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ABSTRACT: Substituted salicylaldehydes are converted to fused tetracyclic isoxazoles
through a synthetic sequence incorporating substitution of 2-bromo-2-cyclohexen-1-ol,
formation of an oxime function, conversion to an oximoyl chloride, intramolecular [3 +
2] cycloaddition, and elimination of an equivalent of hydrogen bromide using silver(I)
carbonate. Six examples of this sequence are presented.

I t is well-established that [3 + 2] dipolar cycloaddition
reactions provide straightforward access to a variety of

functionalized heterocyclic ring systems.1 Indeed, the effective-
ness of this specific strategy has led to its frequent application
in the generation of heterocyclic lead compounds for potential
treatments in human disease.2 On a tangent within a broader
synthetic project, we became interested in the construction of
isoxazole and isoxazoline heterocycles connected to substituted
[4.4.0]-bicyclooxacyclodecane ring systems (Figure 1). The

experimental record suggested that a synthetic approach
incorporating a dipolar cycloaddition would be viable. First,
dipolar cycloadditions of nitrones and nitrile oxides had been
described previously in substrates, where Q = H.3 In addition,
alkenyl halides (e.g., if Q = Cl or Br) had been used as
dipolarophiles in [3 + 2] cycloadditions,4 although not in this
specific context. Finally, an example of an elimination of a
bromo-substituted isoxazoline to generate an unstrained
isoxazole had been carried out some time ago.5 Consequently,
the proposed route seemed to have validity. This report
summarizes our brief investigation in this matter.
Substituted salicylaldehydes (1a−f) were selected as starting

materials for the sequence. The alkylation of the phenol
function of these salicylaldehydes with an appropriate electro-
phile was more challenging than anticipated. Extensive
experimentation established that 2-bromo-2-cyclohexen-1-ol
(2) could be reacted with methanesulfonyl anhydride and
triethylamine to generate a (putative) methanesulfonate.6 A
direct interception of this intermediate required DBU and
salicylaldehyde (1a) in dichloromethane to generate 3a in 72%
yield (eq 1). Attempted substitutions using Mitsunobu
conditions (side reactions), p-toluenesulfonate electrophiles
(reagent instability), or chloride electrophiles (low yields) had
significant disadvantages. This procedure was used to react 2

with a small number of substituted salicylaldehydes to produce
ethers 3b−f. The reaction of 4-bromosalicylaldehyde was
particularly low yielding; extended efforts to improve the
reaction yields were not made.
The aldehyde functions in 3a−f were converted to oximes

using established reaction conditions (NH2OH, water, 100 °C,
Scheme 1). No unexpected reactivity was noted. The Suzuki
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Figure 1. Strategy for annulated isoxazoles.
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group has disclosed a highly effective method to convert oximes
to oximoyl chlorides using N-chlorosuccinimide in basic
conditions, followed by cycloaddition.7 In our hands, this
procedure was most efficient. Isolation of these intermediates
was not required; direct [3 + 2] cycloaddition occurred in the
presence of triethylamine to generate the expected heterocyclic
adducts in excellent yield.
The cleavage of the N−O bond of the isoxazoline

heterocycles8 using hydrogen gas and Raney nickel was
complicated by the generation of a large number of undesired
side products resulting from the reactivity of the C−Br bond.
The elimination of an equivalent of hydrogen bromide from
each of the compounds 5a−f could be accomplished using
silver carbonate in DMSO at 80 °C (eq 2). A number of
annulated isoxazoles 6a−f was generated. A solid-state
molecular structure obtained using X-ray crystallography
confirmed the structure of 6a.

An example of the utility of these heterocycles can be
demonstrated using a N−O bond cleavage reaction. The
reduction of the isoxazole N−O bond was expected to be much
simpler due to the increase of ring strain of 6 compared with 5.
Thus, the hydrogenolysis of the N−O bond in 6a and 6b using
hydrogen gas over Raney nickel readily occurred to generate
vinylogous amides 7a and 7b in 98% and 92% yields,
respectively (eq 3). The structure of 7b was confirmed by X-
ray crystallography.

In summary, isoxazole heterocycles appended onto an
oxabicyclo[4.4.0]decane ring could be formed through a
sequence incorporating a intramolecular dipolar cycloaddition
using an alkenyl bromide as a dipolarophile and a silver(I)
promoted elimination. These heterocyclic frameworks, and
nitrogen-containing versions, could prove to be useful structural
motifs for exploratory medicinal chemistry programs.

