 > 200
3 4 49 96 98 > 200
4 8 49 94 97 > 200
5 9 49 96 99 > 200
6 10 49 94 99 > 200
7 11 49.9 93 94 110
8 12 49.9 94 95 139

a Ees were calculated by chiral HPLC (Diacel, Chiral OD-H and OJ-H
column, hexane–isopropanol, 9 : 1). b Enantioselectivities of the reactions
(E) were determined from the following equation: E = ln [1 - c(1 + eep)]/ln[1
- c(1 - eep)], where eep = product ee, ees = substrate ee; c = ees/(ees +
eep)%. Enantioselectivities of the reaction (E) were determined using the
“Selectivity” program developed by K. Faber, H. Hönig, and A. Kleewein,
(http://www.cis.TUGraz.at/orgc/).

Microbial ketoreductase isolation and assay

Next we focused our attention on applying several ketoreductase
classes of enzymes for the asymmetric reduction of the keto

Scheme 2 Monoalkylated hydroxymethylated tetralone, indanone and chromanone based scaffolds for EKR reaction.
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functionality in compounds 1–14 (to both the enantiomers).
Several microbial ketoreductases were screened for that purpose.9

As the enantioselectivity of many of the ketoreductases was not
known, we thought to develop an enantioselective assay based
on chiral HPLC for all the ketoreductase enzymes employed in
our work. a-Tetralone was taken as a model substrate as the
corresponding reduced product 1,2,3,4-tetrahydro-naphthalen-1-
ol is known in the literature,10 and the HPLC retention times
are also known for both the enantiomers (tR = 7.55; tS = 6.29;
Chiral OJ-H column; hexane : i-PrOH = 9 : 1, flow rate: 1 ml
min-1; Fig. 1). We found that the ketoreductase enzyme isolated
from Geotrichum candidum (NBRC 5767) reduces 1-tetralone in
an anti-Prelog fashion to afford the corresponding alcohol (R-
1,2,3,4-tetrahydro-napthalen-1-ol). Whereas ketoreductases from
Candida parapsilosis (NBRC 1396) and Aspergillus niger (NBRC
4415) afford the corresponding alcohols in Prelog fashion for the
reduction of 1-tetralone to yield (S)-1,2,3,4-tetrahydro-napthalen-
1-ol (Scheme 3).

Fig. 1 HPLC chromatogram of (R)-enantiomer, racemic compound and
(S)-enantiomer of 1,2,3,4-tetrahydro-naphthalen-1-ol (Chiral OJ-H; flow
rate: 1 ml min-1; mobile phase: hexane–iPrOH = 9 : 1).

Scheme 3 Enantioselective assay of microbial ketoreductase by using
1-tetralone as a substrate.

Biocatalytic reduction of both the enantiomers of 1–14 to access
various stereochemically pure diols

Next we focused our attention on applying the above microbial
strains of the ketoreductase class of enzymes for the asymmetric
reduction of the keto functionality in compounds 1–14. Several
microbial ketoreductases were employed for that purpose, and we
found that the ketoreductase enzyme isolated from Geotrichum
candidum (NBRC 5767) reduces the ketones in an anti-Prelog
fashion to afford the corresponding alcohols. Whereas ketore-
ductases from Candida parapsilosis (NBRC 1396) and Aspergillus
niger (NBRC 4415) affords the corresponding alcohols in Prelog

fashion. Ketroreductase strains were obtained from NBRC, Osaka
and stored in glycerol (50% v/v) at -20 ◦C. The cells were grown
in specified medium (as mentioned in the manual) in 500 mL
conical flasks for 24 h. Substrates (tetralones/indanones and chro-
manones) were directly added to the growing cells of ketoreductase
solution. Reactions were monitored periodically by TLC analysis.
It usually takes 2–3 days for quantitative conversion and after
that the product alcohols can be extracted in organic solvents and
purified by standard techniques. The stereochemistries of the final
alcohols were confirmed by X-ray crystal analysis by preparing
the corresponding PNBz (para-nitrobenzoate) derivatives (Scheme
4).† The chemical yield and enantiomeric purity of the reduction
process of both the enantiomers of compound 1 are listed
in Scheme 4. It was observed that the growing cells of the
above mentioned microbial ketoreductase strains afford excellent
enantioselection in the final alcohols, though the chemical yield is
somewhat less in a few cases. It is also important to note that
ketoreductases from G. candidum and C. parapsilosis/A. niger
are stereocomplementary with respect to the product alcohols
(as the hydride is transferred to Re- and Si- face subsequently).
This methodology was successfully applied to all of the other
compounds (2–13). In all the cases stereochemically pure diols
were obtained in good yield. Therefore a series of stereochemically
pure 1,3-diols have been prepared biocatalytically with PKR
(Candida parapsilosis/Aspergillus niger) and APKR (Geotrichum
candidum).

The structures of all the diols (19–44) are presented in Scheme
5. In general, good chemical yield and excellent diastereoselec-
tivity were obtained for the synthesized diols by using those
microbial ketoreductase strains. It is worth mentioning that,
though ketoreductase from G. candidum has a wide application in
synthetic biotransformation, ketoreductases from A. niger (NBRC
4415) and C. parapsilosis (NBRC 1396) are not explored well in
synthetic biocatalysis.11 Both of these ketoreductases follow the
Prelog’s rule for the hydride transfer to a prochiral carbonyl com-
pound and provide excellent enantioselection for the synthesized
diols.

Generation of stereochemically pure novel tricyclic scaffolds from
biocatalytically derived diols

Next we focused our attention on creating further molecular com-
plexity from the biocatalytically synthesized diols. We intended to
create a dihydropyran ring from the two hydroxyl appendages by
using a RCM (ring closing metathesis) reaction followed by an AD
reaction (asymmetric dihydroxylation), to access stereochemically
pure tricyclic diols. For that reason we have chosen diols 18 and
37.

Diol 18 was monoprotected as its TBS ether (tert-butyldimethyl
silyl) to yield compound 45 in 90% yield. The secondary hydroxyl
group in 45 was protected as its PNBz (4-nitrobenzoate) ester
on treatment with 4-nitrobenzoic acid with EDC·HCl–DMAP
to afford 46 in 88% yield. Upon exposure to PPTS in methanol
compound 46 furnished alcohol 47 with removal of the TBS group
in 82% yield.12 Oxidation of alcohol 47 under Swern conditions 13

afforded the aldehyde 48 in 90% yield. Wittig olefination of
aldehyde 48 with methyltriphenylphosphonium iodide in the
presence of LHMDS at -5 ◦C afforded compound 49 in 78% yield.
Deprotection of the PNBz group in compound 49 was achieved
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Scheme 4 Biocatalytic reduction of both the enantiomers of 1 for synthesis of all the possible stereoisomers of the diol, and ORTEP presentation of the
bis-PNBz derivatives of diols 18 and 27.

on treatment with 10% aq. NaOH 14 and afforded 50 in 86% yield.
The secondary hydroxyl group in 50 was converted to its O-allyl
ether upon treatment with allyl bromide and Ag2O15 to furnish
compound 51 in 88% yield. Ring closing metathesis reaction
(RCM) of compound 51 with Grubbs 1st generation catalyst 16 in
DCM solvent at room temperature afforded compound 52 in 77%
yield. Asymmetric dihydroxylation with AD mix-b 17 of compound
52 afforded the tricyclic diol 53 in 78% yield (overall yield = 21%
from the diol 18, Scheme 6). The same reaction sequence was
performed with indanone based diol 37 to provide the tricyclic
diol 62 as a single stereoisomer (overall yield = 19% from the
diol 37, Scheme 6). The synthesized tricyclic diol scaffold found in
compounds 53 and 62 is unique, as these types of compounds have
not been reported elsewhere, and can serve as a new chemotype.

