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Introduction

The shikimate pathway, the biosynthetic route to the aromatic
amino acids, folates, alkaloids, and vitamins is present in bacte-
ria, fungi, and plants, and has been recently discovered in api-
complexan parasites.[1, 2] The absence of the pathway in mam-
mals combined with its essential nature in certain microorgan-
isms makes the shikimic acid pathway enzymes attractive tar-
gets for the development of new antibiotics and herbicides.
We have shown recently with derivatives 1–3 that the incorpo-
ration of aryl groups bearing electron-withdrawing substitu-
ents in position 3 of the known inhibitor 4a markedly increas-
es the inhibitory potency of this enol mimic (Ki=200 mm,
Figure 1) against Mycobacterium tuberculosis type II dehydro-
quinase, the third enzyme of the shikimic acid pathway.[3] In
fact, these studies led to the discovery of the most potent
known inhibitor against any type II dehydroquinase, the 3-ni-
trophenyl derivative 1d, with a low Ki value of 54 nm. NMR
studies (STD and 1D and 2D TR-NOESY experiments) have
shown that only one of the conformations present in solution
for the competitive inhibitor 1d is selected when bound to
the active site of the M. tuberculosis type II dehydroquinase.[4]

On the other hand, the crystal structures of the enzyme–in-
hibitor complexes reported for M. tuberculosis dehydroquinase
and other dehydroquinases, such as that of Streptomyces coeli-
color, suggest the presence of subtle differences in the active

sites of type II dehydroquinases from various sources, in partic-
ular the larger available space in the active site of S. coelicolor
dehydroquinase compared with that of other type II enzymes
such as that of M. tuberculosis. These structural differences
could explain the variation in potency of an inhibitor against
type II dehydroquinases from various sources. For example, in-
hibitor 4a (Figure 1) has been reported to have Ki values of
200 and 30 mm against M. tuberculosis and S. coelicolor dehy-
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Isomeric nitrophenyl and heterocyclic analogues of the known in-
hibitor (1S,3R,4R)-1,3,4-trihydroxy-5-cyclohexene-1-carboxylic acid
have been synthesized and tested as inhibitors of M. tuberculosis
and S. coelicolor type II dehydroquinase, the third enzyme of the
shikimic acid pathway. The target compounds were synthesized
by a combination of Suzuki and Sonogashira cross-coupling and
copper(I)-catalyzed 2,3-dipolar cycloaddition reactions from a
common vinyl triflate intermediate. These studies showed that a
para-nitrophenyl derivative is almost 20-fold more potent as a
competitive inhibitor against the S. coelicolor enzyme than that
of M. tuberculosis. The opposite results were obtained with the
meta isomer. Five of the bicyclic analogues reported herein
proved to be potent competitive inhibitors of S. coelicolor dehy-

droquinase, with inhibition constants in the low nanomolar
range (4–30 nm). These derivatives are also competitive inhibitors
of the M. tuberculosis enzyme, but with lower affinities. The
most potent inhibitor against the S. coelicolor enzyme, a 6-ben-
zothiophenyl derivative, has a Ki value of 4 nm—over 2000-fold
more potent than the best previously known inhibitor, (1R,4R,5R)-
1,5-dihydroxy-4-(2-nitrophenyl)cyclohex-2-en-1-carboxylic acid
(8 mm), making it the most potent known inhibitor against any
dehydroquinase. The binding modes of the analogues in the
active site of the S. coelicolor enzyme (GOLD 3.0.1), suggest a
key p-stacking interaction between the aromatic rings and Tyr28,
a residue that has been identified as essential for enzyme activity.
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droquinase, respectively.[5] With these facts in mind, we first
studied the inhibitory potency of the 3-aryl derivatives 1–3
against S. coelicolor type II dehydroquinase.

Results and Discussion

Inhibition data for 3-aryl derivatives 1–3 against S. coelicolor
dehydroquinase

The Ki values obtained from Dixon plots (1/v versus [I]) are
summarised in Table 1. It was not surprising to find that their
inhibitory potency against S. coelicolor dehydroquinase varies
considerably compared with the M. tuberculosis enzyme. All
the acids 1–3 except two (Entries 3 and 4, Table 1) were found
to be more potent against S. coelicolor than M. tuberculosis de-
hydroquinase. Surprisingly, the most potent inhibitor against
M. tuberculosis dehydroquinase, 3-nitrophenyl derivative 1d,
was over 30-fold less potent against the S. coelicolor enzyme
than for the M. tuberculosis one (Entry 4, Table 1). para-Substi-
tuted acid 1 i, which contains a bulky trifluoromethyl group,
was found to be the most potent compound against S. coeli-
color dehydroquinase (Entry 9, Ki=130 nm, Table 1).

Docking studies were carried out using GOLD 3.0.1[6, 7] to
gain some insight into how these competitive inhibitors bind
the active site of S. coelicolor type II dehydroquinase. The crys-
tal structure of the enzyme with the anhydro inhibitor 4a
bound in the active site was used as the starting point for this
study (Figure 2, PDB ID: 1GU1[8]). In this crystal structure, a mol-
ecule of glycerol and tartrate originating from the enzyme
storage buffer are also present in the active site of the enzyme
(Figure 2 a).[8] All acids 1–3 bind approximately to the same site
as that of inhibitor 4a in the crystal structure.[8] However, their
cyclohexene rings are slightly twisted relative to the position
of 4a, leading to close proximity between the double bond in
the ligands and Tyr 28, with hydrogen H2 over the plane of the
aromatic ring, which occupies part of the glycerol pocket (see
Supporting Information). The stronger affinity of the para-tri-

fluoromethylphenyl derivative 1 i can be attributed to polar
and electrostatic interactions of the para-CF3 group with the
Thr 96 methyl group of the neighbouring subunit and the es-
sential Arg 23, respectively. Interactions of this type should be
also strong with a nitro group and weaker for electron-with-
drawing groups in the meta position, as might be the case for
the 3-nitrophenyl and 3-trifluoromethylphenyl derivatives 1d
and 1c, respectively, because substituents in this meta position
should be more distal from these residues.

Newly designed 3-aryl enol mimics

Taking into account these initial results, we decided to study
the effect of the nitro group in the para and ortho positions
on the affinity toward M. tuberculosis and S. coelicolor type II

Figure 1. Competitive inhibitors of M. tuberculosis type II dehydroquinase.

Table 1. Inhibition results for compounds 1–3 in assays with S. coelicolor
type II dehydroquinase.

Entry Compd R Ki [mm]

1 1a 0.75�0.06

2 1b 0.67�0.06

3 1c 6.8�0.5

4 1d 1.95�0.1

5 1e 2.4�0.2

6 1 f 33.5�0.3

7 1g 0.82�0.07

8 1h 0.55�0.05

9 1 i 0.13�0.01

10 2a 0.60�0.05

11 2b 0.49�0.05

12 3 6.8�0.5
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dehydroquinase with derivatives 5 (Figure 3). We also wanted
to explore the effect of incorporating bulkier heterocycles at
C3 of inhibitor 4a on the inhibitory potency against both en-

zymes. In principal, it is expect-
ed that the latter type of deriva-
tives should have stronger affin-
ity for the S. coelicolor enzyme
than for that of M. tuberculosis,
owing to the greater available
space in the S. coelicolor dehy-
droquinase. These bulky hetero-
cyclic moieties should also be
able to occupy the glycerol or
tartrate binding pockets and
stabilize new binding interac-
tions, a situation that should
help to increase affinity. These
possibilities were initially tested
with naphthyl enol mimic 6
(Figure 4), docking studies of
which were carried out with the
crystal structure of the S. coeli-
color enzyme.[8] The results sug-
gest that indeed the aromatic
ring of 6 should be located be-
tween the glycerol and the tar-
trate pockets, a situation that
brings the aromatic ring proxi-
mal to the essential Arg 23 resi-
due as well as Thr 96 and Asn 95
of the neighbouring (28) subu-
nit (Figure 4).

Synthesis of compounds 5
and 6

The target compounds 5a, 5b,
and 6 were synthesized by
Suzuki cross-coupling reactions
between the appropriate com-
mercially available arylboronic
acids and vinyl triflate 7
(Scheme 1), which was prepared
using our previously reported
protocol.[3] Conversion of the
cross-coupling products 8 to
the desired acids 5a, 5b, and 6

was achieved by deprotection of the TBS groups followed by
basic hydrolysis of the corresponding lactones 9 and protona-
tion with an ion-exchange resin.

Inhibition assay results with acids 5 and 6

Acids 5 and 6 were assayed in the presence of 3-dehydroquin-
ic acid for their inhibitory properties against M. tuberculosis
and S. coelicolor type II dehydroquinase. The Ki values, obtained
from Dixon plots (1/v versus [I]), are summarised in Table 2. As
expected, the affinity of the nitrophenyl derivatives against the
S. coelicolor enzyme increased with the nitro group placed at
the para position (cf. Entry 1, Table 2 and Entry 4, Table 1). The

Figure 2. a) Active site of one subunit of S. coelicolor type II dehydroquinase (light grey ribbon) partially closed off
by the interaction with the a3 helix of the neighbouring subunit (darker grey). The positions of inhibitor 4a and
the glycerol and tartrate molecules are shown. b) Selected view of S. coelicolor type II dehydroquinase active site.
Relevant residues are indicated; hydrogen atoms are omitted; W=water molecule.

Figure 3. Newly designed 3-aryl enol mimics.
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opposite effect was observed for the M. tuberculosis enzyme, in
which the inhibition constant of 5a increases sharply (Entry 1,
Table 2). Surprisingly, ortho-nitrophenyl derivative 5b proved
to be a weak competitive inhibitor for both enzymes (Entry 2,
Table 2). The naphthyl derivative 6 was shown to be a strong

competitive inhibitor of S. coeli-
color dehydroquinase, with a Ki

value of 22 nm, which reflects a
>300-fold enhancement in af-
finity relative to the best previ-
ously reported inhibitor for the
S. coelicolor enzyme, (1R,4R,5R)-
1,5-dihydroxy-4-(o-nitrobenzyl-
oxy)cyclohex-2-en-1-carboxylic
acid (Ki=8 mm).[9] It was not sur-
prising to find that naphthyl de-
rivative 6 did not show such
high affinity for M. tuberculosis
dehydroquinase (Ki=1.2 mm) as
it does for the S. coelicolor
enzyme (Ki=22 nm).

The good inhibition results
obtained with naphthyl deriva-
tive 6 encouraged us to further
study the effect of incorporat-
ing other bicyclic aromatic
rings, including benzofuranyl,
benzothiophenyl, indolyl, ben-
zooxadiazolyl, and benzyltriazol-
yl groups. The newly designed
enol mimics 10–14 are shown
in Figure 5. Similarly to naphthyl
derivative 6, derivatives 10–14
were be expected to inhibit
S. coelicolor dehydroquinase
more strongly than the M. tuber-
culosis enzyme, as there is more
available space in the S. coeli-
color dehydroquinase.

Synthesis of compounds
10–13

Acids 10, 12, and 13 were syn-
thesized in a manner similar to

derivatives 5–6 from vinyl triflate 7 and the corresponding
commercially available boronic acid (Scheme 1). However, the
preparation of compounds 11 required the synthesis of the
aryl boronic esters or acids 19, 21, and 23, which were pre-
pared as outlined in Scheme 2. The desired pinacolboronate
ester 19 was synthesized by a four-step sequence. Firstly, reac-
tion of the sodium phenoxide of 3-bromophenol (15) with bro-
moacetaldehyde dimethyl acetal afforded ether 16 in 93 %
yield. Treatment of 16 with polyphosphoric acid led to an in-
tramolecular Friedel–Crafts cyclization with concomitant aro-
matization to give a chromatographically inseparable mixture
of bromobenzofurans 17a and 17b (52 % overall). Attempts at
the direct boration of bromobenzofurans 17 by metal-cata-
lyzed methods using bis(pinacolato) diboron or pinacolborane
as the boron source gave low yields of the desired boronic
esters. Finally, boration of bromobenzofurans 17 was achieved
by lithium–bromine exchange with nBuLi followed by treat-

Figure 4. a) Docking results of ligand 6 (active site position of the inhibitor 4a (indicated) is also shown). b) Rela-
tive position of ligand 6 to the glycerol and tartrate pockets.

Scheme 1. Reagents and conditions: a) [Pd2ACHTUNGTRENNUNG(dba)3]·CHCl3, CH2Cl2, THF, Et3N,
ArB(OH)2, �78 8C!RT; b) ArB(OR)2, [Pd ACHTUNGTRENNUNG(PPh3)4] , dioxane, K3PO4 (aq), D ;
c) TBAF, THF, 0 8C!RT; d) 1. LiOH, THF, RT, 2. Amberlite IR-120 (H+).
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ment with B ACHTUNGTRENNUNG(OMe)3 and subsequent acid workup. The resulting
benzofuran boronic acids could be used in the Suzuki cross-
coupling reaction. However, product purification of both re-
gioisomers proved to be difficult. In an effort to avoid this
problem, conversion of crude boronic acids into the corre-
sponding pinacolboronate esters 18 and 19 was carried out by
treatment with pinacol at reflux to afford a chromatographical-
ly separable mixture of regioisomeric benzofuranyl pinacolbor-
onate esters 18 (25 %) and 19 (24 %).