■ EXPERIMENTAL SECTION
General Methods. All reactions sensitive to air or moisture were

carried out in flame-dried glassware under a nitrogen atmosphere.
Dichloromethane, pyridine, and triethylamine were distilled from
calcium hydride under an argon atmosphere. Dimethyl sulfoxide was
distilled from calcium chloride under high vacuum and was stored with
molecular sieves under an argon atmosphere. All commercially
available reagents were used without further purification unless
otherwise specified. Reactions were magnetically stirred and monitored
by thin-layer chromatography with 250 μm precoated silica gel plates.
Flash column chromatography was performed using silica gel (230−
400 mesh). Melting points are uncorrected. Proton nuclear magnetic
resonance (1H NMR) and carbon nuclear magnetic resonance (13C
NMR) spectra were recorded in deuterochloroform. Chemical shifts

are recorded in parts per million (ppm) and are referenced to the
centerline of deuterochloroform (δ 7.27 ppm 1H NMR; δ 77.2 ppm
13C NMR). High-resolution mass spectra were obtained on a time-of-
flight instrument using electrospray ionization.

Representative Procedure of Salicylaldehyde Alkylation
Using 2. 2-((2-Bromocyclohex-2-en-1-yl)oxy)benzaldehyde
(3a). Triethylamine (1.96 g, 15.2 mmol, 1.5 equiv) was added to a
solution of 2-bromo-2-cyclohexene-1-ol (1.77 g, 10 mmol, 1 equiv) in
50 mL of CH2Cl2 at 0 °C. A solution of methanesulfonic anhydride
(2.72 g, 15.2 mL, 1.5 equiv) in 50 mL of CH2Cl2 was added dropwise
over 30 min. The reaction mixture was stirred at 0 °C for 30 min and
then warmed to rt for 1 h. A solution of 3.78 g (30.3 mmol, 3 equiv) of
salicylaldehyde and 4.68 g (30.2 mmol, 3 equiv) of DBU in 50 mL of
CH2Cl2 was then slowly added dropwise over 30 min. The reaction
mixture was stirred at rt for 1 h and then heated to reflux for 16 h.
After it was cooled to rt, the reaction mixture was poured into a
separatory funnel and washed successively with aqueous 2 M HCl
solution (twice), aqueous 2 M NaOH solution (twice), and water
(twice). Drying over sodium sulfate and concentration by rotary
evaporation in vacuo produced a yellowy thick oil that, after
purification using chromatography over silica gel (hexanes:ethyl
acetate 9:1 to 4:1), yielded 2.0 g (72%) of the title compound as a
white solid, mp 78−79 °C. IR (neat): 2932, 1682, 1596, 1229, 653
cm−1. 1H NMR (300 MHz, CDCl3): δ 10.56 (s, 1H), 7.85 (dd, J = 7.7,
1.5 Hz, 1H), 7.54 (td, J = 7.9, 1.4 Hz, 1H), 7.11−7.03 (m, 2H), 6.42
(dd, J = 4.7, 3.1 Hz, 1H), 4.89 (s, 1H), 2.30−2.07 (m, 3H), 2.00−1.90
(m, 1H), 1.84−1.68 (m, 2H). 13C NMR (75 MHz; CDCl3): δ 190.2,
161.0, 135.9, 135.5, 128.4, 126.4, 121.6, 120.2, 114.9, 77.6, 29.6, 27.8,
17.1. MS (ESI+): 305.2 (M + Na)+. HRMS (ESI+): Calculated for
C13H13O2Na

79Br (M + Na)+: 302.9997, found: 302.9990.
2-((2-Bromocyclohex-2-en-1-yl)oxy)-3-methoxybenz-

