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Introduction

The identification of strigolactones as seed-germinating agents,
phytohormones, and mediators of critical plant–fungi interac-
tions, has resulted in an increasing number of research projects

seeking to uncover new modes of biological activity and in

planta targets.[1–7] While the number of naturally occurring
strigolactones is now over 20 (Fig. 1), the extremely low natural

abundance these compounds has necessitated the application of
the aromatic A-ring analogue (�)-GR24 (6) in most plant-based
assays. First reported in 1981,[8] (�)-GR24 has been the target of

several syntheses but is still commonly employed as a racemic
mixture of diastereomers.[9–13] The importance of employing
single enantiomers has been underscored by the recent discov-
ery that GR24 isomers with the absolute stereochemistry cor-

responding to natural (þ)-strigol (1) and (�)-orobanchol (4),
exert different biological effects.[14] As such, we recently
reported a concise enantioselective route to any stereoisomer of

GR24.[15] In this article, we report a second-generation synthetic
strategy to GR24 stereoisomers with improved scalability. In
addition, we demonstrate that this second-generation route may

be applied to the generation of GR24-based molecular probes.
Finally, we examine the stability of stock solutions of GR24 in
various solvents to help guide future storage and application
considerations.

Results and Discussion

Synthetic Studies

Our first-generation synthesis of (þ)-GR24 (7) and (�)-epi-
GR24 (8) began from the economical starting material, indene

(9) (Scheme 1).[15] However, this approach involved an ozo-
nolytic cleavage of the indene bond. The operation of ozonolysis
on large scales always involves a certain amount of trepidation

due the highly reactive nature of the intermediate molozonides

and ozonides. While the application of flow-technology may

alleviate the associated safety concerns,[16,17] the Wittig olefi-
nation to produce 10was not highly chemoselective. Therefore,
we elected to modify a procedure described by Cignarella and

co-workers[18] to generate the indanone 12, which could sub-
sequently undergo the stereo-defining Noyori asymmetric
transfer hydrogenation.[19]

As shown in Scheme 2, 3-benzoylpropionic acid (13) was
subjected to an aldol reaction with formaldehyde followed by
in situ lactonisation to give compound 14.[18] Careful control of

pH was critical for achieving a satisfactory yield for this trans-
formation as excessive acid favoured a competing elimination
reaction. Treatment of 14 with sulfuric acid effected the desired
intramolecular Friedel–Crafts acylation, which was followed by

Fischer esterification to give the desired indanone 12. Although
this approach requires one further synthetic operation than our
first-generation approach, the ready availability of all materials

and reagents, and the circumvention of explosive reaction
intermediates, meant that this procedure can be conducted on
relatively large scales (up to 50 g batches). Application of our

previously reported procedures enabled the gram-scale synthe-
sis of (þ)-GR24 (7). When conducted on a 10 g scale, the
amount of RuTsDPEN catalyst employed for the dynamic
kinetic asymmetric Noyori transfer hydrogenation could be

conveniently lowered to 1mol-% without any detriment to the
yield or enantioselectivity of the reaction. In this instance we
generated (þ)-GR24 (7) with the stereochemistry correspond-

ing to (þ)-strigol (1), but the process is suitable for the genera-
tion of any GR24 stereoisomer.

Accessing GR24-Based Molecular Probes

Current research in the plant sciences is focussed on elucidating

the in planta targets for strigolactone molecules to elucidate the
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origin of their biological activity. To meet this new challenge,

fluorescent GR24 analogues are required. Previous efforts at
generating fluorescently labelled strigolactone analogues have
concentrated on substituting the A/B ring system with an indole
or isoindole unit.[20–23] We felt that a more flexible strategy

would be to append a fluorophore directly to the GR24 scaffold,

allowing for tailored molecules for individual assays. We

therefore targeted 6-Br-(þ)-GR24 (18) as a proof of concept.
As depicted in Scheme 3, 4-bromoacetophenone (19) was

subjected to an aldol–dehydration sequence to give 20. Chemo-
selective reduction gave 3-(4-bromobenzoyl)propionic acid

(21) which could be employed in the previously described

OH 1
strigol

2
sorgomol

3
sorgolactone

6
(±)-GR24

O O HO

O
O

O

O
O

C
BA

D

O
OH O

O
4

orobanchol

O O

O

OAc

O
O

O

O

O

O
O

O

O O

O
O

O

O O

O O
O

5
fabacyl acetate

Fig. 1. Representative strigolactones and GR24.