Benzothiophenyl boronate ester 21 was prepared from 6-
bromobenzothiophene 20[10] by direct boration using bis(pina-
colato) diboron and [Pd ACHTUNGTRENNUNG(PPh3)2Cl2] catalyst in the presence of
aqueous K2CO3 in dioxane. 1H-Indol-6-yl boronic acid (23) was
synthesized by treatment of the potassium amide of 6-bro-

moindole (22) with tBuLi followed by treatment with B ACHTUNGTRENNUNG(OMe)3

and subsequent acid hydrolysis.[11]

Synthesis of compound 14

The benzyltriazole moiety in 14 was introduced by a copper(I)-
catalyzed 1,3-dipolar cycloaddition between benzylazide and
vinyl alkyne 25, which was synthesized from vinyl triflate 7 by
a Sonogashira cross-coupling reaction with trimethylsilylacety-
lene (Scheme 3). The latter reaction was performed in THF in
the presence of piperidine, a catalytic amount of copper
iodide, and a [Pd ACHTUNGTRENNUNG(PPh3)4] catalyst to give an excellent yield of
the protected alkyne 24. Deprotection of the TBS and TMS
groups with TBAF afforded terminal alkyne 25 in 92 % yield.
Copper(I)-catalyzed cycloaddition between benzyl azide and
alkyne 25, under typical click Sharpless conditions,[12, 13] afford-
ed benzyl triazole 26 in 88 % yield regiospecifically. The regio-
chemistry of the 1,3-dipolar cycloaddition was confirmed by
NOE experiments. It was found that irradiation of H5’ in 26 en-
hanced the methylene protons of the benzyl group (3.7 %) and
H2 (2.1 %). Finally, basic hydrolysis of lactone 26 followed by
treatment with Amberlite IR-120 (H+) ion-exchange resin gave
the desired acid 14 in excellent yield.

Inhibition assay results with acids 10–14

The new enol mimics 10–14 were tested for their inhibition ac-
tivity against M. tuberculosis and S. coelicolor type II dehydro-
quinases. Acids 10–14 proved to be competitive inhibitors of
both enzymes, all of which are more potent against the S. coe-
licolor than the M. tuberculosis enzyme (Table 3). Four of the

Table 2. Inhibition results for compounds 5 and 6 in assays with M. tuber-
culosis and S. coelicolor type II dehydroquinases.

Entry Compd R Ki [mm]
M. tuberculosis[a] S. coelicolor[b]

1 5a 6.5�0.6 0.34�0.03

2 5b 109�9 26.4�0.2

3 6 1.2�0.1 0.022�0.002

[a] Assay conditions: Tris-HOAc (50 mm, pH 8.2), 25 8C. [b] Assay condi-
tions: Tris-HCl (50 mm, pH 7.0), 25 8C.

Figure 5. Newly designed inhibitors 10–14.

Scheme 2. Reagents and conditions: a) 1. NaH, 15-crown-5, DMF, 2. BrCH2CH-
ACHTUNGTRENNUNG(OMe)2, 130 8C (93 %); b) polyphosphoric acid, toluene, D (52 %); c) 1. nBuLi,
Et2O, �78 8C!�30 8C, 2. BACHTUNGTRENNUNG(OMe)3, �78 8C!RT, 3. HCl (dil), 4. pinacol, CH2Cl2,
D (49 %); d) [Pd ACHTUNGTRENNUNG(PPh3)2Cl2] , PPh3, bis(pinacolato) diboron, K2CO3, dioxane,
80 8C (45 %); e) 1. KH, THF, 0 8C, 2. tBuLi, �78 8C!RT, 3. BACHTUNGTRENNUNG(OBu)3, �78 8C,
4. H+ (56 %).
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acids 10–14 have inhibition constants against S. coelicolor de-
hydroquinase in the low nanomolar range (5-benzothiophenyl
10b, Ki=12 nm ; 6-benzofuranyl 11a, Ki=26 nm ; 6-benzothio-
phenyl 11b, Ki=4 nm ; and benzyltriazolyl 14, Ki=30 nm). The
6-benzothiophenyl derivative 11b (Entry 4, Table 3) was found
to be the most potent analogue with a low Ki value of 4 nm,

which represents a 2000-fold enhancement in affinity for the
S. coelicolor enzyme over the best previously reported inhibitor,
(1R,4R,5R)-1,5-dihydroxy-4-(o-nitrobenzyloxy)cyclohex-2-en-1-
carboxylic acid (Ki=8 mm).[9] Benzothiophenyl derivatives were
found to be about 7-fold more potent than the corresponding
benzofuranyl compounds (Entries 2 and 4 versus 1 and 3,
Table 3), with regioisomers at position 6 being over 3-fold
more potent than the corresponding 5-position regioisomers
(Entries 3 and 4 versus 1 and 2, Table 3). In contrast, the benzo-
ACHTUNGTRENNUNG[1,2,5]oxadiazole derivative 12 showed a marked decrease in
affinity among the bicyclic enol mimics (Ki=2.2 mm).

As expected, bicyclic derivatives 10–14 do not show such
high affinity for M. tuberculosis dehydroquinase as they do for
the S. coelicolor enzyme. 6-Benzofuranyl 11a and 6-benzothio-
phenyl 11b derivatives proved to be the most potent inhibi-
tors of the bicyclic series against the M. tuberculosis enzyme,
with inhibition constants below 1 mm. Moreover, with the ex-
ception of 3-benzothiophenyl derivative 13 and 6-indolyl deriv-
ative 11c, no significant differences were found among the
other bicyclic derivatives, which showed affinities between 2
and 4 mm.

Antibacterial activity of acids 1, 5, 6, and 10–14 against
M. tuberculosis are currently being carried out through the Tu-
berculosis Antimicrobial Acquisition and Coordination Facility
(TAACF: NIH, NIAID 2056).

Molecular modelling studies with ligands 10–14

The GOLD-predicted binding of ligands 10–13 in the active
site of S. coelicolor dehydroquinase shows, similarly to naphthyl
derivative 6, that the aromatic rings are located between glyc-
erol and tartrate molecules, close to the essential Arg 23 and
residues Thr 96 and Asn 95 of the neighbouring subunit
(Figure 6). In this conformation, p-stacking interactions (edge-
on or T-shaped geometry) with Tyr 28 can be established as
well as lipophilic interactions between the ring B hydrogen
atoms of bicyclic moieties and the side chain of Leu 17 and the
methylene group of Asn 16 (Figure 6). These edge-on stacking
interactions[14–16] with Tyr 28 should be stronger with p-elec-
tron-deficient rings such as benzothiophene or benzofuran,
and this could explain the stronger inhibitory potency ob-
served with benzothiophenyl derivative 11a and benzofuranyl
derivative 11b in comparison with the indolyl derivative 11c.
In addition, certain differences in the position and orientation
of the aromatic ring moieties of ligands 10–13 can be identi-
fied. Particularly, 5-benzo derivatives 10 docked with their het-
erocyclic heteroatom (O, S) pointing toward Arg 23 (see Sup-
porting Information, Figure S2), whereas in the 6-regioisomers
11, the corresponding heterocyclic heteroatom (O, S, N) is ori-
ented toward the plane between arginines 113 and 117 (see
Supporting Information, Figure S2), a situation that places both

Scheme 3. Reagents and conditions: a) [Pd ACHTUNGTRENNUNG(PPh3)4] , CuI, TMSC�CH, piperi-
dine, THF, 40 8C (96 %); b) TBAF, THF, 0 8C!RT (92 %); c) BnN3, sodium ascor-
bate, tBuOH/H2O, CuSO4, RT (88 %); d) 1. LiOH, THF, RT, 2. Amberlite IR-120
(H+) (97 %).

Table 3. Inhibition results for compounds 10–14 in assays with M. tuber-
culosis and S. coelicolor type II dehydroquinases.

Entry Compd R Ki [mm]
M. tuberculosis[a] S. coelicolor[b]

1 10a 2.0�0.1 0.094�0.009

2 10b 2.85�0.20 0.012�0.001

3 11a 0.97�0.10 0.026�0.002

4 11b 0.85�0.08 0.004�0.0004

5 11c >300 0.30�0.02

6 12 1.95�0.19 2.2�0.2

7 13 13.2�1.3 0.13�0.01

8 14 3.75�0.36 0.030�0.003

[a] Assay conditions: Tris-HOAc (50 mm, pH 8.2), 25 8C. [b] Assay condi-
tions: Tris-HCl (50 mm, pH 7.0), 25 8C.
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5-membered ring hydrogen atoms close to the Thr 96 methyl
group of the neighbouring subunit (see Supporting Informa-
tion, Figure S2). These opposite orientations might explain the
>3-fold increase in affinity observed between 5- and 6-posi-
tion regioisomers.

On the other hand, the predicted binding for the potent
benzyltriazole analogue 14 puts the benzyl group in the
pocket that had previously been
occupied by the glycerol mole-
cule in the crystal structure; in
this conformation it is possible
to have p-stacking interactions
with Tyr 28, electrostatic interac-
tions with Arg 23, and lipophilic
interactions with the side chain
of leucines 19 and 20 (Figure 7).
Furthermore, the methylene
unit of the benzyl group and hy-
drogen H5’ of the triazole group
are also in close proximity to
the methylene unit of Asn 16
and the Leu 17 side chain, re-
spectively.

Docking studies were also car-
ried out with M. tuberculosis de-
hydroquinase. However, impor-
tant differences in the position
of the aromatic ring were ob-
tained depending on the

enzyme–inhibitor co-crystal
structure employed for docking.
This fact is probably due to the
lack of some important residues
(Tyr 24 in 1H0S[17] and Arg 19 in
1H0R[18]) in the available crystal
structures. Structural studies of
the enzyme–inhibitor com-
plexes with both enzymes are
needed to identify, especially
for the M. tuberculosis enzyme,
the binding interactions of the
aromatic rings incorporated into
the core of the known inhibitor
4a. Furthermore, preliminary
fluorescence studies with S. coe-
licolor dehydroquinase indicate
the presence of a fluorescence
complex formed between the
protein and the bicyclic deriva-
tives reported herein.[19] These
studies should provide some in-
sight about the suggested key
p-stacking binding interaction
between the aromatic rings of
the ligands and the essential ty-
rosine residue.

Conclusions

The relative inhibitory potency of the three positional isomers
of nitrophenyl derivative 1 against M. tuberculosis and S. coeli-
color dehydroquinase has been studied. These studies show
that para-nitrophenyl derivative 5a is almost 20-fold more
potent a competitive inhibitor against the S. coelicolor enzyme

Figure 6. Relevant binding interactions of bicyclic moieties of ligands 6, 11, and 10.

Figure 7. GOLD-predicted binding of ligand 14 ; relevant residues and glycerol binding pocket (space-filling) are
indicated.
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than the M. tuberculosis isoform. Docking studies with S. coeli-
color dehydroquinase using GOLD 3.0.1 suggest a key electro-
static binding interaction between Arg 23, a residue identified
as essential for enzyme activity, and the aromatic rings and
nitro group of compound 5a. The opposite results were ob-
tained with the meta isomer 1d that is >120-fold more potent
against the M. tuberculosis enzyme than the S. coelicolor iso-
form. The ortho isomer 5b was found to be a weak competi-
tive inhibitor against both dehydroquinases.

The incorporation of diverse bulky aryl groups in position 3
of the known inhibitor 2,3-anhydroquinic acid (4a) has resulted
in the discovery of new potent competitive inhibitors against
S. coelicolor dehydroquinase. Indeed, five of the analogues re-
ported herein have affinities in the low nanomolar range (4–
30 nm). The bicyclic derivatives 6 and 10–14 are also competi-
tive inhibitors of the M. tuberculosis enzyme, but with lower
binding affinities. With the exception of two of them, they all
bind within the low micromolar range.

The most potent inhibitor of the S. coelicolor enzyme, 6-ben-
zothiophenyl derivative 11b, has a Ki value of 4 nm, which is
over 2000-fold more potent than the best previously reported
inhibitor, (1R,4R,5R)-1,5-dihydroxy-4-(2-nitrophenyl)cyclohex-2-
en-1-carboxylic acid (Ki=8 mm),[9] making it so far the most
potent inhibitor known against any dehydroquinase. Docking
studies using GOLD 3.0.1 predict that the bicyclic moieties of
the inhibitors occupy the glycerol or tartrate binding pockets
present in the active site of the S. coelicolor enzyme crystal
structure, and suggest a key p-stacking binding interaction be-
tween the aromatic rings of the ligands and the essential
Tyr 28, a residue that has been identified to act as the base in
the enzymatic mechanism.[8]

Experimental Section

General methods. All starting materials and reagents were com-
mercially available and used without further purification. FTIR spec-
tra were recorded as NaCl plates or KBr discs. [a]D values are given
in 10�1 deg cm2 g�1. 1H NMR spectra (250, 300, and 500 MHz) and
13C NMR spectra (63, 75, and 100 MHz) were measured in deuterat-
ed solvents. J values are given in hertz. NMR assignments made
them by a combination of 1D, COSY, and DEPT-135 experiments.
All procedures involving the use of ion-exchange resins were car-
ried out at room temperature and used Milli-Q deionised water.
Amberlite IR-120 (H+) (cation-exchange resin) was washed alter-
nately with water, 10 % NaOH, water, 10 % HCl, and finally water
before use. The purity of carboxylic acids was analysed by HPLC
and NMR. HPLC was performed on a preparative (300 mm N
16 mm) Bio-Rad Aminex ion-exclusion HPX-87H organic acids
column and Teknokroma Mediterranea Sea18 reversed-phase
(5 mm; 25 N 0.46 mm2). The eluent used for these columns was
aqueous formic acid (100 mm) and aqueous TFA (0.1 %) at a flow
rate of 0.6 and 1 mL min�1, respectively.