Conclusion

In conclusion we have described an efficient asymmetric syn-
thetic strategy for a diverse set of diols based on a-tetralone,

a-indanone and chroman-4-one scaffolds by employing two
consecutive biocatalytic steps. The first one allows us to fix
a quaternary stereocenter by lipase catalyzed EKR strategy
whereas the second one involves a unique microbial carbonyl
reductase induced alcohol synthesis with absolute stereocontrol.
The synthesized diols can serve as potential chiral building blocks
for novel tricyclic compounds as demonstrated by us in this
article.

Experimental section

General information

Unless otherwise stated, materials were obtained from com-
mercial suppliers and used without further purification. THF
and diethylether were distilled from sodiumbenzophenone ketyl.
Dimethylformamide (DMF) and dimethylsulfoxide (DMSO) were
distilled from calcium hydride. Microbial ketoreductases strains
G. candidum (NBRC 5767), C. parapsilosis (NBRC 1396) and
A. niger (NBRC 4415) were obtained from NBRC, Japan and

This journal is © The Royal Society of Chemistry 2012 Org. Biomol. Chem., 2012, 10, 536–547 | 539

D
ow

nl
oa

de
d 

by
 U

ni
ve

rs
ita

ir
e 

d'
A

ng
er

s 
on

 0
8 

Fe
br

ua
ry

 2
01

2
Pu

bl
is

he
d 

on
 0

4 
O

ct
ob

er
 2

01
1 

on
 h

ttp
://

pu
bs

.r
sc

.o
rg

 | 
do

i:1
0.

10
39

/C
1O

B
06

54
5A

View Online

http://dx.doi.org/10.1039/c1ob06545a


Scheme 5 Biocatalytically synthesized diols (synthesis from one set of enantiomer is only shown) by applying PKR (Candida parapsilosis-NBRC 1396)
and APKR (Geotrichum candidum NBRC 5767. Yields and enantiomeric purity are given under each compound.

maintained in Petri dishes as well as in glycerol slants periodically.
Bioreductions were performed in an incubator shaker at 35 ◦C.
Reactions were monitored by thin-layer chromatography (TLC)
carried out on 0.25 mm silica gel plates (Merck) with UV
light, ethanolic anisaldehyde and phosphomolybdic acid/heat as
developing agents. Silicagel 100–200 mesh was used for column
chromatography. Yields refer to chromatographically and spectro-
scopically homogeneous materials unless otherwise stated. NMR
spectra were recorded on 200 & 400 MHz spectrometers at 25 ◦C
in CDCl3 using TMS as the internal standard. Chemical shifts
are shown in d . 13C NMR spectra were recorded with a complete
proton decoupling environment. The chemical shift value is listed
as dH and dC for 1H and 13C, respectively. Optical rotations were
measured on a digital polarimeter. Chiral HPLC was performed
using Chiral OJ-H, AS-H and OD-H column (0.46 ¥ 25 cm) with
LC-20AT chromatograph coupled with UV–vis detector (254 nm).
Eluting solvent used was different ratios of hexane and 2-propanol.
HRMS data are collected from University of Hyderabad, and
IACS-Kolkata, India.

Growing conditions for microbial ketoreductases: G. candidum
(NBRC 5767)

The dried cells obtained from the culture collection were moist-
ened with the rehydration fluid (peptone 5 g, yeast extract 3 g,
MgSO4·7H2O 1 g, distilled water 1 L, pH 7.0). It was streaked into
several Petri dishes (Growth medium: PSA medium) and then
incubated at 25 ◦C in an incubator for 24 h.

Recipe for PSA (potato sucrose agar) medium: potatoes were
washed with tap water, peeled and cut into 1 cm small cubes. Then
they were rinsed with tap water quickly and 200 g of potato cubes
were boiled with 1 L of distilled water for 20 min. After that they
were mashed and squeezed through a muslin bag. Finally agar was
added to it and boiled till melted. Sucrose (20 g) was added to the
solution and stirred well till dissolved. The final volume made was
1 L (pH = 5.6) and then it was autoclaved to sterilize it.

For the biotransformation purpose with NBRC 5767, PS liquid
medium was prepared without agar, and then the grown cells of G.
candidum were transferred to this medium through an inoculating

540 | Org. Biomol. Chem., 2012, 10, 536–547 This journal is © The Royal Society of Chemistry 2012
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Scheme 6 Synthesis of stereochemically pure tricyclic diols from biocatalytically derived diols 18 and 37. Reagents and conditions: a) TBS-Cl, imidazole,
rt, 90%; b) 4-nitrobenzoic acid, EDC·HCl–DMAP, rt, 88%; c) PPTS, MeOH, rt, 82%; d) (COCl)2, Me2SO, Et3N, -78 ◦C, 90%; e) Ph3P+MeI-, LHMDS,
-5 ◦C, 78%; f) 10% aq. NaOH, rt, 6h, 86%; g) CH2 CH–CH2Br, Ag2O, rt, 48 h, 88%; h) Grubbs 1st generation catalyst, DCM, rt, 77%; i) AD mix-b,
MeSO2NH2, tBuOH–H2O (1 : 1), rt, 24 h, 78%.

loop. The content was incubated in an incubator shaker for 24 h,
and after that substrates were directly added to the growing culture
medium.

C . parapsilosis (NBRC 1396)

The dried cells obtained from the culture collection were moist-
ened with the rehydration fluid (YM liquid medium: glucose 10 g,
peptone 5 g, yeast extract 3 g, malt extract 3 g, distilled water 1 L,
pH 7.0). It was streaked into several Petri dishes (growth medium:
YM agar) and then incubated at 25 ◦C in an incubator for 24 h.

For the biotransformation purpose with NBRC 1396, YM
liquid medium was prepared without agar, and then the grown
cells of C. parapsilosis were transferred to this medium through
an inoculating loop. The content was incubated in an incubator
shaker for 24 h, and after that period substrates were directly
added to the growing culture medium.

A. niger (NBRC 4415)

The dried cells obtained from the culture collection were moist-
ened with the rehydration fluid (same as NBRC 5767). It was
streaked into several Petri dishes (growth medium: PSA medium)
and then incubated at 25 ◦C in an incubator for 24 h.

For the biotransformation purpose with NBRC 4415 similar
procedures to those for NBRC 5767 were followed.

Experimental conditions for bioreductions

The strains of different microbial ketoreductases were grown on
specific media as described earlier. Substrates (1–14, 100 mg)
were dissolved in minimum amount of EtOH and added to the

growing culture of ketoreductase medium. The reaction mixture
was incubated with an incubator shaker at 30 ◦C. The reaction
was monitored with periodical TLC analysis. After all the starting
materials had been consumed (usually took 2–3 days) the reaction
mixture was extracted several times with EtOAc, and the organic
layer was dried (Na2SO4) followed by evaporation and purification
by means of silica gel chromatography (SGC) affording the pure
diols.

(1R,2S)-1,2,3,4-Tetrahydro-2-(hydroxymethyl)-2-
methylnaphthalen-1-ol (15)

dH (CDCl3, 400 MHz): 7.56 (d, J = 7.6 Hz, 1H), 7.23–7.08 (m,
3H), 4.76 (s, 1H), 3.65 (d, J = 10.4 Hz, 1H), 3.61 (d, J = 10.4 Hz,
1H), 2.90–2.76 (m, 2H), 1.59–1.51 (m, 2H), 0.98 (s, 3H).

dC (CDCl3, 100 MHz): 138.6, 134.7, 127.3, 126.3, 125.6, 125.1,
72.3, 70.3, 37.5, 28.6, 24.6, 14.0.

[a]29
D = +14.36 (c = 1, MeOH).