1. O3, PPh3

3. 11 (10 mol-%),
Et3N (10 mol-%)

2. Ph3P�CHCO2Et
56–60 %

O

O

O O

Me

O

OO

OO
O

O

O OR

9 10

11

12

CO2Et

Problematic scale-up
moderate chemoselectivity

C6F5

BF4N

N
�

�
N

95 %

CO2Et

(�)-GR24
7

epi-(�)-GR24
8

Scheme 1. First generation synthesis of indanone (þ)-GR24.

1. HCHO, NaOH(aq) 3. H2SO4, 100�C

4. AcCl, EtOH2. HCl

O

O

O

5. (S,S)-RuTsDPEN (1 mol-%)
HCO2H, iPr2NEt, then PPTS
86 %, 92 % ee
�99 % ee after recryst.

Me

O

OO

OO

O O
O

13 14

(�)-16

12

O

Br
Me

O

CO2Et

7
(�)-GR24

17
(�)-epi-GR24

6. HCO2Me, KOtBu,
then (�)-16

ref. [15]

OO

O

OH

O

O
O

Me

O

15

�

Scheme 2. Second generation synthesis of (þ)-GR24 (see Experimental section for full details).

1222 L. J. Bromhead, J. Smith, and C. S. P. McErlean



second-generation strategy. Aldol reaction with formaldehyde
and ring closure gave compound 22. Intramolecular Friedel–
Crafts acylation was complicated by a proto-debromination

reaction, but conducting the reaction at 808C gave an acceptable
yield of the indanone 23. Esterification to compound 24 was
straightforward and set the scene for the stereochemistry-defining
reaction. Our concerns about competing reaction of the aryl

bromide provedgroundless, and compound24underwent smooth
Noyori dynamic kinetic asymmetric transfer hydrogenation to
give the lactone 25. The recrystallised compound displayed an

enantiomeric excess of.99% (Fig. 2). Formylation and attach-
ment of the D-ring gave (þ)-6-Br-GR24 (18) as a single enantio-
mer alongside (þ)-6-Br-epi-GR24 (26).

Stability Studies

The quantity of (�)-GR24 (6) required to elicit biological
responses in plant-based assays is usually so small that practical
considerations dictate the generation of a stock solution of

known concentration, followed by the administration of precise
aliquots. Such stock solutions are generally refrigerated to avoid
compound decomposition, but we became aware that the effi-
cacy of some stock solutions appeared to deteriorate over time.

We decided that an understanding of the relative stability of
GR24 in various solvents would therefore be useful, as this
potential instability is not understood by the users of the mate-

rial. In addition, because of the pressure differences occurring
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with continually cooling and re-warming the stock solutions,
contamination by atmospheric moisture is highly likely.
Therefore, the effect of a water co-solvent was also investigated.

A sample of freshly prepared (�)-GR24 (6) was dissolved
in a series of deuterated solvents and 1H NMR spectra were
recorded after defined time intervals at room temperature

(Fig. 3). The deterioration of the material was quantified by
monitoring the integration ratio for a signal corresponding to
(�)-GR24 (6) relative to residual non-deuterated solvent. It was
immediately apparent that acetonitrile and DMSOwere suitable

solvents for the generation of stock solutions. Even after 18 days
in these solvents, no deterioration of the sample could be
detected by 1H NMR analysis. Furthermore, the inclusion of

30% water into the DMSO solvent (v/v) resulted in no deterio-
ration after more than 100 h. In contrast, methanol is not a
suitable solvent for GR24 stock solutions.

While quantifying the amount of deterioration by using the
residual solvent as an internal standard is reliable for high
boiling solvents, the volatility of methanol required a secondary
measurement. Therefore, a signal corresponding to (�)-GR24

(6) was also compared with a new signal that appeared over the
time-course of the experiment (Fig. 4). A line of best fit suggests
that stock solutions of (�)-GR24 (6) inmethanol have a half-life

of ,12 days.