Dehydroquinase assays. S. coelicolor and M. tuberculosis type II de-
hydroquinases were purified as described previously.[20, 21] A con-
centrated solution of S. coelicolor enzyme (5 mg mL�1) was stored
in Tris-HCl (20 mm, pH 7.5) and DTT (0.5 mm) ; M. tuberculosis dehy-
droquinase (0.7 mg mL�1) was stored in potassium phosphate
buffer (50 mm, pH 7.2), DTT (1 mm), and NaCl (150 mm). When re-
quired for assays, aliquots of the enzyme stocks were diluted in

water and buffer and stored on ice. Dehydroquinase was assayed
in the forward direction by monitoring the increase in absorbance
at l=234 nm that results from the absorbance of the enone–car-
boxylate chromophore of 3-dehydroshikimic acid (e=
12 000 m

�1 cm�1). Standard assay conditions for type II dehydroqui-
nase were Tris-HCl (50 mm, pH 7.0) at 25 8C for S. coelicolor dehy-
droquinase, and Tris-HOAc (50 mm, pH 8.2) at 25 8C for M. tubercu-
losis dehydroquinase. Each assay was initiated by the addition of
substrate. Solutions of 3-dehydroquinic acid were calibrated by
equilibration with type II dehydroquinase and measurement of the
change in absorbance at l=234 nm that arises from the formation
of the enone–carboxylate chromophore of 3-dehydroshikimic acid.

Docking. The receptor and ligands were used as MOL2 files.
Energy minimisation was not performed on the enzymes. All li-
gands, as their carboxylate anions, were prepared using Gaussian
98W[22] and energy minimised using AM1. Each ligand was docked
using GOLD 3.0.1[6, 7] in 25 independent genetic algorithm (GA)
runs, and for each of these a maximum of 100 000 GA operations
were performed on a single population of 50 individuals. Operator
weights for crossover, mutation, and migration in the entry box
were used as default parameters (95, 95, and 10, respectively), as
well as the hydrogen bonding (4.0 P) and van der Waals (2.5 P) pa-
rameters. The position of the active site was introduced, and the
radius was set to 15 P with the automatic active-site detection on.
The “flip ring corners” flag was switched on, while all the other
flags were off. The GoldScore scoring function was used. The crys-
tal structures of the anhydro inhibitor 4a bound to the active site
of the M. tuberculosis enzyme (PDB ID: 1H0R[11]) and S. coelicolor de-
hydroquinase (PDB ID: 1GU1[8]) were used.

General procedure of Suzuki coupling. Procedure A. Boronic acid
(2 equiv, 0.15m) in dry THF and dry triethylamine (3 equiv) were
added to a stirred solution of the vinyl triflate 7[3] (1 equiv) and
[Pd2ACHTUNGTRENNUNG(dba)3]·CHCl3 (0.075 equiv) in dry CH2Cl2 under an inert atmos-
phere at �78 8C. The dry ice bath was removed, and after 1 h at
room temperature, more boronic acid (1–1.5 equiv) in dry THF was
added to the reaction mixture cooled at �78 8C. The reaction mix-
ture was stirred at room temperature between 14–16 h. The sol-
vents were removed under reduced pressure, and the crude resi-
due was purified by flash chromatography.

Procedure B. [Pd ACHTUNGTRENNUNG(PPh3)4] (0.025 equiv), the boronic ester (1.1–
2.2 equiv), and an aqueous solution of K3PO4 (1.5 equiv, 0.9m) were
added to a stirred solution of the vinyl triflate 7[3] (1 equiv) in diox-
ane. The resulting reaction mixture was heated at reflux for 2 h,
unless otherwise indicated. After cooling to room temperature, di-
ethyl ether and water were added, and the organic layer was sepa-
rated. The aqueous phase was extracted with diethyl ether (2 N ).
The combined organic extracts were dried (Na2SO4), filtered, and
concentrated under reduced pressure. The crude reaction was puri-
fied by flash chromatography.

ACHTUNGTRENNUNG(1R,4R,5R)-1,4-Di(tert-butyldimethylsilyloxy)-3-(4-nitrophenyl)cyclohex-
2-en-1,5-carbolactone (8a): Procedure B. Vinyl triflate 7 (50 mg,
0.09 mmol), [Pd ACHTUNGTRENNUNG(PPh3)4] (7 mg, 4.7 mmol), dioxane (0.7 mL), 4-nitro-
phenylboronic acid pinacol ester (70 mg, 0.28 mmol), K3PO4

(0.2 mL); 22 h. Chromatographic eluent: CH2Cl2/hexanes (30 %). 8a
(37 mg, 78 %). Yellow oil. [a]20

D =�1898 (c=1.2 in CHCl3) ; 1H NMR
(250 MHz, CDCl3, 25 8C): d=�0.20 (s, 3 H; CH3), 0.08 (s, 3 H; CH3),
0.19 (s, 3 H; CH3), 0.22 (s, 3 H; CH3), 0.73 (s, 9 H; C ACHTUNGTRENNUNG(CH3)3), 0.95 (s,
9 H; C ACHTUNGTRENNUNG(CH3)3), 2.46 (m, 2 H; CH2), 4.64 (m, 2 H; 2 N CH), 6.20 (d, J=
1.3 Hz, 1 H; CH), 7.46 (br d, J=9.0 Hz, 2 H; ArH), 8.21 ppm (br d, J=
9.0 Hz, 2 H; ArH); 13C NMR (63 MHz, CDCl3, 25 8C): d=�5.0, �4.5,
�3.1, �3.0, 17.8, 18.0, 25.4 (3 N ), 25.6 (3 N ), 36.2, 67.1, 74.9, 75.7,
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123.6 (2 N ), 128.0 (2 N ), 136.0, 137.7, 144.4, 147.5, 174.9 ppm; IR
(film): ñ=1798 cm�1 (C=O); MS (ESI) m/z : 528 [M+Na+] ; HRMS (ESI)
m/z : calcd for C25H39O6Si2NNa [M+Na+]: 528.2208, found: 528.2215.

ACHTUNGTRENNUNG(1R,4R,5R)-1,4-Di(tert-butyldimethylsilyloxy)-3-(2-nitrophenyl)cyclohex-
2-en-1,5-carbolactone (8b): Procedure A. Vinyl triflate 7 (250 mg,
0.47 mmol), [Pd2ACHTUNGTRENNUNG(dba)3]·CHCl3 (36 mg, 35 mmol), CH2Cl2 (2 mL), 2-ni-
trobenzeneboronic acid (197 mg, 1.18 mmol), THF (7.9 mL), triethyl-
amine (0.2 mL, 1.41 mmol). After 1 h, a solution of 2-nitrobenzene-
boronic acid (119 mg, 0.71 mmol) in dry THF (3.1 mL) was added.
The resultant mixture was heated at 80 8C for 24 h. Chromato-
graphic eluent: CH2Cl2/hexanes [18) 30 %, 28) 40 %]. 8b (199 mg,
84 %). Yellow oil. [a]20

D =�1718 (c=1.2 in CHCl3) ; 1H NMR (250 MHz,
CDCl3, 25 8C): d=�0.52 (s, 3 H; CH3), �0.09 (s, 3 H; CH3), 0.17 (s,
3 H; CH3), 0.19 (s, 3 H; CH3), 0.75 (s, 9 H; CACHTUNGTRENNUNG(CH3)3), 0.91 (s, 9 H; C-
ACHTUNGTRENNUNG(CH3)3), 2.43 (ddd, J=10.8 Hz, J’=5.5 Hz, J’’=1.8 Hz, 1 H; CHH), 2.53
(d, J=10.8 Hz, 1 H; CHH), 4.41 (d, J=3.5 Hz, 1 H; CH), 4.56 (dd, J=
5.5 Hz, J’=3.5 Hz, 1 H; CH), 5.89 (d, J=1.8 Hz, 1 H; CH), 7.32 (dd,
J=7.5 Hz, J’=1.5 Hz, 1 H; ArH), 7.49 (dt, J=9.0 Hz, J’=1.5 Hz, 1 H;
ArH), 7.60 (dt,=9.0 Hz, J’=1.3 Hz, 1 H; ArH), 8.02 ppm (dd, J=
8.3 Hz, J’=1.3 Hz, 1 H; ArH); 13C NMR (63 MHz, CDCl3, 25 8C): d=
�5.8, �5.3, �3.1 (2 N ), 17.7, 18.0, 25.5 (3 N ), 25.6 (3 N ), 36.9, 68.0,
74.8, 75.9, 124.4, 129.0, 132.7, 132.8, 133.1, 134.4, 136.7, 148.0,
174.8 ppm; IR (film): ñ=1802 cm�1 (C=O); MS (ESI) m/z : 506
[M+H+] ; HRMS (ESI) m/z : calcd for C25H40O6Si2N [M+H+]: 506.2389,
found 506.2381.

ACHTUNGTRENNUNG(1R,4R,5R)-1,4-Di(tert-butyldimethylsilyloxy)-3-(naphth-2-yl)cyclohex-2-
en-1,5-carbolactone (8c): Procedure A. Vinyl triflate 7 (50 mg,
0.09 mmol), [Pd2ACHTUNGTRENNUNG(dba)3]·CHCl3 (7.3 mg, 7.0 mmol), CH2Cl2 (0.4 mL), 2-
naphthyl boronic acid (33 mg, 0.19 mmol), THF (1.3 mL), triethyla-
mine (40 mL, 0.29 mmol). After 1 h, a solution of 2-naftaleneboronic
acid (17 mg, 0.09 mmol) in dry THF (0.4 mL) was added; 16 h. Chro-
matographic eluent: CH2Cl2/hexanes [18) 20 %, 28) 30 %]. 8c
(47 mg, 98 %). Yellow oil. [a]20

D =�1488 (c=1.1 in CHCl3) ; 1H NMR
(250 MHz, CDCl3, 25 8C): d=�0.27 (s, 3 H; CH3), 0.09 (s, 3 H; CH3),
0.23 (s, 3 H; CH3), 0.25 (s, 3 H; CH3), 0.73 (s, 9 H; C ACHTUNGTRENNUNG(CH3)3), 0.98 (s,
9 H; C ACHTUNGTRENNUNG(CH3)3), 2.45 (ddd, J=10.5 Hz, J’=5.6 Hz, J’’=1.8 Hz, 1 H;
CHH), 2.56 (d, J=10.5 Hz, 1 H; CHH), 4.67 (dd, J=3.5 Hz, J’=5.6 Hz,
1 H; CH), 4.77 (d, J=3.5 Hz, 1 H; CH), 6.21 (d, J=1.8 Hz, 1 H; CH),
7.45 (m, 3 H; 3 N ArH), 7.79 ppm (m, 4 H; 4 N ArH); 13C NMR (63 MHz,
CDCl3, 25 8C): d=�4.9, �4.6, �3.0, �2.9, 17.8, 18.1, 25.5 (3 N ), 25.6
(3 N ), 36.6, 67.3, 75.0, 76.0, 124.9, 126.1, 126.1, 126.3, 127.6, 127.9,
128.0, 132.9, 133.0, 133.4, 135.1, 139.1, 175.6 ppm; IR (film): ñ=
1802 cm�1 (C=O); MS (ESI) m/z : 533 [M+Na+] ; HRMS (ESI) m/z :
calcd for C29H42O4Si2Na [M+Na+]: 533.2514, found 533.2519.

General procedure of TBS deprotection : Tetrabutylammonium
fluoride (TBAF, 2.2–2.6 equiv, �1.0m in THF) was added to a stirred
solution of the silylether 8 (1 equiv) in dry THF (75 mm) under
argon at 0 8C. After stirring for 30 min, dilute HCl was added, and
the organic layer was extracted with ethyl acetate (3 N ). The com-
bined organic extracts were dried (Na2SO4), filtered, and concen-
trated under reduced pressure. The crude reaction was purified by
flash chromatography.

ACHTUNGTRENNUNG(1R,4R,5R)-1,4-Dihydroxy-3-(4-nitrophenyl)cyclohex-2-en-1,5-carbolac-
tone (9a): Silylether 8a (141 mg, 0.28 mmol), tetrabutylammonium
fluoride (0.73 mL, 0.73 mmol), and THF (4 mL). Chromatographic
eluent: ethyl acetate/hexanes (60 %). 9a (71 mg, 93 %). Beige amor-
phous solid; mp: 161–165 8C; [a]20

D =�2598 (c=1.1 in MeOH);
1H NMR (250 MHz, CD3OD, 25 8C): d=2.42 (m, 2 H; CH2), 4.71 (d, J=
3.3 Hz, 1 H; CH), 4.75 (dd, J=5.9 Hz, J’=3.3 Hz, 1 H; CH), 6.53 (s,
1 H; CH), 7.74 (d, J=9.0 Hz, 2 H; 2 N ArH), 8.17 ppm (d, J=9.0 Hz,
2 H; ArH); 13C NMR (63 MHz, CD3OD, 25 8C): d=36.7, 66.3, 74.5,

77.9, 124.7 (2 N ), 128.5 (2 N ), 135.6, 138.2, 144.8, 148.8, 178.0 ppm;
IR (KBr): ñ=3508 (O�H), 3479 (O�H), 1779 cm�1 (C=O); MS (ESI)
m/z : 300 [M+Na+] ; HRMS (ESI) m/z : calcd for C13H11O6NNa [M+Na+

]: 300.0479, found 300.0481.