HRMS (ESI) Calcd for C12H16O2Na [M + Na]+, 215.1047;
Found, 215.1050.

(1S,2S)-1,2,3,4-Tetrahydro-2-(hydroxymethyl)-2-
methylnaphthalen-1-ol (16)

dH (CDCl3, 200 MHz): 7.42 (d, J = 7.6 Hz, 1H), 7.23–6.86 (m,
3H), 4.56 (s, 1H), 3.43 (d, J = 10.6 Hz, 1H), 3.3 (d, J = 10.6 Hz,
1H), 2.72–2.57 (m, 2H), 1.59–1.28 (m, 2H), 0.7 (s, 3H).

dC (CDCl3, 50 MHz): 138.9, 135.2, 127.9, 126.6, 126.3, 125.8,
73.5, 71.6, 38.0, 29.2, 25.1, 14.2.

[a]29
D = +4.36 (c = 0.5, MeOH).

HRMS (ESI) Calcd for C12H16O2Na[M + Na]+, 215.1047;
Found, 215.1050.

This journal is © The Royal Society of Chemistry 2012 Org. Biomol. Chem., 2012, 10, 536–547 | 541
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(1S,2R)-1,2,3,4-Tetrahydro-2-(hydroxymethyl)-5-methoxy-2-
methylnaphthalen-1-ol (19)

dH (CDCl3, 400 MHz): 7.26–7.17 (m, 2H), 6.74 (d, J = 7.6 Hz, 1H),
4.73 (s, 1H), 3.82 (s, 3H), 3.6 (s, 2H), 2.77–2.57 (m, 2H), 1.57–1.54
(m, 2H), 0.96 (s, 3H).

dC (CDCl3, 50 MHz): 156.9, 139.8, 127.0, 124.5, 118.8, 108.4,
75.2, 72.9, 55.5, 37.9, 28.8, 19.8, 14.2.

[a]29
D -7.88 (c 0.8, MeOH).

HRMS (ESI) Calcd for C13H18O3Na[M + Na]+, 245.1153;
Found, 245.1161.

(1R,2R)-1,2,3,4-Tetrahydro-2-(hydroxymethyl)-5-methoxy-2-
methylnaphthalen-1-ol (20)

dH (CDCl3, 400 MHz): 7.28–7.16 (m, 2H), 6.72 (d, J = 7.6 Hz, 1H),
4.76 (s, 1H), 3.80 (s, 3H), 3.6 (s, 2H), 2.77–2.52 (m, 2H), 1.57–1.54
(m, 2H), 0.92 (s, 3H).

dC (CDCl3, 50 MHz): 156.8, 139.8, 127.2, 124.6, 118.9, 108.3,
75.2, 73.0, 55.4, 37.8, 28.7, 19.8, 14.2.

[a]29
D -3.45 (c 0.6, MeOH).

HRMS (ESI) Calcd for C13H18O3Na[M + Na]+, 245.1153;
Found, 245.1161.

(1S,2R)-1,2,3,4-Tetrahydro-2-(hydroxymethyl)-6-methoxy-2-
methylnaphthalen-1-ol (21)

dH (CDCl3, 200 MHz): 7.44 (d, J = 8.6 Hz, 1H), 6.78 (dd, J = 8.6,
2.6 Hz, 1H), 6.61 (d, J = 2.2 Hz, 1H), 4.68 (s, 1H), 3.78 (s, 3H),
3.64 (s, 2H), 2.97–2.63 (m, 2H), 1.68–1.45 (m, 2H), 1.0 (s, 3H).

dC (CDCl3, 50 MHz): 158.4, 136.6, 130.5, 128.1, 113.2, 112.4,
74.7, 72.3, 55.4, 38.1, 29.2, 25.3, 14.3.

[a]29
D = 0.88 (c = 1.0, MeOH).

HRMS (ESI) Calcd for C13H18O3Na[M + Na]+, 245.1153;
Found, 245.1161.

(1R,2R)-1,2,3,4-Tetrahydro-2-(hydroxymethyl)-6-methoxy-2-
methylnaphthalen-1-ol (22)

dH (CDCl3, 200 MHz): 7.45 (d, J = 8.6 Hz, 1H), 6.78 (dd, J = 8.6,
2.6 Hz, 1H), 6.61 (d, J = 2.4 Hz, 1H), 4.69 (s, 1H), 3.78 (s, 3H),
3.6 (s, 2H), 2.93–2.63 (m, 2H), 1.62–1.52 (m, 2H), 0.98 (s, 3H).

dC (CDCl3, 50 MHz): 158.6, 136.7, 130.6, 128.1, 113.0, 112.4,
74.6, 72.5, 55.2, 38.2, 29.1, 25.4, 14.3.

[a]29
D = 11.2 (c = 1.0, MeOH).

HRMS (ESI) Calcd for C13H18O3Na[M + Na]+, 245.1153;
Found, 245.1162.

(1S,2R)-2-Ethyl-1,2,3,4-tetrahydro-2-(hydroxymethyl)naphthalen-
1-ol (23)

dH (CDCl3, 200 MHz): 7.53 (d, J = 7.0 Hz, 1H), 7.26–7.07 (m,
3H), 4.81 (s, 1H), 3.75 (d, J = 10.8 Hz, 1H), 3.56 (d, J = 10.8 Hz,
1H), 2.83–2.66 (m, 2H), 1.83–1.6 (m, 2H), 1.5–1.22 (m, 2H), 1.15
(t, J = 7.4 Hz, 3H).

dC (CDCl3, 50 MHz): 138.1, 135.6, 128.3, 126.9, 126.5, 126.3,
76.4, 68.9, 40.2, 25.2, 24.9, 17.6, 7.2.

[a]29
D = 2.2 (c = 0.4, MeOH).

HRMS (ESI) Calcd for C13H18O2Na[M + Na]+, 229.1204;
Found, 229.1197.

(1R,2R)-2-Ethyl-1,2,3,4-tetrahydro-2-(hydroxymethyl)naphthalen-
1-ol (24)

dH (CDCl3, 200 MHz): 7.52 (d, J = 6.4 Hz, 1H), 7.22–7.07 (m,
3H), 4.81 (s, 1H), 3.75 (d, J = 10.8 Hz, 1H), 3.56 (d, J = 10.8 Hz,
1H), 2.83–2.72 (m, 2H), 1.83–1.6 (m, 2H), 1.5–1.22 (m, 2H), 1.25
(t, J = 7.4 Hz, 3H).

dC (CDCl3, 50 MHz): 138.1, 135.6, 128.3, 127.0, 126.6, 126.3,
76.5, 68.9, 40.2, 25.2, 24.9, 17.6, 7.2.

[a]29
D -7.28 (c 0.8, MeOH).

HRMS (ESI) Calcd for C13H18O2Na[M + Na]+, 229.1204;
Found, 229.1197.

(1R,2R)-1,2,3,4-Tetrahydro-2-(hydroxymethyl)-5,8-dimethoxy-2-
methylnaphthalen-1-ol (25)

dH (CDCl3, 200 MHz): 6.69 (s, 2H), 4.9 (s, 1H), 3.83 (s, 3H), 3.73
(s, 3H), 3.56 (d, J = 10.6 Hz, 1H), 3.48 (d, J = 10.6 Hz, 1H), 2.65
(m, 2H), 1.65–1.38 (m, 2H), 1.15 (s, 3H).

dC (CDCl3, 50 MHz): 152.4, 151.6, 127.8, 127.0, 108.5, 108.1,
72.2, 71.8, 55.9, 55.8, 37.7, 28.3, 20.3, 16.2.

[a]29
D = 5.08 (c = 1.0, MeOH).