Conclusion

We report a synthetic strategy that enables the multigram-scale

synthesis of (þ)-GR24 (7), and that is flexible enough to allow
for the synthesis of 6-Br-(þ)-GR24 (18) as a single enantiomer.
We anticipate that this latter molecule will allow ready access to
a variety of fluorescently labelled GR24 analogues. Further-

more, we report the outcomes of GR24 stability studies that
point to DMSO as a suitable solvent for the generation of stock
solutions. The synthesis of the 5-Br, 7-Br, and 8-Br-(þ)-GR24

analogues, as well as the attachment of several fluorophores is
underway in our laboratory.

Experimental

General Experimental

Reagent grade dichloromethane and triethylamine were freshly

distilled over calcium hydride. Tetrahydrofuran and methanol
were collected using an Innovative Technology Inc. PureSolv
solvent purification system. All other solvents and reagents

were used as received from commercial sources. Melting points
were determined using a Stanford Research Systems Optimelt

automated melting point system and are uncorrected. Infrared
spectra were acquired neat on a Bruker Alpha-E ATR spec-
trometer. 1H and 13C NMR spectra were recorded on a Bruker

AVANCE DPX300 (1H frequency 300MHz, 13C frequency
75MHz) or Bruker AVANCE DPX500 (1H frequency
500MHz, 13C frequency 125MHz). 1H chemical shifts are

expressed as parts per million (ppm) with residual chloroform
(d 7.26) or tetramethylsilane (d 0.00) as reference and are
reported as chemical shift (dH), relative integral, multiplicity

(s¼ singlet, br¼ broad, d¼ doublet, t¼ triplet, dd¼ doublet of
doublets, dt¼ doublet of triplets, m¼multiplet), and coupling
constants (J ) reported in Hz. 13C NMR chemical shifts are
expressed as parts per million (ppm) with residual chloroform

(d 77.16) as internal reference and are reported as chemical shift
(dC) and multiplicity (assigned from DEPT experiments). NMR
assignments weremade on the basis of HSQC,HMBC,NOESY,

and COSY 2D experiments. High resolution mass spectra were
recorded on a Bruker ApexII Fourier Transform Ion Cyclotron
Resonance mass spectrometer with a 7.0 T magnet, fitted with

an off-axis Analytical electrospray source. Column chroma-
tography was performed using Grace Davidson 40–63mm (230–
400 mesh) silica gel using distilled solvents. Analytical thin-
layer chromatography was performed using preconditioned

plates (Merck TLC silica gel 60 F254 on aluminium) and
visualised using UV light (254 and 365 nm) and ethanolic
anisaldehyde.

4-Benzoyldihydrofuran-2(3H)-one (14)[24]

A solution of aqueous sodium hydroxide (0.5M, 620mL) was

added to b-benzoylpropionic acid (50.0 g, 280mmol). Formalin
(37%, 23mL) was added and the solution stirred for 1 h.
Aqueous hydrochloric acid (32%, 40mL) was added and the

solution stirred overnight. The liquid was decanted and the solid
product was dissolved in dichloromethane (400mL). The
aqueous solution was extracted with dichloromethane

(2� 200mL). The combined organic extracts were then washed
with brine, dried over Na2SO4, and the solvent was removed
under vacuum to give the title compound (41.0 g, 77%, deter-

mined by NMR analysis) as a tan solid contaminated with an
alkene by-product. Mp 57–608C, lit.[24] 63–658C. nmax/cm

�1

2980, 1773, 1681, 1596, 1580, 1478, 1449, 1415, 1359, 1286,
1231, 1177, 1028, 1005. dH (300MHz, CDCl3) 7.90–7.82 (2H,

m), 7.60–7.53 (1H, m), 7.49–7.40 (2H, m), 4.57–4.28 (3H, m),
2.95–2.68 (2H, m). dC (75MHz, CDCl3) 196.5 (C), 175.4 (C),
134.9 (C), 134.3 (CH), 129.1 (2 CH), 128.5 (2 CH), 69.0 (CH2),