ACHTUNGTRENNUNG(1R,4R,5R)-1,4-dihydroxy-3-(2-nitrophenyl)cyclohex-2-en-1,3-carbolac-
tone (9b): Silylether 8b (198 mg, 0.39 mmol), tetrabutylammonium
fluoride (1 mL, 1.01 mmol), and THF (5.6 mL). Chromatographic
eluent: ethyl acetate/hexanes (60 %). 9b (105 mg, 97 %). Yellow oil.
[a]20

D =�1678 (c=1.0 in CH3OH); 1H NMR (250 MHz, CD3OD, 25 8C):
d=2.46 (m, 2 H; CH2), 4.35 (d, J=3.3 Hz, 1 H; CH), 4.72 (ddd, J=
4.8 Hz, J’=3.3 Hz, J’’=1.3 Hz, 1 H; CH), 5.91 (d, J=1.3 Hz, 1 H; CH),
7.48 (dd, J=7.5 Hz, J’=1.5 Hz, 1 H; ArH), 7.56 (dt, J=8.8 Hz, J’=
1.5 Hz, 1 H; ArH), 7.69 (dt, J=8.8 Hz, J’=1.3 Hz, 1 H; ArH), 7.99 ppm
(dd, J=8.3 Hz, J’=1.3 Hz, 1 H; ArH); 13C NMR (63 MHz, CD3OD,
25 8C): d=37.2, 67.9, 74.2, 78.0, 125.3, 130.3, 133.7, 134.0, 134.3,
134.3, 138.9, 149.7, 178.2 ppm; IR (film): ñ=3426 (O�H), 1779 cm�1

(C=O); MS (ESI) m/z : 300 [M+Na+] ; HRMS (ESI) m/z : calcd for
C13H11O6NNa [M+Na+]: 300.0479, found 300.0477.

ACHTUNGTRENNUNG(1R,4R,5R)-1,4-Dihydroxy-3-(naphth-2-yl)cyclohex-2-en-1,5-carbolac-
tone (9c): Silylether 8c (210 mg, 0.41 mmol), tetrabutylammonium
fluoride (1.1 mL, 1.07 mmol), and THF (5.9 mL). Chromatographic
eluent: ethyl acetate/hexanes (60 %). 9c (111 mg, 95 %). Beige
amorphous solid; mp: 175–176 8C; [a]20

D =�2318 (c=1.2 in MeOH);
1H NMR (250 MHz, CD3OD, 25 8C): d=2.74 (m, 2 H; CH2), 5.09 (m,
2 H; 2 N CH), 6.76 (s, 1 H; CH), 7.70 (m, 2 H, 2 N ArH), 7.88 (d, J=
8.5 Hz, 1 H; ArH), 8.06 (m, 3 H; 3 N ArH), 8.26 ppm (s, 1 H; ArH);
1H NMR (63 MHz, CD3OD, 25 8C): d=37.0, 66.4, 74.5, 78.1, 124.9,
126.6, 127.4 (2 N ), 128.6, 129.1, 129.4, 132.3, 134.6, 134.8, 135.3,
139.5, 178.6 ppm; IR (KBr): ñ=3432 (O�H), 3305 (O�H), 1754 cm�1

(C=O); MS (ESI) m/z : 305 [M+Na+] ; HRMS (ESI) m/z : calcd for
C17H14O4Na [M+Na+]: 305.0784, found 305.0795.

General procedure of lactone hydrolysis : A solution of the lac-
tone 9 (1 equiv, 0.1m) in THF and aqueous lithium hydroxide
(2.5 equiv, 0.5m) was stirred at room temperature for 30 min.
Water was added, and the THF was removed under reduced pres-
sure. The resultant aqueous solution was washed with diethyl
ether (2 N ). The aqueous extract was treated with Amberlite IR-120
until pH 6 was reached. The resin was filtered and washed with
water. The filtrate and the washings were lyophilised.

ACHTUNGTRENNUNG(1R,4R,5R)-1,4,5-Trihydroxy-3-(4-nitrophenyl)cyclohex-2-en-1-carboxylic
acid (5a): Lactone 9a (71 mg, 0.26 mmol), THF (2.4 mL) and LiOH
(aq, 1.3 mL). 5a (76 mg, 99 %). Orange amorphous solid; mp: 110–
115 8C; [a]20

D =�1168 (c=1.0, in MeOH); 1H NMR (250 MHz, D2O,
25 8C): d=2.18 (m, 2 H; CH2), 4.02 (m, 1 H; CH), 4.57 (dd, J=7.5 Hz,
J’=1.3 Hz, 1 H; CH), 5.96 (s, 1 H; CH), 7.45 (d, J=8.8 Hz, 2 H; 2 N
ArH), 8.06 ppm (d, J=8.8 Hz, 2 H; 2 N ArH); 13C NMR (63 MHz, D2O,
25 8C): d=38.3, 69.6, 71.8, 73.0, 123.7 (2 N ), 128.2 (3 N ), 142.7,
145.2, 147.0, 177.5 ppm; IR (KBr): ñ=3389 (O�H), 1727 cm�1 (C=O);
MS (ESI) m/z=318 [M+Na+] ; HRMS (ESI) m/z : calcd for
C13H13O7NNa [M+Na+]: 318.0584, found 318.0577; Anal. for
C13H13O7N·1/2 H2O: calcd C 51.32, H 4.64, N 4.60; found C 51.54, H
4.48, N 4.24.

ACHTUNGTRENNUNG(1R,4R,5R)-1,3,4-Trihydroxy-3-(2-nitrophenyl)cyclohex-2-en-1-carboxylic
acid (5b): Lactone 9b (101 mg, 0.36 mmol), THF (3.3 mL) and LiOH
(aq, 1.8 mL). 5b (105 mg, 99 %). Orange amorphous solid. [a]20

D =
+7.78 (c=1.1, in H2O); 1H NMR (250 MHz, D2O, 25 8C): d=2.21 (m,
2 H; CH2), 4.00 (ddd, J=8.3 Hz, J’=12.6 Hz, J’’=4.5 Hz, 1 H; CH),
4.36 (dd, J=8.3 Hz, J’=1.8 Hz, 1 H; CH), 5.61 (s, 1 H; CH), 7.35 (d,
J=7.3 Hz, 1 H; ArH), 7.49 (t, J=7.3 Hz, 1 H; ArH), 7.64 (t, J=7.3 Hz,
1 H; ArH), 7.94 ppm (d, 1 H, J=8.0; ArH); 13C NMR (63 MHz, D2O,
25 8C): d=39.3, 69.3, 73.4, 73.6, 124.7, 126.6, 129.5, 132.3, 133.4,
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134.2, 143.1, 148.2, 177.6 ppm; IR (KBr): ñ=3399 (O�H), 1726 cm�1

(C=O); MS (ESI) m/z : 318 [M+Na+] ; HRMS (ESI) m/z : calcd for
C13H13O7NNa [M+Na+]: 318.0584, found 318.0599.

ACHTUNGTRENNUNG(1R,4R,5R)-1,4,5-Trihydroxy-3-(naphth-2-yl)cyclohex-2-en-1-carboxylic
acid (6): Lactone 9c (102 mg, 0.36 mmol), THF (3.3 mL) and LiOH
(aq, 1.8 mL). 6 (95 mg, 89 %). White amorphous solid; mp: 138–
139 8C; [a]20

D =�308 (c=1.1 in MeOH); 1H NMR (300 MHz, CD3OD,
25 8C): d=2.18 (m, 2 H; CH2), 4.05 (m, 1 H; CH), 4.35 (d, J=6.3 Hz,
1 H; CH), 5.98 (s, 1 H; CH), 7.36 (m, 2 H; 2 N ArH), 7.51 (dd, J=8.4 Hz,
J’=1.5 Hz, 1 H; ArH), 7.74 (m, 3 H; 3 N ArH), 7.85 ppm (s, 1 H; ArH);
13C NMR (75 MHz, CD3OD, 25 8C): d=39.4, 71.4, 73.2, 74.0, 126.4,
127.0, 127.1 (2 N ), 128.2, 128.5, 128.6, 129.2, 134.4, 134.8, 137.8,
144.3, 178.2 ppm; IR (KBr): ñ=3418 (O�H), 3365 (O�H), 1716 cm�1

(C=O); MS (CI) m/z : 283 [M+H+-H2O]; HRMS (CI) m/z : calcd for
C17H15O4 [M+H+-H2O]: 283.0965, found 283.0960; Anal. for
C17H16O5·3/4H2O: calcd C 65.06, H 5.62; found C 65.43, H 5.32.

1-(2,2-Dimethoxyethoxy)-3-bromobenzene (16): 3-Bromophenol (15)
(10 g, 57.80 mmol) was added to a suspension of NaH (3.47 g,
86.70 mmol, �60 % in mineral oil) in anhydrous DMF (45.0 mL) at
0 8C. After hydrogen evolution had ceased, crown ether 15-crown-5
(1.0 mL, 5.03 mmol) and bromoacetaldehyde dimethyl acetal
(12.3 mL, 0.10 mol) were added. The reaction mixture was heated
at 130 8C for 16 h. The mixture was allowed to warm to room tem-
perature, and water and diethyl ether were added. The organic
layer was separated, and the aqueous layer was extracted twice
with diethyl ether. All the combined organic layers were dried
(Na2SO4), filtered, and evaporated. The residue was purified by
flash chromatography, eluting with 10 % diethyl ether/hexanes to
afford acetal 15 (14 g, 93 %) as a colourless oil. 1H NMR (250 MHz,
CDCl3, 25 8C): d=3.44 (s, 6 H; 2 N CH3), 3.98 (d, J=5 Hz, 2 H; CH2),
4.69 (m, 1 H; CH), 6.85 (m, 1 H; ArH), 7.17–7.08 ppm (m, 3 H; ArH);
13C NMR (63 MHz, CDCl3, 25 8C): d=54.1 (2 N ), 67.7, 101.9, 113.5,
117.9, 122.7, 124.2, 130.5, 159.2 ppm; MS (CI) m/z : 261, 263
[M+H+] ; HRMS (CI) m/z : calcd for C10H14O3

79Br [M+H+]: 261.0126,
found 261.0130.

Cyclization of acetal 16 : Polyphosphoric acid (8.6 g, 38.30 mmol)
was added to a solution of acetal 16 (10 g, 38.30 mmol) in toluene
(96.0 mL). The reaction mixture was stirred vigorously while being
heated at reflux for 3 h. The reaction mixture was cooled to room
temperature and decanted from the polyphosphoric acid. The sol-
vent was evaporated, and the crude mixture was purified by flash
chromatography, eluting with 100 % hexanes to afford a mixture of
6-bromobenzofuran (17a) and 4-bromobenzofuran (17b) (3.5 g,
52 %) as a yellow oils. A small amount of the mixture was separat-
ed and characterised.

6-bromobenzofuran (17a): 1H NMR (250 MHz, CDCl3, 25 8C): d=6.75
(dd, J=2.0 Hz, J’=0.9 Hz, 1 H; ArH), 7.36 (dd, J=8.3 Hz, J’=1.5 Hz,
1 H; ArH), 7.46 (d, J=8.3 Hz, 1 H; ArH), 7.60 (d, J=2.0 Hz, 1 H; ArH),
7.69 ppm (br s, 1 H; ArH); 13C NMR (63 MHz, CDCl3, 25 8C): d=106.4,
114.8, 117.5, 122.0, 126.1, 126.4, 145.4, 155.1 ppm; MS (CI) m/z :
196, 198 [M+H+] ; HRMS (CI) m/z : calcd for C8H6O

81Br [M+H+]:
198.9582, found 198.9580.

4-bromobenzofuran (17b): 1H NMR (250 MHz, CDCl3, 25 8C): d=6.82
(dd, J=2.3 Hz, J’=0.8 Hz, 1 H; ArH), 7.17 (t, J=8.0 Hz, 1 H; ArH),
7.40 (d, J=7.5 Hz, 1 H; ArH), 7.46 (br d, J=8.3 Hz, 1 H; ArH), 7.67 (d,
J=2.3 Hz, 1 H; ArH); 13C NMR (63 MHz, CDCl3, 25 8C): d=106.8,
110.5, 114.2, 125.1, 125.7, 129.0, 145.3, 154.6 ppm; MS (CI) m/z :
196, 198 [M+H+] ; HRMS (CI) m/z : calcd for C8H6O

81Br [M+H+]:
198.9582, found 198.9585.