(1S,2R)-1,2,3,4-Tetrahydro-2-(hydroxymethyl)-5,8-dimethoxy-2-
methylnaphthalen-1-ol (26)

dH (CDCl3, 200 MHz): 6.66 (s, 2H), 4.87 (s, 1H), 3.8 (s, 3H), 3.75
(s, 3H), 3.53 (d, J = 10.4 Hz, 1H), 3.48 (d, J = 10.4 Hz, 1H), 2.62
(m, 2H), 1.59–1.38 (m, 2H), 1.06 (s, 3H).

dC (CDCl3, 50 MHz): 152.4, 151.6, 127.9, 127.1, 108.6, 108.2,
72.2, 71.8, 55.9, 55.8, 37.7, 28.3, 20.3, 16.2.

[a]29
D = 12.3 (c = 0.9, MeOH).

(1S, 2R)-2,3-Dihydro-2-(hydroxymethyl)-2-methyl-1H-inden-1-ol
(27)

dH (CDCl3, 200 MHz): 6.99 (s, 1H), 6.87–6.82 (m, 2H), 4.82 (s,
1H), 3.41 (s, 2H), 2.6 (d, J = 14.4 Hz, 1H), 2.34 (d, J = 14.4 Hz,
1H), 2.14 (s, 3H), 0.8 (s, 3H).

dC (CDCl3, 50 MHz): 144.6, 137.4, 135.7, 128.1, 124.8, 124.5,
78.8, 69.0, 50.4, 39.7, 21.2, 17.1.

[a]29
D -4.68 (c 1.0, MeOH).

HRMS (TOF) Calcd for C11H14O2Na [M + Na]+,201.0892;
Found, 201.0892.

(1R,2R)-2,3-Dihydro-2-(hydroxymethyl)-2-methyl-1H-inden-1-ol
(28)

dH (CDCl3, 200 MHz): 7.18 (s, 1H), 7.05 (m, 2H), 5.04 (s, 1H),
3.70 (s, 2H), 2.76 (d, J = 15.6 Hz, 1H), 2.57 (d, J = 15.6 Hz, 1H),
2.34 (s, 3H), 1.05 (s, 3H).

dC (CDCl3, 50 MHz): 143.9, 137.3, 136.5, 128.8, 124.8, 124.7,
80.1, 70.3, 50.2, 39.9, 21.3, 16.9.

[a]29
D -18.9 (c 1.0, MeOH).

HRMS (TOF) Calcd for C11H14O2Na, 201.0892; Found,
201.0892.
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(1S,2R)-2-Ethyl-2,3-dihydro-2-(hydroxymethyl)-1H-inden-1-ol
(29)

dH (CDCl3, 200 MHz): 7.38–7.34 (m, 1H), 7.25–7.14 (m, 3H), 5.1
(s, 1H), 3.72 (d, J = 10.6 Hz, 1H), 3.57 (d, J = 10.6 Hz, 1H), 2.78
(d, J = 15.8 Hz, 1H), 2.58 (d, J = 15.8 Hz, 1H), 1.83–1.69 (m, 1H),
1.55–1.4 (m, 1H), 0.89 (t, J = 7.4 Hz, 3H).

dC (CDCl3, 50 MHz): 144.3, 141.0, 128.3, 126.9, 125.1, 124.4,
80.8, 67.2, 52.6, 37.4, 21.5, 8.9.

[a]29
D -2.85 (c 1.0, MeOH).

HRMS (ESI) Calcd for C12H16O2Na[M + Na]+, 215.1047;
Found, 215.1043.

(1R,2R)-2-Ethyl-2,3-dihydro-2-(hydroxymethyl)-1H-inden-1-ol
(30)

dH (CDCl3, 200 MHz): 7.38–7.34 (m, 1H), 7.25–7.14 (m, 3H), 5.1
(s, 1H), 3.71 (d, J = 10.6 Hz, 1H), 3.58 (d, J = 10.6 Hz, 1H), 2.77
(d, J = 15.8 Hz, 1H), 2.58 (d, J = 15.8 Hz, 1H), 1.83–1.69 (m, 1H),
1.55–1.4 (m, 1H), 0.89 (t, J = 7.4 Hz, 3H).

dC (CDCl3, 50 MHz): 144.1, 140.8, 128.2, 126.8, 124.9, 124.2,
80.7, 67.1, 52.4, 37.2, 21.3, 8.8.

[a]29
D -7.55 (c 0.75, MeOH).

HRMS (ESI) Calcd for C12H16O2Na[M + Na]+, 215.1047;
Found, 215.1043.

(1S,2R)-2,3-Dihydro-2-(hydroxymethyl)-5-methoxy-2-methyl-1H-
inden-1-ol (31)

dH (CDCl3, 200 MHz): 7.24 (m, 1H), 6.75–6.69 (m, 2H), 4.95 (s,
1H), 3.79 (s, 3H), 3.57 (s, 2H), 2.77 (d, J = 15.8 Hz, 1H), 2.54 (d,
J = 15.8 Hz, 1H), 1.05 (s, 3H).

dC (CDCl3, 50 MHz): 159.9, 142.4, 136.1, 125.2, 126.7, 110.4,
78.9, 69.5, 55.4, 50.1, 40.4, 17.2.

[a]29
D -8.45 (c 1.0, MeOH).

HRMS (ESI) Calcd for C12H16O3Na [M + Na]+,231.0997;
Found, 231.0991.

(1R,2R)-2,3-Dihydro-2-(hydroxymethyl)-5-methoxy-2-methyl-1H-
inden-1-ol (32)

dH (CDCl3, 200 MHz): 7.23 (m, 1H), 6.76–6.69 (m, 2H), 4.95 (s,
1H), 3.76 (s, 3H), 3.63 (s, 2H), 2.73 (d, J = 15.8 Hz, 1H), 2.57 (d,
J = 15.8 Hz, 1H), 1.05 (s, 3H).

dC (CDCl3, 50 MHz): 160.3, 142.6, 136.2, 125.4, 112.9, 110.7,
79.7, 70.3, 55.6, 50.3, 40.6, 17.3.

[a]29
D -11.6 (c 1.0, MeOH).

HRMS(ESI) Calcd for C12H16O3Na[M + Na]+, 231.0997;
Found, 231.0991.

(1S,2R)-5-Fluoro-2,3-dihydro-2-(hydroxymethyl)-2-methyl-1H-
inden-1-ol (33)

dH (CDCl3, 200 MHz): 7.27–7.2 (m, 1H), 6.86–6.77 (m, 2H), 4.95
(s, 1H), 3.57 (s, 2H), 2.77–2.46 (m, 2H), 0.96 (s, 3H).

dC (CDCl3, 50 MHz): 162.82 (d, J = 242.5 Hz), 142.78 (d, J =
8.5 Hz), 139.73 (d, J = 2.0 Hz), 125.45 (d, J = 9.0 Hz), 113.46 (d,
J = 22.5 Hz), 111.96 (d, J = 22.0 Hz), 78.7, 69.4, 50.6, 40.1, 17.0.

[a]29
D -1.22 (c 0.5, MeOH).

(1R,2R)-5-Fluoro-2,3-dihydro-2-(hydroxymethyl)-2-methyl-1H-
inden-1-ol (34)

dH (CDCl3, 200 MHz): 7.34–7.27 (m, 1H), 6.95–6.85 (m, 2H), 5.03
(s, 1H), 3.68 (s, 2H), 2.79 (d, J = 15.8 Hz, 1H), 2.59 (d, J = 15.8 Hz,
1H), 1.05 (s, 3H).

dC (CDCl3, 100 MHz): 162.9 (d, J = 243.2 Hz), 142.7 (d, J =
8.4 Hz), 139.24 (d, J = 2.2 Hz), 125.42 (d, J = 9.1 Hz), 113.73 (d,
J = 22.5 Hz), 111.1 (d, J = 22.5 Hz), 79.1, 69.8, 50.3, 40.0, 29.6,
16.8.