42.1 (CH), 30.8 (CH2).
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Ethyl 2-(1-Oxo-2,3-dihydro-1H-inden-2-yl)acetate (12)

In two separate batches, lactone (14) (11.08 g, 58.25mmol) was

taken up in concentrated sulfuric acid (98%, 40mL) and heated
at 1008C for 10min. The solution was poured into a separating
funnel containing ice water. The solution was extracted with

dichloromethane (3� 200mL) and the organic extracts were
washed with brine, dried over Na2SO4, and the solvent removed
under vacuum to give an orange solid (5.83 g). The batches were
combined to give (9.60 g, 50.5mmol) of the acid which was

taken up in ethanol (100mL) and acetyl chloride (5.38mL,
75.7mmol) was added. The reaction mixture was stirred over-
night. Most of the solvent was removed under vacuum, and then

the residue was quenched with saturated aqueous sodium
hydrogen carbonate (100mL). The aqueous layer was extracted
with ethyl acetate (3� 100mL). The combined organic extracts

were washed with brine, dried over Na2SO4, and the solvent was
removed under vacuum to give a brown residue. The residuewas
purified by column chromatography, eluting with 10% ethyl

acetate in hexanes, to give the title compound 12 (10.98 g, 53%
over 2 steps) as a yellow oil. nmax/cm

�1 2983, 1708, 1609, 1466,
1373, 1294, 1279, 1217, 1174, 1029. dH (300MHz, CDCl3) 7.77
(1H, d, J 7.5), 7.59 (1H, dd, J 7.8, 7.2), 7.45 (1H, d, J 7.8), 7.37

(1H, dd, J 7.5, 7.2), 4.13 (2H, q, J 7.2), 3.45 (1H, dd, J 7.8, 17.0),
2.95 (3H, m), 2.62 (1H, dd, J 8.1, 16.2), 1.21 (3H, t, J 7.2). dC
(75MHz, CDCl3) 206.9 (C), 172.1 (C), 153.4 (C), 136.5 (C),

135.0 (CH), 127.6 (CH), 126.6 (CH), 124.1 (CH), 60.9 (CH2),
43.7 (CH), 35.4 (CH2), 33.1 (CH2), 14.3 (CH3). m/z (HRMS
ESI) 241.08317; [C13H14O3 þ Na]þ requires 241.08352.

(3aR,8bS)-3,3a,4,8b-Tetrahydro-2H-indeno[1,2-b]
furan-2-one (15)

Dichloro(p-cymene)ruthenium (II) dimer (140mg, 0.23mmol)
and (1S,2S)-(þ)-N-p-tosyl-1,2-diphenylethylenediamine

(168mg, 0.46mmol) were taken up in isopropyl alcohol (5mL).
Triethylamine (130 mL, 920mmol) was added and the reaction
mixture stirred at 808C for 1.5 h. The solvent was removed under

vacuum to give (S,S)-RuTsDPEN which was used directly in
the following step. Formic acid (8.64mL) and Hünig’s base
(15.96mL) were mixed at 08C. After 15min, a solution of
indanone 12 (10 g, 46mmol) in dichloromethane (15mL) was

added via cannula, followed by a solution of the freshly prepared
(S,S)-RuTsDPEN in dichloromethane (5mL). The dichloro-
methane was removed under nitrogen flow and the mixture

stirred overnight at 408C. Saturated aqueous sodium hydrogen
carbonate (40mL) was added. The aqueous phase was extracted
with ethyl acetate (3� 70mL). The combined organic extracts

were thenwashedwith brine, dried overNa2SO4, and the solvent
was removed under vacuum. The residue was taken up in
toluene (25mL), pyridinium para-toluenesulfonate (500mg,

2.00mmol) was added, and the reaction mixture heated at 808C.
The solvent was removed under vacuum and the residue purified
by column chromatography, eluting with 20% ethyl acetate in
hexanes, to give the title compound (6.89 g, 86%) as colourless

crystals, which were recrystallised from hexanes and ethyl
acetate. Mp 938C. [a]D