2-(benzofuran-4-yl)- (18) and 2-(benzofuran-6-yl)-4,4,5,5-tetramethyl-
1,3,2-dioxaborolane (19): nBuLi (2.6 mL, 2.22m) at �78 8C under
inert atmosphere was added to a solution of bromobenzofurans
17 (1.0 g, 5.08 mmol) in dry diethyl ether (101.0 mL). The reaction
was kept at �78 8C for 1 h, slowly warmed to �30 8C, and then
cooled to �78 8C again. BACHTUNGTRENNUNG(OMe)3 (1.1 mL, 10.16 mmol) was added
at �78 8C, and the reaction was stirred overnight and warmed to
room temperature gradually. Aqueous hydrochloric acid was
added, the organic layer was separated, and the aqueous layer was
extracted twice with diethyl ether. All the combined organic layers
were dried (Na2SO4), filtered, and evaporated. Pinacol (0.6 g,
5.08 mmol) was added to the residue of boronic acids in dry di-
chloromethane (51.0 mL), under inert atmosphere and heated at
reflux for 4 h. After removal of the solvent, the crude product was
purified by flash chromatography eluting with dichloromethane/
hexanes [1) 10 %, 2) 15 %] to afford 310 mg of 4-benzofuranyl bor-
onic acid pinacol ester 18 (25 %) and 300 mg of 6-benzofuranyl
boronic acid pinacol ester 19 (24 %), both as a beige solids.

18 : mp: 63–65 8C; 1H NMR (250 MHz, CDCl3, 25 8C): d=1.23 (s, 12 H;
4 N CH3), 7.08 (m, 1 H; ArH), 7.15 (t, J=7.5 Hz, 1 H; ArH), 7.44 (dd,
J=8.3 Hz, J’=0.8 Hz, 1 H; ArH), 7.51 (d, J=2.0 Hz, 1 H; ArH),
7.57 ppm (d, J=7.3 Hz, 1 H; ArH); 13C NMR (63 MHz, CDCl3, 25 8C):
d=24.9 (4 N ), 83.6 (2 N ), 108.4, 114.0, 123.6, 130.1, 132.6, 145.2 (N
2), 154.2 ppm; MS (ESI) m/z : 245 [M+H+] ; HRMS (ESI) m/z : calcd
for C14H18O3B [M+H+]: 245.1349, found 245.1346.

19 : mp: 53–55 8C; 1H NMR (250 MHz, CDCl3, 25 8C): d=1.37 (s, 12 H;
4 N CH3), 6.78 (dd, J=2.3 Hz, J’=1.0 Hz, 1 H; ArH), 7.61 (dd, J=
7.8 Hz, J’=0.8 Hz, 1 H; ArH), 7.67 (d, J=2.3 Hz, 1 H; ArH), 7.70 (dd,
J=7.8 Hz, J’=0.8 Hz, 1 H; ArH), 7.98 ppm (d, J=0.8 Hz, 1 H; ArH);
13C NMR (63 MHz, CDCl3, 25 8C): d=24.8 (4 N ), 83.8 (2 N ), 106.6,
117.6, 120.6, 128.7, 130.2, 146.0 (N 2), 154.7 ppm; MS (ESI) m/z : 245
[M+H+] ; HRMS (ESI) m/z : calcd for C14H18O3B [M+H+]: 245.1349,
found 245.1346.

2-(Benzo[b]thiophene-6-yl)-4,4,5,5-tetramethyl-1,3,2-dioxaborolane
(21): A stirred solution of 6-bromobenzo[b]thiophene (20)[12] (1.0 g,
4.69 mmol), [PdACHTUNGTRENNUNG(PPh3)2Cl2] (99 mg, 0.14 mmol), PPh3 (74 mg,
0.28 mmol), bispinacolato diboron (1.3 g, 5.16 mmol), and anhy-
drous K2CO3 (973 mg, 7.04 mmol) in dry dioxane (28 mL) was
heated at 80 8C for 20 h. After cooling to room temperature the
solvent was removed, and the crude residue was redissolved in di-
ethyl ether. The resulting suspension was filtered over Celite, and
the residue was washed with diethyl ether. The filtrate and wash-
ings were evaporated under reduced pressure to yield a brown
solid which was purified by flash chromatography eluting with
35 % dichloromethane/hexanes to yield 6-benzothiophenyl boronic
ester 21 (544 mg, 45 %) as a yellow solid. 1H NMR (250 MHz, CDCl3,
25 8C): d=1.37 (s, 12 H; 4 N CH3), 7.35 (dd, J=5.5 Hz, J’=1.0 Hz, 1 H;
ArH), 7.52 (d, J=5.5 Hz, 1 H; ArH), 7.77 (dd, J=8.0 Hz, J’=1.0 Hz,
1 H; ArH), 7.83 (dd, J=8.0 Hz, J’=0.75 Hz, 1 H; ArH), 8.37 ppm (br d,
J=0.75 Hz, 1 H; ArH); 13C NMR (63 MHz, CDCl3, 25 8C): d=24.9 (4 N ),
83.9 (2 N ), 122.9, 123.8, 128.2, 129.5, 129.7, 134.7, 139.3, 141.7 ppm;
MS (CI) m/z : 501 [M+H+] .

1H-indol-6-yl boronic acid (23): A solution of 6-bromo-1H-indole
(22) (880 mg, 4.49 mmol) in dry THF (9 mL) was added to a suspen-
sion of potassium hydride (600 mg, 4.49 mmol, �30 % suspension
in mineral oil) in dry THF (9 mL) at 0 8C. After 15 min the resultant
mixture was cooled to �78 8C, and tBuLi (5.3 mL, 1.7m in pentane),
also at �78 8C, was added. A yellow precipitate was immediately
formed, and after 10 min a solution of B ACHTUNGTRENNUNG(OBu)3 (2.4 mL, 9.0 mmol)
in dry THF (2.3 mL) was added. The reaction mixture was allowed
to slowly warm to room temperature, and the suspension was
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poured into ice-cold phosphoric acid (34 mL, 1m). The organic
phase was separated, and the aqueous layer was extracted twice
with diethyl ether. The organic extracts were extracted with NaOH
(1m, 3 N ) and all the combined aqueous layers were acidified with
1m HCl and then extracted with diethyl ether (3 N ). All the com-
bined organic extracts were dried (Na2SO4), filtered, and evaporat-
ed to afford a beige amorphous solid which was recrystallised
from water to afford 6-indolyl boronic acid 23 (402 mg, 56 %) as a
beige solid.

ACHTUNGTRENNUNG(1R,4R,5R)-3-(Benzofuran-5-yl)-1,4-di(tert-butyldimethylsilyloxy)cyclo-
hex-2-en-1,5-carbolactone (8d): Procedure B. Vinyl triflate 7
(250 mg, 0.47 mmol), [Pd ACHTUNGTRENNUNG(PPh3)4] (16 mg, 14.1 mmol), dioxane
(2.4 mL), 5-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)-1-benzofur-
an (173 mg, 0.71 mmol), K3PO4 (aq, 0.9 mL, 0.8m). 3 h. Chromato-
graphic eluent: CH2Cl2/hexanes [1) 30 %, 2) 35 %]. 8d (152 mg,
64 %). Pale-yellow oil. [a]20

D =�1468 (c=1.8 in CHCl3) ; 1H NMR
(250 MHz, CDCl3, 25 8C): d=�0.33 (s, 3 H; CH3), 0.04 (s, 3 H; CH3),
0.21 (s, 3 H; CH3), 0.23 (s, 3 H; CH3), 0.72 (s, 9 H; C ACHTUNGTRENNUNG(CH3)3), 0.96 (s,
9 H; C ACHTUNGTRENNUNG(CH3)3), 2.42 (ddd, J=10.8 Hz, J’=5.4 Hz, J’’=1.8 Hz, 1 H;
CHH), 2.51 (d, J=10.8 Hz, 1 H; CHH), 4.63 (m, 2 H; 2 N CH), 6.06 (d,
J=1.8 Hz, 1 H; CH), 6.75 (dd, J=2.0 Hz, J’=0.8 Hz, 1 H; ArH), 7.20
(dd, J=8.5 Hz, J’=1.8 Hz, 1 H; ArH), 7.45 (d, J=8.5 Hz, 1 H; ArH),
7.50 (d, J=1.5 Hz, 1 H; ArH), 7.63 ppm (d, J=2.3 Hz, 1 H; ArH);
13C NMR (63 MHz, CDCl3, 25 8C): d=�5.1, �4.7, �3.0, �2.9, 17.8,
18.0, 25.5 (3 N ), 25.6 (3 N ), 36.6, 67.8, 74.9, 76.1, 106.5, 111.1, 119.9,
123.7, 127.4, 132.9, 133.0, 139.6, 145.6, 154.7, 175.7 ppm; IR (film):
ñ=1804 cm�1 (C=O); MS (ESI) m/z=523 [M+Na+] ; HRMS (ESI) m/z :
calcd for C27H40O5Si2Na [M+Na+]: 523.2306, found 523.2305.

ACHTUNGTRENNUNG(1R,3R,4R)-3-(Benzo[b]thiophen-5-yl)-1,4-di(tert-butyldimethylsilyloxy)-
cyclohex-2-en-1,5-carbolactone (8e): Procedure B. Vinyl triflate 7
(50 mg, 0.09 mmol), [Pd ACHTUNGTRENNUNG(PPh3)4] (2.7 mg, 2.35 mmol), dioxane
(0.5 mL), 2-(1-benzothiophen-5-yl)-4,4,5,5-tetramethyl)-1,3,2-dioxa-
borolane (27 mg, 0.10 mmol), K3PO4 (0.15 mL). After 1 h, 2-(1-ben-
zothiophen-5-yl)-4,4,5,5-tetramethyl)-1,3,2-dioxaborolane (10 mg,
0.04 mmol) was added. 2.5 h. Chromatographic eluent: CH2Cl2/hex-
anes (35 %). 8e (19 mg, 39 %). Colourless oil. [a]20

D =�1508 (c=1.1
in CHCl3) ; 1H NMR (250 MHz, CDCl3, 25 8C): d=�0.44 (s, 3 H; CH3),
�0.08 (s, 3 H; CH3), 0.08 (s, 3 H; CH3), 0.09 (s, 3 H; CH3), 0.59 (s, 9 H;
C ACHTUNGTRENNUNG(CH3)3), 0.83 (s, 9 H; C ACHTUNGTRENNUNG(CH3)3), 2.29 (ddd, J=10.6 Hz, J’=5.5 Hz, J’’=
1.7 Hz, 1 H; CH), 2.39 (d, J=10.6 Hz, 1 H; CH), 4.50 (td, J=3.3 Hz,
J’=1.9 Hz, 1 H; CH), 4.55 (d, J=3.3 Hz, 1 H; CH), 5.99 (d, J=1.7 Hz,
1 H; CH), 7.12 (dd, J=8.4 Hz, J’=1.7 Hz, 1 H; ArH), 7.16 (d, J=
5.4 Hz, 1 H; ArH), 7.31 (d, J=5.4 Hz, 1 H; ArH), 7.59 (d, J=1.2 Hz,
1 H; ArH), 7.69 ppm (d, J=8.4 Hz, 1 H; ArH); 13C NMR (63 MHz,
CDCl3, 25 8C): d=�5.0, �4.6, �3.0, �2.9, 17.8, 18.0, 25.5 (3 N ), 25.6
(3 N ), 36.5, 67.6, 74.9, 76.0, 122.1, 122.2, 123.4, 123.7, 127.1, 133.1,
134.2, 139.3 (2 N ), 139.5, 175.6 ppm; IR (film): ñ=1799 cm�1 (C=O);
MS (ESI) m/z : 539 [M+Na+] ; HRMS (ESI) m/z : calcd for
C27H40O4SSi2Na [M+Na+]: 539.2083, found 539.2078.

ACHTUNGTRENNUNG(1R,4R,5R)-3-(Benzofuran-6-yl)-1,4-di(tert-butyldimethylsilyloxy)cyclo-
hex-2-en-1,5-carbolactone (8 f): Procedure B. Vinyl triflate 7 (100 mg,
0.19 mmol), [Pd ACHTUNGTRENNUNG(PPh3)4] (6 mg, 4.8 mmol), dioxane (1.0 mL), 6-benzo-
furanyl boronic acid pinacol ester (19) (71 mg, 0.29 mmol), K3PO4

(0.4 mL). 3 h. Chromatographic eluent: CH2Cl2/hexanes [1) 20 %, 2)
25 %, 3) 35 %]. 8 f (46 mg, 49 %). Yellow oil. [a]20

D =�1618 (c=1.1 in
CHCl3) ; 1H NMR (250 MHz, CDCl3, 25 8C): d=�0.28 (s, 3 H, CH3), 0.07
(s, 3 H, CH3), 0.22 (s, 3 H, CH3), 0.23 (s, 3 H, CH3), 0.72 (s, 9 H, C ACHTUNGTRENNUNG(CH3)3),
0.96 (s, 9 H, CACHTUNGTRENNUNG(CH3)3), 2.42 (ddd, J=10.8 Hz, J’=5.5 Hz, J’’=1.8 Hz,
1 H; CH), 2.52 (d, J=10.8 Hz, 1 H; CH), 4.63 (dd, J=5.5 Hz, J’=
3.3 Hz, 1 H; CH), 4.70 (d, J=3.3 Hz, 1 H; CH), 6.11 (d, J=1.8 Hz, 1 H;
CH), 6.75 (dd, J=2.3 Hz, J’=1.0 Hz, 1 H; ArH), 7.17 (dd, J=8.3 Hz,
J’=1.5 Hz, 1 H; ArH), 7.44 (s, 1 H; ArH), 7.54 (d, J=8.3 Hz, 1 H; ArH),

7.63 ppm (d, J=2.3 Hz, 1 H; ArH); 13C NMR (63 MHz, CDCl3, 25 8C):
d=�5.0, �4.6, �3.0, �2.9, 17.8, 18.0, 25.5 (3 N ), 25.6 (3 N ), 36.5,
67.5, 74.9, 76.0, 106.4, 110.1, 120.8, 122.0, 127.2, 133.0, 134.5, 139.4,
145.7, 154.9, 175.6 ppm; IR (film): ñ=1805 cm�1 (C=O); MS (CI)
m/z : 501 [M+H+] ; HRMS (CI) m/z : calcd for C27H41O5Si2 [M+H+]:
501.2493, found 501.2490.