[a]29
D -4.43 (c 1.0, MeOH).

(1S,2R)-5-Bromo-2,3-dihydro-2-(hydroxymethyl)-2-methyl-1H-
inden-1-ol (35)

dH (CDCl3, 200 MHz): 7.26–7.12 (m, 3H), 4.93 (s, 1H), 3.55 (s,
2H), 2.72 (d, J = 15.8 Hz, 1H), 2.44 (d, J = 15.8 Hz, 1H), 0.91 (s,
3H).

dC (CDCl3, 50 MHz): 143.5, 142.8, 129.5, 128.0, 125.8, 121.2,
78.0, 69.1, 50.6, 29.6, 16.9.

[a]29
D -6.78 (c 0.9, MeOH).

HRMS (TOF) Calcd for C11H13BrO2Na [M + Na]+, 278.9997;
Found, 278.9672.

(1R,2R)-5-Bromo-2,3-dihydro-2-(hydroxymethyl)-2-methyl-1H-
inden-1-ol (36)

dH (CDCl3, 200 MHz): 7.26–7.12 (m, 3H), 4.93 (s, 1H), 3.55 (s,
2H), 2.72 (d, J = 15.8 Hz, 1H), 2.44 (d, J = 15.8 Hz, 1H), 0.91 (s,
3H).

dC (CDCl3, 50 MHz): 143.4, 142.7, 129.5, 128.2, 125.6, 121.3,
78.3, 69.4, 50.8, 29.5, 16.7.

[a]29
D -9.95 (c 0.8, MeOH).

HRMS (TOF) Calcd for C11H13BrO2Na [M + Na]+, 278.9997;
Found, 278.9672.

(1S,2R)-2,3-Dihydro-2-(hydroxymethyl)-2,6-dimethyl-1H-inden-
1-ol (37)

dH (CDCl3, 200 MHz): 6.99 (s, 1H), 6.87–6.82 (m, 2H), 4.82 (s,
1H), 3.41 (s, 2H), 2.59 (d, J = 15.6 Hz, 1H), 2.33 (d, J = 15.6 Hz,
1H), 2.14 (s, 3H), 0.81 (s, 3H).

dC (CDCl3, 50 MHz): 144.6, 137.5, 135.7, 128.1, 124.8, 124.5,
78.8, 69.0, 50.4, 39.7, 21.2, 17.1.

[a]29
D -16.7 (c 0.9, MeOH).

HRMS (TOF) Calcd for C12H16O2Na [M + Na]+, 215.1048;
Found, 215.1047.

(1R,2R)-2,3-Dihydro-2-(hydroxymethyl)-2,6-dimethyl-1H-inden-
1-ol (38)

dH (CDCl3, 200 MHz): 7.18 (s, 1H), 7.05 (m, 2H), 5.04 (s, 1H),
3.70 (s, 2H), 2.74 (d, J = 15.6 Hz, 1H), 2.57 (d, J = 15.6 Hz, 1H),
2.34 (s, 3H), 1.05 (s, 3H).

dC (CDCl3, 50 MHz): 143.4, 137.3, 136.5, 128.9, 124.8, 124.7,
80.1, 70.3, 50.1, 39.9, 21.3, 16.9.

[a]29
D -8.56 (c 0.66, MeOH).

HRMS (TOF) Calcd for C12H16O2Na [M + Na]+, 215.1048;
Found, 215.1047.
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(1S,2R)-2-Ethyl-2,3-dihydro-2-(hydroxymethyl)-6-methyl-1H-
inden-1-ol (39)

dH (CDCl3, 200 MHz): 7.21–7.01 (m, 3H), 5.02 (s, 1H), 3.68 (d, J =
10.6 Hz, 1H), 3.54 (d, J = 10.6 Hz, 1H), 2.7 (d, J = 15.8 Hz, 1H),
2.5 (d, J = 15.8 Hz, 1H), 2.3 (s, 3H), 1.76–1.62 (m, 1H), 1.47–1.22
(m, 1H), 0.86 (t, J = 7.4 Hz, 3H).

dC (CDCl3, 50 MHz): 144.2, 137.7, 136.4, 128.9, 124.7, 124.6,
80.6, 67.1, 52.6, 36.8, 21.3, 21.2, 8.7.

[a]29
D -12.22 (c 1.1, MeOH).

HRMS (TOF) Calcd for C13H18O2Na [M + Na]+, 229.1204;
Found, 229.1205.

1S,2R)-2-Ethyl-2,3-dihydro-2-(hydroxymethyl)-6-methyl-1H-
inden-1-ol (40)

dH (CDCl3, 200 MHz): 7.20–7.01 (m, 3H), 5.04 (s, 1H), 3.66 (d,
J = 10.6 Hz, 1H), 3.52 (d, J = 10.6 Hz, 1H), 2.74 (d, J = 15.8 Hz,
1H), 2.52 (d, J = 15.8 Hz, 1H), 2.3 (s, 3H), 1.76–1.65 (m, 1H),
1.47–1.22 (m, 1H), 0.88 (t, J = 7.4 Hz, 3H).

dC (CDCl3, 50 MHz): 144.2, 137.8, 136.5, 128.9, 124.4, 124.2,
80.5, 67.1, 52.6, 36.8, 21.4, 21.2, 8.7.

[a]29
D -9.8 (c 1.0, MeOH).

HRMS (TOF) Calcd for C13H18O2Na [M + Na]+, 229.1204;
Found, 229.1205.

(3S,4R)-3,4-Dihydro-3-(hydroxymethyl)-3-methyl-2H-chromen-4-
ol (41)

dH (CDCl3, 200 MHz): 7.43 (d, J = 7.2 Hz, 1H), 7.20 (m, 1H), 6.96
(m, 1H), 6.78 (d, J = 8.2 Hz, 1H), 4.72 (s, 1H), 4.0 (d, J = 11.2 Hz,
1H), 3.9 (d, J = 11.2 Hz, 1H), 3.59 (d, J = 11.0 Hz, 1H), 3.4 (d, J =
11.0 Hz, 1H), 1.0 (s, 3H).

dC (CDCl3, 50 MHz): 153.6, 128.7, 124.6, 120.7, 116.0, 70.0,
68.1, 66.3, 37.9, 13.7.

[a]29
D = +34.06 (c = 1.0, MeOH).

HRMS (ESI) Calcd for C11H14O3Na [M + Na]+, 217.0841;
Found, 217.0846.

(3S,4S)-3,4-Dihydro-3-(hydroxymethyl)-3-methyl-2H-chromen-4-
ol (42)

dH (CDCl3, 200 MHz): 7.38 (d, J = 7.4 Hz, 1H), 7.05 (m, 1H), 6.86
(m, 1H), 6.7 (d, J = 8.0 Hz, 1H), 4.64 (s, 1H), 3.95 (d, J = 11.0 Hz,
1H), 3.83 (d, J = 11.0 Hz, 1H), 3.5 (d, J = 11.2 Hz, 1H), 3.31 (d,
J = 11.2 Hz, 1H), 0.91 (s, 3H).

dC (CDCl3, 50 MHz): 153.6, 128.8, 128.5, 124.8, 120.5, 115.8,
70.1, 67.8, 66.1, 37.9, 13.7.

[a]29
D = +24.3 (c = 0.8, MeOH).

HRMS (ESI) Calcd for C11H14O3Na [M + Na]+, 217.0841;
Found, 217.0846.