20 þ1108C (c 0.985, CHCl3), lit �1078C
(c 0.4, CHCl3). nmax/cm

�1 2954, 1753, 1610, 1450, 1349, 1250,

1145, 990. dH (300MHz, CDCl3) 7.40 (1H, d, J 7.2), 7.24 (3H,
m), 5.81 (1H, d, J 6.9), 3.26 (2H, m), 2.82 (2H, m), 2.32 (1H, dd,
J 5.1, 18.1). dC (75MHz, CDCl3) 176.9 (C), 142.5 (C), 138.8

(C), 130.0 (CH), 127.6 (CH), 126.4 (CH), 125.3 (CH), 87.7
(CH), 37.9 (CH2), 37.3 (CH), 35.7 (CH2). m/z (HRMS ESI)
197.05728; [C11H10O2 þ Na]þ requires 197.05730.

(E)-4-(4-Bromophenyl)-4-oxobut-2-enoic Acid (20)

40-Bromoacetophenone (30.0 g, 150mmol) and glyoxylic acid

monohydrate (13.9 g, 151mmol) were stirred at 958C under
reduced pressure (34 mbar) for 3 h. The reaction mixture was
cooled, dissolved in aqueous potassium carbonate (5%,

600mL), and extracted with ethyl acetate (2� 200mL). The
aqueous layer was acidified with aqueous hydrochloric acid
(10%, 600mL) and extracted with ethyl acetate (2� 400mL).
The combined organic extracts were washed with brine, dried

over Na2SO4, and the solvent removed under vacuum to give an
orange solid. The solid was taken up in glacial acetic acid
(30mL), concentrated hydrochloric acid (32%, 3mL) was

added, and the reaction mixture heated under reflux for 4 h. The
acetic acid was removed under vacuum. The residue was taken
up in ethyl acetate (300mL) and washed with brine

(3� 300mL). The organic extract was dried over Na2SO4 and
the solvent removed under vacuum to give the title compound
(21.25 g, 55%) as a yellow solid. Mp 150 8C, lit.[25] 159–1608C.
nmax/cm

�1 3093 (br), 1713, 1689, 1666, 1633, 1585, 1568, 1421,
1398, 1296, 1282, 1193, 1071. dH (400MHz, DMSO-d6) 13.20
(1H, br s), 7.99–7.95 (2H, m), 7.85 (1 H, d, J 15.6), 7.80–7.77
(2 H, m), 6.68 (1 H, d, J 15.6). dC (100MHz, DMSO-d6) 188.8

(C), 166.3 (C), 135.9 (CH), 135.2 (C), 133.3 (CH), 132.1
(2�CH), 130.8 (2�CH), 128.3 (C). m/z (ESI�) 253 and 255
([M – H]�, 100 and 81%).

4-(4-Bromophenyl)-4-oxobutanoic Acid (21)

Zinc dust (10.9 g, 166mmol) was added to a stirred solution of
20 (37.5 g, 147mmol) in acetic acid (210mL) andwater (75mL)
over 1 h. The mixture was stirred for a further 3 h, the reaction
mixture was then filtered, and the solid was taken up in ethyl

acetate (300mL). This solution was washed with brine
(4� 500mL), dried over Na2SO4, and the solvent was removed
under vacuum to give the title compound (20.7 g, 55%). Mp

1398C, lit.[26] 1468C. nmax/cm
�1 3044 (br), 1698, 1673, 1585,

1568, 1446, 1410, 1335, 1280, 1200, 1074. dH (400MHz,
CDCl3) 12.00 (1H, br s), 7.91 (2H, dapp, J 8.6), 7.74 (2H, dapp,

J 8.5), 3.23 (2H, t, J 6.26), 2.57 (2H, t, J 6.24). dC (100MHz,
CDCl3) 198.3 (C), 174.2 (C), 135.9 (C), 132.3 (2 CH), 130.4 (2
CH), 127.7 (C), 33.6 (CH2), 28.3 (CH2).m/z (ESI

�) 255 and 257
([M – H]�, 86 and 83%), 271 (100).