ACHTUNGTRENNUNG(1R,4R,5R)-3-(Benzo[b]thiophen-6-yl)-1,4-di(tert-butyldimethylsilyloxy)-
cyclohex-2-en-1,5-carbolactone (8g): Procedure B. Vinyl triflate 7
(122 mg, 0.23 mmol), [Pd ACHTUNGTRENNUNG(PPh3)4] (7 mg, 5.7 mmol), dioxane (1.2 mL),
6-benzothiopheneboronic acid pinacol ester (21) (89 mg,
0.34 mmol), K3PO4 (0.4 mL). Room temperature. 11 h. Chromato-
graphic eluent: CH2Cl2/hexanes (35 %). 8g (50 mg, 42 %). Orange
oil. [a]20

D =�1478 (c=1.1 in CHCl3) ; 1H NMR (300 MHz, CDCl3, 25 8C):
d=�0.28 (s, 3 H, CH3), 0.07 (s, 3 H, CH3), 0.22 (s, 3 H, CH3), 0.24 (s,
3 H, CH3), 0.73 (s, 9 H, C ACHTUNGTRENNUNG(CH3)3), 0.97 (s, 9 H, CACHTUNGTRENNUNG(CH3)3), 2.43 (ddd, J=
10.6 Hz, J’=5.7 Hz, J’’=1.8 Hz, 1 H; CHH), 2.53 (d, J=10.6 Hz, 1 H;
CHH), 4.64 (dd, J=3.4 Hz, J’=5.7 Hz, 1 H; CH), 4.70 (d, J=3.4 Hz,
1 H; CH), 6.15 (d, J=1.8 Hz, 1 H; CH), 7.31 (m, 2 H; 2 N ArH), 7.45 (d,
J=5.4 Hz, 1 H; ArH), 7.77 (d, J=8.3 Hz, 1 H; ArH), 7.80 ppm (m, 1 H;
ArH); 13C NMR (63 MHz, CDCl3, 25 8C): d=�4.7, �4.3, �2.7, �2.7,
18.1, 18.3, 25.7 (N 3), 25.9 (N 3), 36.8, 67.8, 75.2, 76.2, 121.2, 123.6,
123.7, 123.9, 127.3, 133.5, 134.4, 139.4, 139.5, 140.0, 175.8 ppm; IR
(film): ñ=1801 cm�1 (C=O); MS (ESI) m/z : 517 [M+H+] ; HRMS (ESI)
m/z : calcd for C27H41O4SSi2 [M+H+]: 517.2259, found 517.2259.

ACHTUNGTRENNUNG(1R,4R,5R)-1,4-Di(tert-butyldimethylsilyloxy)-3-(1H-indol-6-yl)cyclohex-
2-en-1,5-carbolactone (8h): Procedure A. Vinyl triflate 7 (270 mg,
0.51 mmol), [Pd2 ACHTUNGTRENNUNG(dba)3]·CHCl3 (39 mg, 38 mmol), CH2Cl2 (2.2 mL), 1H-
indol-6-yl boronic acid (23) (205 mg, 1.28 mmol), THF (8.5 mL), trie-
thylamine (217 mL, 1.55 mmol). 24 h. Chromatographic eluent:
CH2Cl2/hexanes [1) 30 %, 2) 40 %]. 8h (122 mg, 63 %). Yellow oil.
[a]20

D =�1618 (c=1.0 in CHCl3); 1H NMR (250 MHz, CDCl3, 25 8C):
d=�0.33 (s, 3 H), 0.05 (s, 3 H; CH3), 0.21 (s, 3 H; CH3), 0.22 (s, 3 H;
CH3), 0.72 (s, 9 H, C ACHTUNGTRENNUNG(CH3)3), 0.95 (s, 9 H, CACHTUNGTRENNUNG(CH3)3), 2.41 (ddd, J=
10.5 Hz, J’=5.6 Hz, J’’=2.0 Hz, 1 H; CHH), 2.52 (d, J=10.5 Hz, 1 H;
CHH), 4.63 (dd, J=5.6 Hz, J’=3.5 Hz, 1 H; CH), 4.69 (d, J=3.5 Hz,
1 H; CH), 6.07 (d, J=2.0 Hz, 1 H; CH), 6.53 (m, 1 H; ArH), 7.05 (dd,
J=8.3 Hz, J’=1.5 Hz, 1 H; ArH), 7.23 (dd, J=3.3 Hz, J’=2.5 Hz, 1 H;
ArH), 7.31 (m, 1 H; ArH), 7.58 (d, J=8.3 Hz, 1 H; ArH), 8.19 ppm
(br s, 1 H; NH); 13C NMR (63 MHz, CDCl3, 25 8C): d=�5.0, �4.8, �3.0,
�2.9, 17.8, 18.0, 25.5 (3 N ), 25.6 (3 N ), 36.6, 67.4, 75.0, 76.2, 102.3,
109.7, 119.0, 120.3, 125.1, 127.7, 131.7, 131.8, 135.7, 140.3,
176.1 ppm; IR (film): ñ=3396 (O�H), 1792 cm�1 (C=O); MS (CI) m/z :
500 [M+H+] ; HRMS (CI) m/z : calcd for C27H42O4NSi2 [M+H+]:
500.2652, found 500.2656.

ACHTUNGTRENNUNG(1R,4R,5R)-3-(Benzo[b]thiophen-3-yl)-1,4-di(tert-butyldimethylsilyloxy)-
cyclohex-2-en-1,5-carbolactone (8 j): Procedure A. Vinyl triflate 7
(50 mg, 0.09 mmol), [Pd2ACHTUNGTRENNUNG(dba)3]·CHCl3 (7.3 mg, 7.0 mmol), CH2Cl2

(0.5 mL), 3-benzothiopheneboronic acid (34 mg, 0.19 mmol), THF
(1.25 mL), triethylamine (40 mL, 0.29 mmol). 6 h. Chromatographic
eluent: CH2Cl2/hexanes (35 %). 8 j (47 mg, 97 %). White amorphous
solid; mp: 99–101 8C; [a]20

D =�1708 (c=1.1 in CHCl3, 25 8C); 1H NMR
(250 MHz, CDCl3): d=�0.55 (s, 3 H; CH3), �0.09 (s, 3 H; CH3), 0.21 (s,
3 H; CH3), 0.23 (s, 3 H; CH3), 0.71 (s, 9 H, C ACHTUNGTRENNUNG(CH3)3), 0.94 (s, 9 H, C-
ACHTUNGTRENNUNG(CH3)3), 2.48 (ddd, J=10.7 Hz, J’=5.8 Hz, J’’=1.8 Hz, 1 H; CHH), 2.60
(d, J=10.7 Hz, 1 H; CHH), 4.50 (d, J=3.3 Hz, 1 H; CH), 4.62 (dd, J=
5.8 Hz, J’=3.3 Hz, 1 H; CH), 6.16 (d, J=1.8 Hz, 1 H; CH), 7.26 (s, 1 H;
ArH), 7.39–7.31 (m, 2 H; 2 N ArH), 7.72–7.67 (m, 1 H; ArH), 7.88–
7.80 ppm (m, 1 H; ArH); 13C NMR (63 MHz, CDCl3, 25 8C): d=�5.6,
�5.2, �3.0, �3.0, 17.6, 18.0, 25.4 (3 N ), 25.6 (3 N ), 36.8, 68.4, 74.8,
76.0, 122.5, 122.7, 124.3 (2 N ), 124.5, 133.7, 134.1, 135.9, 138.4,
139.8, 175.7 ppm; IR (KBr): ñ=1800 cm�1 (C=O); MS (ESI) m/z : 539
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[M+Na+] ; HRMS (ESI) m/z : calcd for C27H40O4SSi2Na [M+Na+]:
539.2083, found 539.2100.

ACHTUNGTRENNUNG(1R,4R,5R)-3-(Benzofuran-5-yl)-1,4-dihydroxycyclohex-2-en-1,5-carbo-
lactone (9d): Silylether 8d (170 mg, 0.34 mmol), tetrabutylammoni-
um fluoride (0.88 mL, 0.88 mmol), and THF (4.9 mL). Chromato-
graphic eluent: ethyl acetate/hexanes (60 %). 9d (87 mg, 94 %).
White solid; mp: 155–158 8C; [a]20

D =�2368 (c=1.1 in MeOH);
1H NMR (250 MHz, CD3OD, 25 8C): d=2.38 (m, 2 H; CH2), 4.58 (br s,
1 H; OH), 4.69 (d, J=3.3 Hz, 1 H; CH), 4.72 (m, 1 H; CH), 6.25 (s, 1 H;
CH), 6.75 (d, J=2.0 Hz, 1 H; ArH), 7.39 (m, 2 H; 2 N ArH), 7.66 (d, J=
2.3 Hz, 1 H; ArH), 7.70 ppm (t, J=1.1 Hz, 1 H; ArH); 13C NMR
(63 MHz, CD3OD, 25 8C): d=36.9, 66.8, 74.4, 78.1, 107.8, 112.1,
120.3, 124.0, 129.1, 131.3, 133.2, 140.0, 147.1, 156.3, 178.8 ppm; IR
(KBr): ñ=3492 (O�H), 3376 (O�H), 1764 cm�1 (C=O); MS (ESI) m/z :
295 [M+Na+] ; HRMS (ESI) m/z : calcd for C15H12O5Na [M+Na+]:
295.0577, found 295.0572.

ACHTUNGTRENNUNG(1R,4R,5R)-3-(Benzo[b]thiophen-5-yl)-1,4-dihydroxycyclohex-2-en-1,5-
carbolactone (9e): Silylether 8e (109 mg, 0.21 mmol), tetrabutylam-
monium fluoride (0.5 mL, 0.46 mmol), and THF (3 mL). Chromato-
graphic eluent: Et2O/hexanes 1) 75 %; 2) 100 %. 9e (42 mg, 70 %).
White amorphous solid; mp: 157–159 8C; [a]20

D =�2548 (c=1.0 in
MeOH); 1H NMR (250 MHz, CD3OD, 25 8C): d=2.40 (m, 2 H; CH2),
4.73 (m, 2 H; CH2), 6.35 (d, J=1.1 Hz, 1 H; CH), 7.30 (dd, J=5.5 Hz,
J’=0.6 Hz, 1 H; ArH), 7.46 (dd, J=1.7 Hz, J’=8.5 Hz, 1 H; ArH), 7.50
(d, J=5.5 Hz, 1 H; ArH), 7.80 (d, J=8.5 Hz, 1 H; ArH), 7.96 ppm (d,
J=1.7 Hz, 1 H; ArH); 13C NMR (63 MHz, CD3OD, 25 8C): d=37.0,
66.7, 74.4, 78.1, 122.4, 123.4, 123.7, 125.2, 128.2, 131.8, 134.5, 139.8,
141.0, 141.4, 178.6 ppm; IR (KBr): ñ=3484 (O�H), 1754 cm�1 (C=O);
MS (ESI) m/z : 289 [M+H+] ; HRMS (ESI) m/z : calcd for C15H13O4S
[M+H+]: 289.0529, found 289.0538.

ACHTUNGTRENNUNG(1R,4R,5R)-3-(Benzofuran-6-yl)-1,4-dihydroxycyclohex-2-en-1,5-carbo-
lactone (9 f): Silylether 8 f (119 mg, 0.24 mmol), tetrabutylammoni-
um fluoride (0.6 mL, 0.62 mmol), and THF (3.4 mL). Chromato-
graphic eluent: Chromatographic eluent: ethyl acetate/hexanes
(60 %). 9 f (57 mg, 88 %). Yellow oil. [a]20

D =�218 (c=1.0 in MeOH);
1H NMR (250 MHz, CD3OD, 25 8C): d=2.37 (m, 2 H), 4.69 (m, 2 H;
CH2), 6.31 (d, J=0.8 Hz, 1 H; CH), 6.74 (dd, J=2.3 Hz, J’=1.0 Hz,
1 H; ArH), 7.36 (dd, J=8.3 Hz, J’=1.8 Hz, 1 H; ArH), 7.50 (d, J=
8.3 Hz, 1 H; ArH), 7.63 (m, 1 H; ArH), 7.68 ppm (d, J=2.3 Hz, 1 H;
ArH); 13C NMR (63 MHz, CD3OD, 25 8C): d=37.0, 66.7, 74.4, 78.0,
107.6, 110.2, 122.1, 122.4, 129.0, 131.7, 134.8, 139.8, 147.5, 156.7,
178.6 ppm; IR (film): ñ=3446 (O�H), 1771 cm�1 (C=O); MS (CI) m/z :
273 [M+H+] ; HRMS (CI) m/z : calcd for C15H13O5 [M+H+]: 273.0763,
found 273.0762.