(7S,8R)-7,8-Dihydro-7-(hydroxymethyl)-7-methyl-6H-
[1,3]dioxolo[4,5-g]chromen-8-ol (43)

dH (DMSO-d6, 200 MHz): 6.73 (s, 1H), 6.3 (s, 1H), 5.85 (s, 2H),
4.2 (s, 1H), 3.75 (s, 2H), 3.25–3.1 (m, 2H), 0.77 (s, 3H).

dC (DMSO-d6, 50 MHz): 148.5, 147.3, 141.3, 117.9, 108.7, 101.1,
97.6, 69.7, 60.3, 64.4, 39.1, 14.7.

[a]29
D = +28.9 (c = 1.0, MeOH).

(7R,8R)-7,8-Dihydro-7-(hydroxymethyl)-7-methyl-6H-
[1,3]dioxolo[4,5-g]chromen-8-ol (44)

dH (DMSO-d6, 200 MHz): 6.74 (s, 1H), 6.32 (s, 1H), 5.83 (s, 2H),
4.24 (s, 1H), 3.78 (s, 2H), 3.25–3.16 (m, 2H), 0.77 (s, 3H).

dC (DMSO-d6, 50 MHz): 148.6, 147.2, 141.4, 117.9, 108.8, 101.2,
97.6, 69.6, 60.4, 64.4, 39.1, 14.7.

[a]29
D = +20.4 (c = 1.0, MeOH).

(1S,2R)-2-((tert-Butyldimethylsilyloxy)methyl)-2-methyl-1,2,3,4-
tetrahydronaphthalen-1-ol (45)

The diol 18 (480 mg, 2.5 mmol) was taken in anhydrous DCM
(10 mL) and cooled to 0 ◦C. Imidazole (170 mg, 2.5 mmol) and
DMAP (catalytic) were added to the reaction mixture followed by
the addition of TBS-Cl (377 mg, 2.5 mmol). The reaction mixture
was allowed to warm to room temperature for 1 h, after that time
water was added to it and it was extracted with DCM, the organic
layer was washed with brine and dried over Na2SO4. Evaporation
and purification yielded the mono TBDMS-protected compound
45, in 90% yield.

dH (CDCl3, 200 MHz): 7.6 (d, J = 7.0 Hz, 1H), 7.22–7.06 (m,
3H), 4.78 (s, 1H), 3.62 (d, J = 9.4 Hz, 1H), 3.58 (d, J = 9.4 Hz,
1H), 2.96–2.66 (m, 2H), 1.66–1.42 (m, 2H), 0.95 (s, 12H), 0.1 (s,
6H).

dC (CDCl3, 50 MHz): 138.4, 134.9, 128.1, 126.73, 126.6, 126.2,
75.0, 73.84, 38.0, 29.3, 25.91, 25.17, 18.2, 14.3, -5.5, -5.6.

[a]29
D = +16.4 (c = 0.8, MeOH).

(1S,2R)-2-((tert-Butyldimethylsilyloxy)methyl)-2-methyl-1,2,3,4-
tetrahydronaphthalen-1-yl 4-nitrobenzoate (46)

4-Nitrobenzoic acid (131 mg, 0.784 mmol) was taken in dry DCM
(5 mL). Dicyclohexylcarbodiimide (DCC, 162 mg, 0.784 mmol),
DMAP (cat. amount) and compound 45 (160 mg, 0.523 mmol)
were sequentially added to the reaction mixture. The reaction
mixture was kept at room temperature for 3 h. After that time it was
directly loaded into a silica gel column. The ester was purified by
flash chromatography (40 : 1; hexane–EtOAc) to afford compound
46 in 88% yield.

dH (CDCl3, 200 MHz): 8.28–8.17 (m, 4H), 7.24–7.1 (m, 4H),
6.26 (s, 1H), 3.56–3.3 (m, 2H), 2.98–2.72 (m, 2H), 1.91–1.77 (m,
2H), 1.04 (s, 3H), 0.87 (s, 9H), 0.06 (s, 6H).

dC (CDCl3, 50 MHz): 164.3, 150.5, 136.6, 135.9, 134.0, 130.8,
129.0, 128.8, 127.9, 126.6, 123.5, 75.1, 67.7, 39.0, 28.4, 25.8, 25.5,
18.7, 18.2, -5.67.

[a]29
D = +22.45 (c = 1.2, MeOH).

(1S,2R)-2-(Hydroxymethyl)-2-methyl-1,2,3,4-
tetrahydronaphthalen-1-yl 4-nitrobenzoate (47)

The para-nitrobenzoate ester prepared in the previous step, 46
(240 mg, 0.528 mmol) was dissolved in absolute methanol (4 mL)
and PPTS (70 mg, 0.3 mmol) was added in one portion. The
reaction was stirred at rt for 2.5 h. After that time the solvent was
removed in vacuo and the residue was dissolved in ethyl acetate.
The organic layer was washed with brine and dried over Na2SO4.
The crude residue was purified by flash column chromatography
(1 : 10 EtOAc–Hexane) to afford the compound 47 (82%).
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dH (CDCl3, 200 MHz): 8.29 (m, 4H), 7.25–7.15 (m, 4H), 6.32 (s,
1H), 3.5 (d, J = 8.6 Hz, 1H), 3.42 (d, J = 8.6 Hz, 1H), 2.96–2.87 (m,
2H), 2.56 (br, 1H, -OH), 2.16–2.09 (m, 1H), 1.83–1.76 (m, 1H),
1.06 (s, 3H).

dC (CDCl3, 50 MHz): 165.5, 150.7, 136.3, 135.2, 133.7, 131.0,
129.4, 128.9, 127.8, 126.2, 123.7, 74.8, 67.9, 39.0, 28.9, 25.3, 16.7.

[a]29
D = +8.26 (c = 0.5, MeOH).

(1S,2S)-2-Formyl-2-methyl-1,2,3,4-tetrahydronaphthalen-1-yl
4-nitrobenzoate (48)

Oxalyl chloride (0.12 mL, 1.329 mmol) was taken in anhydrous
DCM (5 mL). Then DMSO (0.19 mL, 2.66 mmol) was added
to the solution and kept at -78 ◦C. After 15 min alcohol 47
(220 mg, 0.886 mmol) was added to it, and the solution was stirred
at the same temperature for a further 45 min. After this time Et3N
(0.74 mL, 5.316 mmol) was added slowly to the reaction mixture
at the same temperature. The reaction mixture was allowed to
attain room temperature. Water was added to the solution, and
the mixture was extracted with DCM. The organic extract was
washed with water, NaHCO3 solution and brine. The organic
layer was dried (Na2SO4) and evaporated. Purification by silica
gel chromatography yielded the aldehyde 48 in 90% yield.

dH (CDCl3, 200 MHz): 9.57 (s, 1H), 8.27–8.14 (m, 4H), 7.33–
7.11 (m, 4H), 6.57 (s, 1H), 3.07–2.87 (m, 2H), 2.24–1.91 (m, 2H),
1.19 (s, 3H).

dC (CDCl3, 50 MHz): 202.1, 164.28, 150.7, 135.8, 135.1, 132.6,
131.2, 130.9, 129.0, 128.7, 126.6, 123.6, 72.9, 49.8, 26.7, 25.1, 16.2.

[a]29
D = +32.0 (c = 1.5, MeOH).