4-(4-Bromobenzoyl)dihydrofuran-2(3H)-one (22)

Aqueous sodium hydroxide (0.5M, 170mL) was added to
40-bromobenzoyl propionic acid (21) (20.0 g, 77.8mmol). For-
malin (37%, 6.37mL)was added and the solutionwas stirred for

3 h. Aqueous hydrochloric acid (32%, 20mL) was added and
the solution stirred overnight. The liquid was decanted and the
solid product was dissolved in dichloromethane (300mL). The

previously decanted aqueous solution was washed twice with
dichloromethane (100mL). The combined organic extracts
were thenwashedwith brine, dried overNa2SO4, and the solvent
removed under vacuum to give a brown oil. This was taken up in

ethyl acetate (150mL) and washed with aqueous potassium
carbonate solution (5%, 2� 200mL). The organic layer was
then washed with brine, dried over Na2SO4, and the solvent

removed under vacuum to give the title compound (12.6 g, 60%)
as a brown solid. Mp 908C, lit.[24] 98–1008C. nmax/cm

�1 2975,
1768, 1679, 1583, 1568, 1484, 1397, 1377, 1354, 1281, 1217,

1173, 1070, 1029, 1003. dH (400MHz, CDCl3) 7.81–7.78 (2H,
m), 7.69–7.65 (2H, m), 4.63–4.58 (1H, m), 4.83–4.39 (1H, m),
4.40–4.31 (1H, m), 2.96 (1H, dd, J 17.78, 7.22), 2.81 (1H, dd,
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J 17.78, 9.42). dC (100MHz, CDCl3) 195.5 (C), 175.2 (C), 133.6

(C), 132.5 (2 CH), 130.0 (2 CH), 129.6 (C), 68.8 (CH2), 42.1
(CH), 30.8 (CH2). m/z (HRMS ESI) 268.98056, 270.97860;
[C11H9BrO3 þ H]þ requires 268.98078, 270.97874.

2-(5-Bromo-1-oxo-2,3-dihydro-1H-inden-2-yl)acetic
Acid (23)

Compound 22 (4.70 g, 17.5mmol) was taken up in concentrated
sulfuric acid (98%, 10mL) and heated at 808C for 3 h. The

solution was transferred to a separating funnel containing ice
water, using dichloromethane and water. The solution was
extracted with dichloromethane (4� 100mL). The combined

organic layers were washed with brine, dried over Na2SO4, and
the solvent was removed under vacuum. The residue was taken
up in ethyl acetate and washed with aqueous potassium car-

bonate solution (10%, 2� 50mL). The combined aqueous
extracts were acidified with concentrated hydrochloric acid and
extracted with ethyl acetate (3� 50mL). The combined organic

extracts were washed with brine, dried over Na2SO4, and the
solvent was removed under vacuum to give the title compound
(2.01 g, 43%). nmax/cm

�1 3065 (br), 1708, 1698, 1598, 1573,
1436, 1394, 1255, 1201. dH (400MHz, CDCl3) 7.65 (1H, s), 7.62

(1H, d, J 8.24), 7.53 (1H, d, J 8.04), 3.45 (1H, dd, J 17.2, 7.76),
3.05–2.97 (2H, m), 2.90 (1H, dd, J 17.22, 4.38), 2.69 (1H, dd,
J 17.9, 9.06). dC (100MHz, CDCl3) 205.3 (C), 176.2 (C), 154.7

(C), 135.0 (C), 131.3 (CH), 130.5 (C), 129.8 (CH), 125.3 (CH),
43.4 (CH), 24.6 (CH2), 32.6 (CH2).m/z (HRMS ESI) 290.96274,
292.96096; [C11H9BrO3þNa]þ requires 290.96273, 292.96068.