ACHTUNGTRENNUNG(1R,4R,5R)-3-(Benzo[b]thiophen-6-yl)-1,4-dihydroxycyclohex-2-en-1,5-
carbolactone (9g): Silylether 8g (113 mg, 0.22 mmol), tetrabutylam-
monium fluoride (0.5 mL, 0.48 mmol), and THF (3.1 mL). Chromato-
graphic eluent: diethyl ether/hexanes [1) 75 %, 2) 100 %]. 9g
(53 mg, 84 %). White foam. [a]20

D =�1848 (c=1.1 in MeOH); 1H NMR
(250 MHz, CD3OD, 25 8C): d=2.44 (m, 2 H; CH2), 4.78 (m, 2 H; 2 N
CH), 6.42 (d, J=0.9 Hz, 1 H; CH), 7.33 (dd, J=5.4 Hz, J’=0.6 Hz, 1 H;
ArH), 7.54 (m, 2 H; 2 N ArH), 7.79 (d, J=8.4 Hz, 1 H; ArH), 8.07 ppm
(br s, 1 H; ArH); 13C NMR (63 MHz, CD3OD, 25 8C): d=37.0, 66.6,
74.4, 78.1, 121.2, 123.7, 124.5, 124.7, 128.5, 131.9, 134.4, 139.6,
141.0, 141.5, 178.6 ppm; IR (film): ñ=3417 (O�H), 1791 cm�1 (C=
O); MS (ESI) m/z : 311 [M+Na+] ; HRMS (ESI) m/z : calcd for
C15H12O4SNa [M+Na+]: 311.0349, found 311.0340.

ACHTUNGTRENNUNG(1R,4R,5R)-1,4-Dihydroxy-3-(1H-indol-6-yl)cyclohex-2-en-1,5-carbolac-
tone (9h): Silylether 8h (160 mg, 0.32 mmol), tetrabutylammonium
fluoride (0.83 mL, 0.83 mmol), and THF (4.6 mL). Chromatographic
eluent: ethyl acetate/hexanes 1) 60 %; 2) 80 %. 9h (86 mg, 99 %).

Beige amorphous solid. [a]20
D =�158 (c=1.1 in MeOH); 1H NMR

(250 MHz, CD3OD, 25 8C): d=2.39 (m, 2 H; CH2), 4.72 (m, 2 H; 2 N
CH), 6.26 (d, J=1.3 Hz, 1 H; CH), 6.37 (dd, J=3.0 Hz, J’=0.8 Hz, 1 H;
ArH), 7.18 (m, 2 H; 2 N ArH), 7.47 (d, J=8.3 Hz, 1 H, ArH), 7.56 ppm
(m, 1 H; ArH); 13C NMR (63 MHz, CD3OD, 25 8C): d=37.1, 66.9, 74.4,
78.2, 102.4, 110.3, 118.7, 121.2, 126.8, 129.7, 129.9, 131.3, 137.8,
140.8, 178.9 ppm; IR (KBr): ñ=3490 (O�H), 3390 (O�H), 1754 cm�1

(C=O); MS (CI) m/z : 272 [M+H+] ; HRMS (CI) m/z : calcd for
C15H14O4N [M+H+]: 272.0923, found 272.0918.

ACHTUNGTRENNUNG(1R,4R,5R)-3-(5-Benzo[c] ACHTUNGTRENNUNG[1,2,5]oxadiazol-5-yl)-1,4-dihydroxycyclohex-2-
en-1,5-carbolactone (9 i): Procedure A. Vinyl triflate 7 (300 mg,
0.56 mmol), [Pd2ACHTUNGTRENNUNG(dba)3]·CHCl3 (43 mg, 42 mmol), CH2Cl2 (2.4 mL),
benzo[c]ACHTUNGTRENNUNG[1,2,5]oxadiazol-5-yl-5-boronic acid (184 mg, 1.12 mmol),
THF (7.5 mL), triethylamine (240 mL, 1.70 mmol). After 1 h a solution
of benzo[c] ACHTUNGTRENNUNG[1,2,5]oxadiazol-5-yl-5-boronic acid (134 mg, 0.84 mmol)
in dry THF (4.2 mL) was added. 24 h. The crude residue was used
in the deprotection step using tetrabutylammonium fluoride
(0.9 mL, 0.88 mmol) and THF (4.9 mL). Chromatographic eluent:
ethyl acetate/hexanes (60 %). 9 i (83 mg, 54 % overall). Beige amor-
phous solid; mp: 178–181 8C; [a]20

D =�2518 (c=1.2 in MeOH);
1H NMR (250 MHz, CD3OD, 25 8C): d=2.43 (m, 2 H; CH2), 4.75 (m,
2 H; 2 N CH), 6.62 (s, 1 H; CH), 7.69 (dd, J=9.6 Hz, J’=1.4 Hz, 1 H;
ArH), 7.81 (dd, J=9.6 Hz, J’=0.9, 1 H; ArH), 8.00 ppm (m, 1 H; ArH);
13C NMR (63 MHz, CD3OD, 25 8C): d=36.9, 66.2, 74.6, 77.8, 113.9,
117.2, 132.3, 136.2, 137.9, 141.3, 150.0, 150.9, 177.9 ppm; IR (KBr):
ñ=3350 (O�H), 3257 (O�H), 1773 cm�1 (C=O); MS (CI) m/z : 275
[M+H+] ; HRMS (CI) m/z : calcd for C13H11O5N2 [M+H+]: 275.0668,
found 275.0664.

ACHTUNGTRENNUNG(1R,4R,5R)-3-(Benzo[b]thiophen-3-yl)-1,4-dihydroxycyclohex-2-en-1,5-
carbolactone (9 j): Silylether 8 j (125 mg, 0.24 mmol), tetrabutylam-
monium fluoride (0.53 mL, 0.53 mmol), and THF (3.5 mL). Chroma-
tographic eluent: diethyl ether/hexanes (75 %). 9 j (68 mg, 97 %.
White amorphous solid; mp: 171–173 8C; [a]20

D =�1388 (c=1.1 in
MeOH); 1H NMR (250 MHz, CD3OD, 25 8C): d=2.44 (ddd, J=10.7 Hz,
J’=5.1 Hz, J’’=1.6 Hz, 1 H; CHH), 2.51 (d, J=10.7 Hz, 1 H; CHH),
4.57 (d, J=3.2 Hz, 1 H; CH), 4.73 (dd, J=5.1 Hz, J’=3.2 Hz, 1 H; CH),
6.30 (d, J=1.6 Hz, 1 H; CH), 7.36–7.25 (m, 2 H; 2 N ArH), 7.62 (s, 1 H;
ArH), 7.87–7.79 ppm (m, 2 H; 2 N ArH); 13C NMR (63 MHz, CD3OD,
25 8C): d=37.0, 68.1, 74.3, 78.1, 123.7, 123.9, 125.5, 125.6, 126.0,
134.4 (2 N ), 135.3, 139.0, 141.8, 178.8 ppm; IR (KBr): ñ=3436 (O�H),
1752 cm�1 (C=O); MS (ESI) m/z : 289 [M+H+] ; HRMS (ESI) m/z : calcd
for C15H13O4S [M+H+]: 289.0529, found 289.0526.

ACHTUNGTRENNUNG(1R,4R,5R)-3-(Benzofuran-5-yl)-1,4,5-trihydroxycyclohex-2-en-1-carbox-
ylic acid (10a): Lactone 9d (84 mg, 0.31 mmol), THF (2.8 mL) and
LiOH (aq, 1.6 mL). 10a (80 mg, 90 %). Beige amorphous solid; mp:
96–100 8C; [a]20

D =�658 (c=1.0 in MeOH); 1H NMR (300 MHz, D2O,
25 8C): d=2.19 (dd, J=10.2 Hz, J’=2.6 Hz, 1 H; CHH), 2.29 (dd, J=
10.2 Hz, J’=8.7 Hz, 1 H, CHH), 4.09 (m, 1 H; CH), 4.61 (d, J=5.4 Hz,
1 H; CH), 5.83 (s, 1 H; CH), 6.83 (s, 1 H; ArH), 7.26 (dd, J=6.0 Hz, J’=
1.2 Hz, 1 H; ArH), 7.46 (d, J=6.0 Hz, 1 H; ArH), 7.55 (s, 1 H; ArH),
7.72 ppm (d, J=1.2 Hz, 1 H; ArH); 13C NMR (75 MHz, D2O, 25 8C):
d=41.3, 72.5, 75.1, 76.0, 109.7, 114.0, 122.9, 126.5, 128.1, 130.3,
135.8, 147.5, 149.1, 157.2, 180.6 ppm; IR (KBr): ñ=3367 (O�H),
1719 cm�1 (C=O); MS (ESI) m/z : 313 [M+Na+] ; HRMS (ESI) m/z :
calcd for C15H14O6Na [M+Na+]: 313.0683, found 313.0683; Anal. for
C15H14O6·1/2 H2O: calcd C 60.20, H 5.05; found C 60.19, H 4.68.

ACHTUNGTRENNUNG(1R,4R,5R)-3-(Benzo[b]thiophen-5-yl)-1,4,5-trihydroxycyclohex-2-en-1-
carboxylic acid (10b): Lactone 9e (37 mg, 0.13 mmol), THF (1.2 mL)
and LiOH (aq, 0.64 mL). 10b (37 mg, 94 %). White amorphous solid;
mp: 122–124 8C; [a]20

D =�858 (c=1.1 in MeOH); 1H NMR (400 MHz,
CD3OD, 25 8C): d=2.26 (m, 2 H; CH2), 4.08 (m, 1 H; CH), 4.53 (d, J=
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5.2 Hz, 1 H; CH), 5.98 (s, 1 H; CH), 7.35 (m, 1 H; ArH), 7.47 (m, 1 H;
ArH), 7.53 (d, J=5.4 Hz, 1 H; ArH), 7.86 (m, 1 H; ArH), 7.95 ppm
(br s, 1 H; ArH); 13C NMR (100 MHz, CD3OD, 25 8C): d=38.2, 71.6,
72.6, 74.2, 122.9 (2 N ), 124.6, 125.1, 127.8, 129.0, 137.1, 140.3, 141.2,
143.1, 186.7 ppm; IR (KBr): ñ=3389 (O�H), 1714 cm�1 (C=O); MS
(ESI) m/z : 329 [M+Na+] ; HRMS (ESI) m/z : calcd for C15H14O5NaS
[M+Na+]: 329.0454, found 329.0455.

ACHTUNGTRENNUNG(1R,4R,5R)-3-(Benzofuran-6-yl)-1,4,5-trihydroxycyclohex-2-en-1-carbox-
ylic acid (11a): Lactone 9 f (51 mg, 0.19 mmol), THF (1.7 mL) and
LiOH (aq, 1.0 mL). 11a (55 mg, 99 %). Beige amorphous solid; mp:
90–92 8C; 1H NMR (250 MHz, D2O, 25 8C): d=2.19 (dd, J=13.5 Hz,
J’=3.5 Hz, 1 H; CHH), 2.28 (dd, J=13.5 Hz, J’=11.0 Hz, 1 H; CHH),
4.10 (m, 1 H; CH), 4.66 (dd, J=7.4 Hz, J’=1.0 Hz, 1 H; CH), 5.96 (s,
1 H; CH), 6.90 (d, J=2.0 Hz, 1 H; ArH), 7.31 (dd, J=8.0 Hz, J’=
1.0 Hz, 1 H; ArH), 7.57 (s, 1 H; ArH), 7.66 (d, J=8.0 Hz, 1 H; ArH),
7.78 ppm (d, J=2.0 Hz, 1 H; ArH); 13C NMR (75 MHz, D2O, 25 8C):
d=41.2, 72.6, 74.9, 76.0, 109.5, 112.9, 124.1, 125.1, 128.6, 130.2,
137.6, 147.2, 149.4, 157.6, 180.8 ppm; IR (KBr): ñ=3379 (O�H),
1717 cm�1 (C=O); MS (ESI) m/z : 313 [M+Na+] ; HRMS (ESI) m/z :
calcd for C15H14O6Na [M+Na+]: 313.0683, found 313.0675; Anal. for
C15H14O6·1/4H2O: calcd C 61.12, H 4.96; found C 60.83, H 4.76.