(1R,2R)-2-Methyl-2-vinyl-1,2,3,4-tetrahydronaphthalen-1-yl
4-nitrobenzoate (49)

Wittig reaction of compound 48 was done by using KOtBu as
a base. To a suspension of freshly prepared KOtBu (177 mg,
1.578 mmol) in 5 mL of diethyl ether was added methyltriph-
enylphosphonium iodide (709 mg, 1.752 mmol) in two portions.
The bright yellow mixture was heated at reflux for 1 h. The yellow
mixture was allowed to cool to room temperature. A solution
of aldehyde 48 (180 mg, 0.796 mmol) in 5 mL of Et2O was
added to the reaction mixture. The solution was stirred at room
temperature. After completion of the reaction, as indicated by
TLC, the reaction was quenched with water and the layers were
separated. The aqueous layer was extracted with 20 mL of Et2O.
The organic layers were combined, dried with Na2SO4, filtered,
and the solvent was removed in vacuo. The crude residue was
purified by flash column chromatography to afford the compound
49 (1 : 20 EtOAc–Hexane) in 78% yield.

dH (CDCl3, 200 MHz): 8.31–8.19 (m, 4H), 7.34–7.12 (m, 4H),
6.22 (s, 1H), 5.84 (dd, J = 17.6, 10.6 Hz, 1H), 5.12–5.01 (m, 2H),
2.97–2.90 (m, 2H), 2.15–1.81 (m, 2H), 1.26 (s, 3H).

dC (CDCl3, 50 MHz): 165.3, 150.5, 142.5, 136.6, 135.8, 133.7,
130.8, 129.3, 128.9, 128.2, 126.2, 123.5, 114.0, 76.4, 39.8, 30.8,
25.8, 21.5.

[a]29
D = +20.8 (c = 1.1, MeOH).

(1R,2R)-2-Methyl-2-vinyl-1,2,3,4-tetrahydronaphthalen-1-ol (50)

A methanolic solution of 1% NaOH (212 mg, 5.313 mmol, 30 mL)
was added to the olefinic compound 49 and the reaction mixture

was stirred at room temperature for 2 h. The solvent was removed
in vacuo and the residue was dissolved in ethyl acetate. The
organic layer was washed with brine and dried over Na2SO4. The
crude residue was purified by flash column chromatography (1 : 10
EtOAc–Hexane) to afford the compound 50 (86%).

dH (CDCl3, 200 MHz): 7.52 (m, 1H), 7.24–7.09 (m, 3H), 5.88
(dd, J = 17.6, 10.6 Hz, 1H), 5.15 (m, 2H), 4.5 (s, 1H), 2.88–2.8 (m,
2H), 1.89–1.71 (m, 2H), 1.09 (s, 3H).

dC (CDCl3, 50 MHz): 145.2, 137.8, 135.6, 128.6, 128.1, 127.3,
126.2, 113.5, 74.4, 40.4, 31.0, 25.7, 18.2.

[a]29
D = +12.66 (c = 0.5, MeOH).

HRMS (ESI) Calcd for C13H16ONa[M + Na]+, 211.1098; Found,
211.1103.

(1R,2R)-1-(Allyloxy)-2-methyl-2-vinyl-1,2,3,4-
tetrahydronaphthalene (51)

The compound 50 (25 mg, 0.133 mmol) was dissolved in 1 mL
of dry DMF. Silver oxide (74 mg, 0.319 mmol) and allyl bromide
(35 mL, 0.4 mmol) were added subsequently. The reaction mixture
was stirred at room temperature for 4 days. After completion of the
reaction, as indicated by TLC, the mixture was quenched with cold
water (2 mL), and extracted with AcOEt. The combined organic
layer was washed with brine and dried over Na2SO4, filtered, and
concentrated in vacuo. Flash chromatography of the residue over
silica gel (Hexane–EtOAc, 20 : 1) afforded 51 (72% yield).

dH (CDCl3, 200 MHz): 7.29–7.11 (m, 4H), 6.07–5.88 (m, 2H),
5.37–5.0 (m, 4H), 4.17–4.07 (m, 3H), 2.91–2.8 (m, 2H), 2.0 (m,
1H), 1.77–1.6 (m, 1H), 1.21 (s, 3H).

dC (CDCl3, 50 MHz): 144.7, 136.4, 136.3, 135.4, 129.1, 128.9,
127.4, 125.3, 116.4, 112.6, 82.2, 71.7, 40.5, 30.2, 29.7, 21.7.

[a]29
D = +18.45 (c = 0.6, MeOH).

HRMS (ESI) Calcd for C16H20ONa[M + Na]+, 251.1412; Found,
251.1404.

(4aR,10bR)-4a-Methyl-4a,5,6,10b-tetrahydro-2H-
benzo[h]chromene (52)

Compound 51 (15 mg, 0.0657 mmol) was taken in anhydrous
degassed DCM (30 mL). Grubbs first generation metathesis
catalyst (4 mg, 0.005 mmol) was then added and the solution
was stirred at rt for 3 h. The solution was evaporated and the
content of the flask was directly loaded onto a silica gel column.
Flash chromatography with hexane : EtOAc (1 : 30) afforded the
compound 52 in 77% yield.

dH (CDCl3, 400 MHz): 7.51 (d, J = 6.8 Hz, 1H), 7.22–7.15 (m,
2H), 7.08 (d, J = 6.8 Hz, 1H), 5.79 (d, J = 9.6 Hz, 1H), 5.66 (td, J =
9.6, 2.4 Hz, 1H), 4.44–4.39 (m, 3H), 2.95–2.81 (m, 2H), 1.76–1.71
(m, 2H), 0.88 (s, 3H).

dC (CDCl3, 100 MHz): 136.7, 136.3, 135.1, 128.1, 126.4, 125.7,
124.4, 124.3, 79.1, 67.3, 33.7, 31.7, 25.3, 17.6.

[a]29
D = +28.6 (c = 0.33, MeOH).

HRMS (ESI) Calcd for C14H16ONa[M + Na]+, 223.1099; Found,
223.1093.

(3S,4R,4aR,10bS)-4a-Methyl-3,4,4a,5,6,10b-hexahydro-2H-
benzo[h]chromene-3,4-diol (53)

At first, t-BuOH (0.2 mL), H2O (0.2 mL) and AD-mix-b (87 mg)
were mixed and the mixture was stirred for 15 min. Methane

This journal is © The Royal Society of Chemistry 2012 Org. Biomol. Chem., 2012, 10, 536–547 | 545
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sulfonamide (9 mg) was then added and stirring was continued
for a further 15 min. Compound 52 (12 mg, 0.06 mmol) was then
added in one portion. The slurry was stirred vigorously at 20 ◦C for
24 h. After that time, sodium sulfite (96 mg) was added and stirring
was continued for a further 1 h. The reaction mixture was extracted
with EtOAc. The organic layer was dried (Na2SO4) and evaporated
in vacuo. The diol was purified by flash chromatography (5 : 1;
hexane : EtOAc) to afford diol 53 in 78% yield.

dH (CDCl3, 400 MHz): 7.49 (m, 1H), 7.20–7.07 (m, 3H), 4.62 (s,
1H), 4.28 (m, 1H), 4.09 (m, 1H), 3.8–3.71 (m, 2H), 2.86–2.7 (m,
2H), 2.2 (m, 2H), 1.6 (m, 2H), 0.88 (s, 3H).

dC (CDCl3, 100 MHz): 136.2, 134.5, 128.2, 126.5, 125.8, 125.4,
74.8, 74.4, 67.5, 64.9, 37.7, 29.6, 28.4, 22.6, 14.7.

[a]29
D = +38.2 (c = 0.1, MeOH).

HRMS (ESI) Calcd for C14H18O3Na [M+Na]+, 257.1153;
Found, 257.1158.

(1S,2R)-2-((tert-Butyldimethylsilyloxy)methyl)-2,3-dihydro-2,5-
dimethyl-1H-inden-1-ol (54)

dH (CDCl3, 200 MHz): 7.25–7.04 (3H), 5.06 (s, 1H), 3.6 (s, 2H),
2.81–2.54 (2H), 2.4 (s, 3H), 0.9 (s, 3H), 0.88 (s, 9H), 0.03 (s, 6H).

dC (CDCl3, 50 MHz): 144.0, 137.5, 136.2, 128.5, 124.7, 80.0,
70.2, 50.5, 39.7, 25.9, 21.3, 18.3, 17.1, -5.48.