Ethyl 2-(5-Bromo-1-oxo-2,3-dihydro-1H-inden-2-yl)
acetate (24)

Compound 23 (4.21 g, 15.6mmol) was taken up in ethanol

(25mL) and acetyl chloride (1.7mL, 23mmol) was added. The
reaction mixture was stirred overnight. The majority of the
solvent was removed under vacuum and the residue was then

quenched with saturated aqueous sodium hydrogen carbonate
(10mL). The aqueous layer was extracted with ethyl acetate
(3� 30mL). The combined organic extracts were washed with
brine, dried over Na2SO4, and the solvent removed under vac-

uum to give a brown residue. The residue was purified by col-
umn chromatography, eluting with 5% ethyl acetate in hexanes,
to give the title compound (3.13 g, 67%) as a yellow solid.

nmax/cm
�1 2980, 1710, 1595, 1574, 1413, 1373, 1317, 1266,

1218, 1197, 1175. dH (400MHz.CDCl3) 7.65–7.59 (2H,m), 7.51
(1 H, dtapp, J 8.08, 0.75), 4.13 (2 H, q, J 7.13), 3.43 (1 H, dd,

J 17.08, 7.8), 3.03–2.85 (3 H, m), 2.67 (1 H, dd, J 16.64, 8.04),
1.21 (3 H, t, J 7.16). dC (100MHz, CDCl3) 205.4 (C), 171.7 (C),
154.8 (C), 135.3 (C), 131.1 (CH), 130.2 (C), 129.8 (CH), 125.1

(CH), 60.8 (CH2), 43.5 (CH), 35.0 (CH2), 32.6 (CH2), 14.1 (CH3).
m/z (HRMS ESI) 318.99376, 320.99174; [C13H13BrO3 þ Na]þ

requires 318.99403, 320.99198.

(3aR,8bS)-6-Bromo-3,3a,4,8b-tetrahydro-2H-indeno
[1,2-b]furan-2-one (25)

Dichloro(p-cymene)ruthenium (II) dimer (62mg, 0.10mmol)
and (1S,2S)-(þ)-N-p-tosyl-1,2-diphenylethylenediamine (74mg,

0.20mmol) were taken up in isopropyl alcohol (3mL). Triethyl-
amine (56mL, 0.40mmol) was added and the reaction mixture
stirred at 808C for 1.5 h. The solvent was removed under vacuum

to give (S,S)-RuTsDPEN which was used directly. Formic acid
(0.95mL) and Hünig’s base (1.76mL) were mixed at 08C. After
15min, a solution of 24 (1.50 g, 5.00mmol) in dichloromethane

(5mL) was added via cannula, followed by a solution of freshly

prepared (S,S)-RuTsDPEN in dichloromethane (2mL). The
dichloromethane was removed under nitrogen flow and the
mixture was stirred overnight. Saturated aqueous sodium

hydrogen carbonate (15mL) was added. The aqueous phase was
extracted with ethyl acetate (3� 20mL). The combined organic
extracts were thenwashedwith brine, dried over Na2SO4, and the
solvent was removed under vacuum. The residue was purified

by column chromatography, eluting with 10% ethyl acetate in
hexanes followed by 30% ethyl acetate in hexanes, to give a
colourless solid. The solid product was taken up in toluene

(10mL), pyridinium para-toluenesulfonate (125mg, 0.5mmol)
was added, and the reaction mixture heated at 808C overnight.
The solutionwas diluted with ethyl acetate (20mL), washedwith

water (20mL), brine (20mL), and was then dried over Na2SO4.
The solvent was removed under vacuum to give the title com-

pound (1.14 g, 89%) as colourless crystals, which were recrys-
tallised from hexanes and ethyl acetate. Mp 156–1578C. [a]D

20

þ60.48C (c 0.50, CHCl3). nmax/cm
�1 2958, 1768, 1598, 1578,

1474, 1444, 1412, 1323, 1196, 1159. dH (400MHz,CDCl3) 7.44–
7.40 (2H,m), 7.35–7.32 (1H,m), 5.81 (1H, d, J 7.08), 3.42–3.33

(1H,m), 3.30 (1H, dd, J 16.48, 8.56), 2.94–2.83 (2H,m), 2.37 (1
H, dd, J 18.12, 5.52). dC (100MHz, CDCl3) 176.3 (C), 144.8 (C),
137.9 (C), 130.9 (CH), 128.6 (CH), 127.8 (CH), 124.3 (C), 86.7

(CH), 37.8 (CH2), 37.6 (CH), 35.5 (CH2). m/z (HRMS ESI)
274.96758, 276.96554; [C11H9BrO2þNa]þ requires 274.96781,
276.96577.