ACHTUNGTRENNUNG(1R,4R,5R)-5-(Benzo[b]thiophen-6-yl)-1,4,5-trihydroxycyclohex-2-en-1-
carboxylic acid (11b): Lactone 9g (50 mg, 0.17 mmol), THF (1.6 mL)
and LiOH (aq, 0.9 mL). 11b (46 mg, 87 %). Beige amorphous solid;
mp: 118–120 8C; [a]20

D =�818 (c=1.1 in MeOH); 1H NMR (300 MHz,
CD3OD, 25 8C): d=2.24 (m, 2 H; CH2), 4.11 (m, 1 H; CH), 4.54 (d, J=
6.7 Hz, 1 H; CH), 5.99 (s, 1 H; CH), 7.33 (d, J=5.4 Hz, 1 H; ArH), 7.46
(dd, J=8.3 Hz, J’=1.5 Hz, 1 H; ArH), 7.53 (d, J=5.4 Hz, 1 H; ArH),
7.79 (d, J=8.3 Hz, 1 H; ArH), 7.98 ppm (s, 1 H; ArH); 13C NMR
(63 MHz, CD3OD, 25 8C): d=39.5, 71.3, 73.4, 73.9, 122.0, 124.1,
124.7, 124.9, 127.8, 127.9, 136.7, 140.6, 141.2, 144.5, 178.1 ppm; IR
(KBr): ñ=3436 (O�H), 1717 cm�1 (C=O); MS (ESI) m/z : 329
[M+Na+] ; HRMS (ESI) m/z : calcd for C15H14O5NaS [M+Na+]:
329.0454, found 329.0458.

Sodium (1R,4R,5R)-1,4,5-Trihydroxy-3-(1H-indol-6-yl)cyclohex-2-en-1-
carboxylate (11c): A solution of the lactone 9h (11 mg, 0.04 mmol)
in THF (0.4 mL) and aqueous sodium hydroxide (84 mL, 0.5m) was
stirred at room temperature for 30 min. Water was added, the THF
was removed under reduced pressure, and the resultant aqueous
solution was washed with diethyl ether (N 2). The aqueous extract
was lyophilised to afford sodium salt 11c (13 mg, 99 %) as a beige
amorphous solid. [a]20

D =�548 (c=1.4 in H2O); 1H NMR (250 MHz,
D2O, 25 8C): d=2.14 (m, 2 H; CH2), 4.06 (m, 1 H; CH), 4.65 (dd, J=
6.9 Hz, J’=1.1 Hz, 1 H; CH), 5.85 (s, 1 H; CH), 6.54 (d, J=3.0 Hz, 1 H;
ArH), 7.18 (dd, J=8.5 Hz, J’=1.5 Hz, 1 H; ArH), 7.37 (d, J=3.0 Hz,
1 H; ArH), 7.54 (s, 1 H; ArH), 7.65 ppm (d, J=8.5 Hz, 1 H; ArH);
13C NMR (75 MHz, D2O, 25 8C): d=38.2, 70.3, 71.9, 74.1, 101.2, 110.0,
110.2, 118.9, 120.4, 126.7, 127.4, 132.5, 136.0, 142.9, 181.2 ppm; IR
(KBr): ñ=3401 (O-H, N-H), 3128 (O�H), 1578 cm�1 (C=O); MS (ESI)
m/z : 312 [M+Na+] ; HRMS (ESI) m/z : calcd for C15H15O5NNa
[M+Na+]: 312.0842, found 312.0842.

ACHTUNGTRENNUNG(1R,4R,5R)-3-(Benzo[c] ACHTUNGTRENNUNG[1,2,5]oxadiazol-6-yl)-1,4,5-trihydroxycyclohex-2-
en-1-carboxylic acid (12): Lactone 9 i (76 mg, 0.28 mmol), THF
(2.5 mL) and LiOH (aq, 1.4 mL). 12 (80 mg, 96 %) as an orange
amorphous solid; mp: 92–95 8C; 1H NMR (250 MHz, D2O, 25 8C): d=
2.22 (m, 2 H; CH2), 4.04 (m, 1 H; CH), 4.60 (dd, J=7.6 Hz, J’=1.5 Hz,
1 H; CH), 6.10 (s, 1 H; CH), 7.47 (dd, J=9.0 Hz, J=1.5 Hz, 1 H; ArH),
7.72 (s, 1 H; ArH), 7.73 ppm (br d, J=9.0 Hz, 1 H; ArH); 13C NMR
(75 MHz, D2O, 25 8C): d=41.2, 72.3, 74.6, 75.8, 116.0, 118.5, 131.2,
135.8, 145.5, 145.5, 151.5, 152.1, 180.2 ppm; IR (KBr): ñ=3399 (O�

H), 1723 cm�1 (C=O); MS (ESI) m/z : 293 [M+H+] ; HRMS (ESI) m/z :
calcd for C13H13O6N2 [M+H+]: 293.0768, found 293.0757.

ACHTUNGTRENNUNG(1R,4R,5R)-3-(Benzo[b]thiophen-3-yl)-1,4,5-trihydroxycyclohex-2-en-1-
carboxylic acid (13): Lactone 9 j (69 mg, 0.24 mmol), THF (2.2 mL)
and LiOH (aq, 1.2 mL). 13 (71 mg, 97 %) as white amorphous solid;
mp: 132–134 8C; [a]20

D =�488 (c=1.0 in MeOH); 1H NMR (250 MHz,
D2O, 25 8C): d=2.37–2.18 (m, 2 H; CH2), 4.08 (m, 1 H; CH), 4.51 (d,
J=6.2 Hz, 1 H; CH), 5.83 (s, 1 H; CH), 7.13 (m, 2 H; 2 N ArH), 7.29 (s,
1 H; ArH), 7.54 (d, J=7.5 Hz, 1 H; ArH), 7.75 ppm (d, J=7.1 Hz, 1 H;
ArH); 13C NMR (63 MHz, D2O, 25 8C): d=39.1, 70.0, 73.6 (2 N ), 123.2,
123.4, 125.0 (2 N ), 125.7, 127.8, 134.1, 138.2, 139.4, 140.4,
178.3 ppm; IR (KBr): ñ=3377 (O�H), 1717 cm�1 (C=O); MS (ESI)
m/z : 329 [M+Na+] ; HRMS (ESI) m/z : calcd for C15H14O5SNa
[M+Na+]: 329.0454, found 329.0450.

ACHTUNGTRENNUNG(1R,4R,5R)-1,4-Di(tert-butyldimethylsilyloxy)-3-[2-(trimethylsilyl)ethy-
nyl]cyclohex-2-en-1,5-carbolactone (24): Trimethylsilylacetylene
(0.24 mL, 1.67 mmol) and piperidine (0.49 mL, 4.94 mmol) were
added to a suspension of vinyl triflate 7 (200 mg, 0.38 mmol), [Pd-
ACHTUNGTRENNUNG(PPh3)4] (66 mg, 57 mmol), and CuI (12 mg, 65 mmol) in dry THF
(19 mL). The resultant reaction mixture was heated at 40 8C for 3 h.
After the mixture was cooled to room temperature, saturated
aqueous NaHCO3 solution was added, and the organic layer was
separated. The aqueous phase was extracted with Et2O (2 N ). The
combined organic extracts were dried (Na2SO4), filtered, and con-
centrated under reduced pressure. The obtained residue was puri-
fied by flash chromatography, eluting with CH2Cl2/hexanes (25 %)
to give alkyne 24 (180 mg, 99 %) as a beige amorphous solid; mp:
72–73 8C; [a]20

D =�1768 (c=1.3 in CHCl3) ; 1H NMR (250 MHz, CDCl3,
25 8C): d=0.14 (s, 3 H; CH3), 0.15 (s, 3 H; CH3), 0.18 (s, 12 H; 4 N CH3),
0.20 (s, 3 H; CH3), 0.91 (s, 9 H; C ACHTUNGTRENNUNG(CH3)3), 0.92 (s, 9 H; C ACHTUNGTRENNUNG(CH3)3), 2.32
(ddd, J=11.0 Hz, J’=5.3 Hz, J’’=1.3 Hz, 1 H; CHH), 2.39 (d, J=
11.0 Hz, 1 H; CHH), 4.14 (d, J=3.3 Hz, 1 H; CH), 4.47 (m, 1 H; CH),
6.30 ppm (d, J=1.3 Hz, 1 H; CH); 13C NMR (63 MHz, CDCl3, 25 8C):
d=�4.8, �4.4, �3.2 (2 N ), �0.3 (3 N ), 18.0, 18.0, 25.5 (3 N ), 25.7
(3 N), 36.7, 68.0, 74.9, 75.7, 96.5, 102.3, 122.6, 142.3, 174.7 ppm; IR
(KBr): ñ=2148 (C�C), 1797 cm�1 (C=O); MS (ESI) m/z : 481 [M+H+] ;
HRMS (ESI) m/z : calcd for C24H45O4Si3 [M+H+]: 481.2620, found
481.2630.

ACHTUNGTRENNUNG(1R,4R,5R)-3-Ethynyl-1,4-dihydroxycyclohex-2-en-1,5-carbolactone (25):
Silylether 24 (171 mg, 0.36 mmol), tetrabutylammonium fluoride
(1.4 mL, 1.4 mmol), and THF (5.1 mL). Chromatographic eluent:
ethyl acetate/hexanes (60 %). 25 (60 mg, 92 %) as a yellow oil.
[a]20

D =�138 (c=1.0 in CH3OH); 1H NMR (250 MHz, CD3OD, 25 8C):
d=2.23 (d, J=11.0 Hz, 1 H; CHH), 2.31 (ddd, J=11.0 Hz, J’=5.4 Hz,
J’’=1.8 Hz, 1 H; CHH), 3.40 (s, 1 H; CH), 4.00 (d, J=3.3 Hz, 1 H; CH),
4.57 (dd, J=5.4 Hz, J’=3.3 Hz, 1 H; CH), 6.25 ppm (s, 1 H; CH);
13C NMR (63 MHz, CD3OD, 25 8C): d=36.7, 68.3, 74.1, 77.4, 80.9,
81.7, 124.0, 142.4, 177.7 ppm; IR (film): ñ=3399 (O�H), 3284 (O�H),
1783 cm�1 (C=O); MS (CI) m/z : 181 [M+H+] ; HRMS (CI) m/z : calcd
for C9H9O4 [M+H+]: 181.0501, found 181.0507.

ACHTUNGTRENNUNG(1R,4R,5R)-3-(1-Benzyl-1H-1,2,3-triazol-4-yl)-1,4-dihydroxycyclohex-2-
en-1,5-carbolactone (26): A freshly prepared solution of aqueous
sodium ascorbate (42 mL, 1.0m) followed by aqueous copper(II) sul-
fate (13 mL, 0.32m) were added to a suspension of alkyne 25
(75 mg, 0.42 mmol) and benzylazide (53 mL, 0.42 mmol) in a mix-
ture of tBuOH/water (1:1, 1.8 mL). The resultant heterogeneous
mixture was stirred vigorously over 16 h and then diluted with
water and ethyl acetate. The organic layer was separated, and the
aqueous phase was extracted twice with ethyl acetate. All the
combined organic extracts were dried (Na2SO4), filtered, and evapo-
rated. The obtained residue was purified by flash chromatography
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eluting with ethyl acetate/hexanes [18) 80 %, 28) 90 %] to afford tri-
azol 26 (115 mg, 88 %) as a white amorphous solid; mp: 147–
149 8C; [a]20

D =�1228 (c=1.2 in CH3OH); 1H NMR (250 MHz, CD3OD,
25 8C): d=2.39 (m, 2 H; CH2), 4.42 (d, J=3.5 Hz, 1 H; CH), 4.67 (dd,
J=6.8 Hz, J’=3.5 Hz, 1 H; CH), 5.51 (s, 2 H; CH2), 6.67 (s, 1 H; CH),
7.25 (m, 5 H; 5 N ArH), 7.99 ppm (s, 1 H; ArH); 13C NMR (63 MHz,
CD3OD, 25 8C): d=37.3, 54.9, 66.7, 74.2, 77.8, 123.5, 129.1 (2 N ),
129.6, 130.0 (2 N ), 130.2, 131.9, 136.6, 145.8, 178.2 ppm; IR (film):
ñ=3403 (O�H), 1790 cm�1

ACHTUNGTRENNUNG(C=O); MS (CI) m/z : 314 [M+H+] ; HRMS
(CI) m/z : calcd for C16H16O4N3 [M+H+]: 314.1141, found 314.1133.

ACHTUNGTRENNUNG(1R,4R,5R)-3-(1-Benzyl-1H-1,2,3-triazol-4-yl)-1,4,5-trihydroxycyclohex-2-
en-1-carboxylic acid (14): Lactone 26 (109 mg, 0.35 mmol), THF
(3.2 mL), and LiOH (aq, 1.8 mL). 14 (111 mg, 97 %). Beige amor-
phous solid; mp: 76–78 8C; [a]20

D =�168 (c=0.5 in CH3OH); 1H NMR
(250 MHz, D2O, 25 8C): d=2.10 (m, 2 H; CH2), 3.97 (m, 1 H; CH), 4.22
(d, J=3.5 Hz, 1 H; CH), 5.30 (s, 2 H; CH2), 6.24 (s, 1 H; CH) 7.10 (m,
5 H; 5 N ArH), 7.87 ppm (s, 1 H; CH); 13C NMR (63 MHz, CD3OD,
25 8C): d=38.0, 54.1, 69.7, 71.4, 73.0, 124.1, 126.1, 128.2 (2 N ),
129.0, 129.3 (2 N ), 132.6, 134.9, 144.7, 177.8 ppm; IR (KBr): ñ=3379
(O�H), 1719 cm�1 (C=O); MS (ESI) m/z : 332 [M+H+] ; HRMS (ESI) m/
z : calcd for C16H18O5N3 [M+H+]: 332.1241, found 332.1249; Anal.
for C16H17O5N3·1/2 H2O: calcd C 56.47, H 5.33; found C 56.46, H
5.09.
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