[a]29
D = +8.62 (c = 0.5, MeOH).

(1S,2R)-2-((tert-Butyldimethylsilyloxy)methyl)-2,3-dihydro-2,5-
dimethyl-1H-inden-1-yl 4-nitrobenzoate (55)

dH (CDCl3, 200 MHz): 8.3–8.21 (m, 4H), 7.25–7.08 (m, 3H), 6.39
(s, 1H), 3.58 (d, J = 9.6 Hz, 1H), 3.5 (d, J = 9.6 Hz, 1H), 2.96 (d,
J = 16.0 Hz, 1H), 2.8 (d, J = 16.0 Hz, 1H), 2.33 (s, 3H), 1.2 (s, 3H),
0.86 (s, 9H), 0.03 (s, 6H).

dC (CDCl3, 50 MHz): 164.4, 150.5, 140.4, 139.8, 136.5, 136.0,
130.8, 129.9, 126.3, 124.8, 123.5, 81.8, 68.8, 49.6, 40.6, 25.8, 21.3,
18.5, 18.2, -5.5.

[a]29
D = +13.9 (c = 0.5, MeOH).

(1S,2R)-2,3-Dihydro-2-(hydroxymethyl)-2,5-dimethyl-1H-inden-
1-yl 4-nitrobenzoate (56)

dH (CDCl3, 200 MHz): 8.26 (m, 4H), 7.15 (m, 3H), 6.38 (s, 1H),
3.6 (s, 2H), 2.98 (d, J = 16.0 Hz, 1H), 2.65 (d, J = 16.0 Hz, 1H),
2.32 (s, 3H), 1.2 (s, 3H).

dC (CDCl3, 50 MHz): 165.3, 150.7, 139.8, 138.9, 136.8, 135.6,
130.9, 130.1, 126.0, 125.0, 123.7, 81.9, 68.6, 50.1, 40.8, 21.3, 18.3.

[a]29
D = +2.45 (c = 0.2, MeOH).

(1S,2S)-2-Formyl-2,3-dihydro-2,5-dimethyl-1H-inden-1-yl
4-nitrobenzoate (57)

dH (CDCl3, 200 MHz): 9.77 (s, 1H), 8.3–8.21 (m, 4H), 7.25–7.17
(m, 3H), 6.55 (s, 1H), 3.38 (d, J = 16.0 Hz, 1H), 2.89 (d, J = 16.0 Hz,
1H), 2.35 (s, 3H), 1.25 (s, 3H).

dC (CDCl3, 50 MHz): 201.6, 164.5, 150.8, 138.8, 137.4, 136.2,
135.0, 130.9, 130.6, 126.0, 124.8, 123.7, 80.4, 58.7, 39.1, 21.3, 15.3.

[a]29
D = +6.82 (c = 0.5, MeOH).

(2R,3R)-2,3-Dihydro-2,5-dimethyl-2-vinyl-1H-inden-3-yl
4-nitrobenzoate (58)

dH (CDCl3, 200 MHz): 8.33–8.18 (m, 4H), 7.25–7.14 (m, 3H), 6.3
(s, 1H), 6.06 (dd, J = 16.0, 10.6 Hz, 1H), 5.17–5.03 (m, 2H), 3.0 (s,
2H), 2.34 (s, 3H), 1.33 (s, 3H).

dC (CDCl3, 50 MHz): 164.4, 150.6, 144.0, 140.0, 136.7, 135.8,
130.8, 129.9, 126.2, 125.5, 124.7, 123.6, 113.16, 84.1, 50.2, 43.5,
21.3, 20.0.

[a]29
D = +24.33 (c = 0.5, MeOH).

(1R,2R)-2,3-Dihydro-2,6-dimethyl-2-vinyl-1H-inden-1-ol (59)

dH (CDCl3, 200 MHz): 7.26–7.06 (m, 3H), 6.09 (dd, J = 16.0,
10.6 Hz, 1H), 5.18–5.05 (m, 2H), 4.91 (s, 1H), 2.88 (d, J = 16.0 Hz,
1H), 2.7 (d, J = 16.0 Hz, 1H), 2.35 (s, 3H), 1.1 (s, 3H).

dC (CDCl3, 50 MHz): 145.3, 143.7, 143.2, 137.8, 136.4, 128.8,
124.7, 112.7, 82.0, 51.5, 42.7, 21.3, 18.0.

[a]29
D = +12.56 (c = 1.2, MeOH).

HRMS (ESI) Calcd for C13H16ONa[M + Na]+, 211.1099; Found,
211.1104.

(1R,2R)-1-(Allyloxy)-2,3-dihydro-2,6-dimethyl-2-vinyl-1H-indene
(60)

dH (CDCl3, 400 MHz): 7.14 (s, 1H), 7.04 (m, 2H), 6.12 (dd, J =
160, 10.8 Hz, 1H), 6.01–5.94 (m, 1H), 5.32 (d, J = 17.2 Hz, 1H),
5.15 (m, 2H), 5.03 (d, J = 10.8 Hz, 1H), 4.66 (s, 1H), 4.24 (dd, J =
12.8, 5.2 Hz, 1H), 4.14 (dd, J = 12.8, 5.2 Hz, 1H), 2.84 (d, J =
16.0 Hz, 1H), 2.68 (d, J = 16.0 Hz, 1H), 2.33 (s, 3H), 1.14 (s, 3H).

dC (CDCl3, 100 MHz): 146.5, 142.7, 137.8, 135.9, 135.0, 128.5,
125.2, 124.4, 116.6, 112.1, 88.4, 71.4, 51.3, 43.7, 21.2, 18.1.

[a]29
D = +46.4 (c = 0.8, MeOH).

HRMS (ESI) Calcd for C16H20ONa[M + Na]+, 251.1412; Found,
251.1404.

(4aR,9bR)-8-Dimethyl-2,4a,5,9b-tetrahydro-indeno[1,2-b]pyran
(61)

dH (CDCl3, 200 MHz): 7.11–6.96 (m, 3H), 6.26 (td, J = 10.0,
2.4 Hz, 1H), 5.58 (td, J = 10.0, 2.4 Hz, 1H), 4.79 (s, 1H), 4.52 (t,
J = 2.2 Hz, 2H), 2.57 (s, 2H), 2.34 (s, 3H), 0.87 (s, 3H).

dC (CDCl3, 50 MHz): 141.6, 137.7, 135.9, 134.8, 127.2, 125.4,
125.2, 122.5, 85.6, 68.3, 45.4, 38.2, 21.2, 20.6.

[a]29
D = +18.2 (c = 0.4, MeOH).

HRMS (ESI) Calcd for C14H16ONa[M + Na]+, 223.1099; Found,
223.1093.

(3S,4R,4aR,9bR)-8-Dimethyl-2,3,4,4a,5,9b-hexahydro-
indeno[1,2-b]pyran-3,4-diol (62)

dH (CDCl3, 400 MHz): 7.07 (2H), 6.97 (d, J = 7.6 Hz, 1H), 5.01 (s,
1H), 4.24 (m, 1H), 4.05 (m, 2H), 3.62 (t, J = 10.8 Hz, 1H), 2.94 (d,
J = 14.0 Hz, 1H), 2.36 (d, J = 14.0 Hz, 1H), 2.32 (s, 3H), 1.6 (br,
2H, -OH), 0.88 (s, 3H).

dC (CDCl3, 100 MHz): 140.8, 137.1, 136.4, 127.8, 125.9, 123.4,
80.6, 73.4, 69.3, 64.9, 50.7, 36.3, 21.6, 17.6.

[a]29
D = +23.96 (c = 0.13, MeOH).

HRMS (ESI) Calcd for C14H18O3Na [M+Na]+, 257.1154;
Found, 257.1158.
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