(1)-6-Bromo-GR24 (18) and (1)-Epi-6-bromo-GR24 (26)

To a solution of the compound 25 (400mg, 1.58mmol) in

methyl formate (10mL) at 08C, was added potassium tert-
butoxide (1.06 g, 9.50mmol). The reaction mixture was stirred
for 3 h and then quenched with hydrochloric acid (1.0M,

15mL). The aqueous phase was extracted with ethyl acetate
(3� 20mL). The combined organic extracts were then washed
with brine, dried over Na2SO4, and the solvent removed under

vacuum. The colourless solid residue and potassium carbonate
(330mg, 2.37mmol) were taken up in DMF (5mL) and a
solution of the bromobutenolide 16 (420mg, 2.37mmol) in
DMF (2mL) was added via cannula at 08C. The solution was

stirred overnight. The reaction was quenched with saturated
aqueous ammonium chloride (10mL). The reactionmixturewas
diluted with ethyl acetate (50mL) and washed with water

(3� 50mL). The organic extract was then washed with brine,
dried over Na2SO4, and the solvent removed under vacuum. The
residue was purified by column chromatography, eluting with

80% diethyl ether in hexanes to give 18 (120mg 19%) as col-
ourless crystals. Mp 184–1868C. [a]D

20 þ4038C (c 0.275,
CHCl3). nmax /cm

�1 2920, 1782, 1749, 1680, 1598, 1473, 1348,

1323, 1183, 1089, 1019. dH (400MHz, CDCl3) 7.49 (1 H, d, J
2.5), 7.42 (1 H, d, J 8.0), 7.39 (1H, s), 7.37 (1H, d, J 8.0), 6.96 (1
H, tapp, J 1.5), 6.18 (1 H, tapp, J 1.3), 5.88 (1 H, d, J 7.8), 3.99–
3.93 (1 H, m), 3.41 (1 H, dd, J 17.1, 9.2), 3.10 (1 H, dd, J 17.1,

2.8), 2.05 (3 H, tapp, J 1.5). dC (100MHz, CDCl3) 170.9 (C),
170.0 (C), 151.2 (CH), 144.8 (C), 140.7 (CH), 137.9 (C), 136.2
(C), 130.9 (CH), 128.3 (CH), 127.9 (CH), 124.3 (C), 112.7 (C),

100.5 (CH), 84.9 (CH), 39.1 (CH), 37.0 (CH2), 10.8 (CH3).
m/z (HRMS ESI) 398.98347, 400.98146; [C17H13BrO5 þ Na]þ

requires 398.98386, 400.98181.

Compound 26 (120mg 19%) was obtained as colourless
crystals. Mp 156–1578C. [a]D

20 þ2338C (c 0.28, CHCl3).
nmax/cm

�1 2926, 1783, 1748, 1680, 1598, 1475, 1451, 1348,
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1322, 1182, 1088, 1018. dH (400MHz, CDCl3) 7.47 (1 H, d,

J 2.5), 7.41 (1 H, d, J 8.0), 7.39 (1 H, s), 7.35 (1 H, d, J 8.0), 6.94
(1 H, tapp, J 1.5), 6.17 (1 H, tapp, J 1.2), 5.87 (1 H, d, J 7.9), 3.97–
3.91 (1 H, m), 3.39 (1 H, dd, J 17.0, 9.2), 3.08 (1 H, dd, J 17.1,

3.1), 2.04 (3 H, tapp, J 1.4). dC (100MHz, CDCl3) 170.8 (C),
170.0 (C), 151.2 (CH), 144.9 (C), 140.8 (CH), 137.9 (C), 136.2
(C), 130.9 (CH), 128.5 (CH), 127.8 (CH), 124.4 (C), 113.0 (C),
100.6 (CH), 85.0 (CH), 39.1 (CH), 37.2 (CH2), 10.8 (CH3). m/z

(HRMS ESI) 398.98358, 400.98156; [C17H13BrO5 þ Na]þ

requires 398.98386, 400.98181.

Supplementary Material
1H and 13C NMR spectra for all synthesised compounds are
available on the Journal’s website.
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