aldehyde (3b). The reaction was performed with 3.64 g (20.6 mmol)
of 2-bromo-2-cyclohexenol, 5.59 g (31.1 mmol) of methanesulfonic
anhydride, 3.19 g (31.6 mmol) of triethylamine, 9.54 g (62.1 mmol) of
o-vanillin, and 9.57 g (61.6 mmol) of DBU. After purification, 6.40 g
(98% yield) of the title compound was isolated as an off-white solid,
mp 64−65 °C. IR (neat): 2950, 1687, 1243, 572 cm−1. 1H NMR (300
MHz, CDCl3): δ 10.49 (s, 1H), 7.37 (dd, J = 7.2, 2.1 Hz, 1H), 7.09−
7.00 (m, 2H), 6.29 (dd, J = 4.6, 3.0 Hz, 1H), 4.88 (s, 1H), 3.82 (s,
3H), 2.21−2.14 (m, 2H), 2.04 (d, J = 8.1 Hz, 1H), 1.80 (dd, J = 15.3,
7.3 Hz, 2H), 1.64−1.61 (m, 1H). 13C NMR (75 MHz; CDCl3): δ
190.7, 152.3, 150.7, 135.1, 130.3, 123.7, 120.7, 118.8, 117.9, 79.6, 55.9,
30.1, 27.8, 16.5. MS (ESI+): 333.3 (M + Na)+. HRMS (ESI+):
Calculated for C14H15O3Na

79Br: 333.0102, found: 333.0099.
2-((2-Bromocyclohex-2-en-1-yl)oxy)-4-methoxybenz-

aldehyde (3c). The reaction was performed with 1.81 g (10.2 mmol)
of 2-bromo-2-cyclohexenol, 2.81 g (15.8 mmol) of methanesulfonic
anhydride, 1.60 g (15.8 mmol) of triethylamine, 2.40 g (15.5 mmol) of
2-hydroxy-4-methoxybenzaldehyde, and 2.44 g (15.7 mmol) of DBU.
After purification, 1.26 g (40% yield) of the title compound was
obtained as a light yellow oil. IR (neat): 2939, 1675, 1596, 1254, 620
cm−1. 1H NMR (300 MHz, CDCl3): δ 10.38 (s, 1H), 7.85 (d, J = 8.6
Hz, 1H), 6.62−6.56 (m, 2H), 6.43 (dd, J = 5.1, 3.1 Hz, 1H), 4.87−
4.85 (m, 1H), 3.88 (s, 3H), 2.25−2.14 (m, 3H), 1.98−1.90 (m, 1H),
1.79−1.72 (m, 2H). 13C NMR (75 MHz; CDCl3): δ 188.8, 166.1,
162.7, 135.6, 130.4, 120.6, 120.1, 107.1, 100.9, 77.6, 55.9, 29.6, 27.8,
17.1. MS (ESI+): 333.3 (M + Na)+. HRMS (ESI+): Calculated for
C14H15O3Na

79Br: 333.0102, found: 333.0107.
5-Bromo-2-((2-bromocyclohex-2-en-1-yl)oxy)benzaldehyde

(3d). The reaction was performed with 1.77 g (10.0 mmol) of 2-
bromo-2-cyclohexenol, 2.81 g (15.8 mmol) of methanesulfonic
anhydride, 1.60 g (15.8 mmol) of triethylamine, 3.29 g (16.4 mmol)
of 5-bromo-2-hydroxybenzaldehyde, and 2.55 g (16.4 mmol) of DBU.
After purification, 0.25 g (7% yield) of the title product was obtained
as a light yellow solid, mp 117 °C. IR (neat): 2938, 1678, 1598, 1252,
618 cm−1. 1H NMR (300 MHz, CDCl3): δ 10.39 (s, 1H), 7.85 (d, J =
2.5 Hz, 1H), 7.55 (dd, J = 8.9, 2.5 Hz, 1H), 6.97 (d, J = 8.9 Hz, 1H),
6.35 (dd, J = 4.5, 3.3 Hz, 1H), 4.80 (s, 1H), 2.24−2.00 (m, 6H), 1.98−
1.87 (m, 2H), 1.71 (dd, J = 15.6, 4.2 Hz, 2H), 1.19 (t, J = 7.1 Hz, 1H).
13C NMR (75 MHz; CDCl3): δ 188.5, 159.8, 138.2, 135.6, 130.8,
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127.5, 119.6, 116.8, 114.2, 77.9, 30.9, 29.5, 27.6, 16.9. MS (ESI−):
359.1 (M − H)−. HRMS (ESI+): Calculated for C13H12O2Na

79Br2:
380.9102, found: 380.9103.
2-((2-Bromocyclohex-2-en-1-yl)oxy)-5-nitrobenzaldehyde

(3e). The reaction was performed with 1.78 g (10.0 mmol) of 2-
bromo-2-cyclohexenol, 2.76 g (15.5 mmol) of methanesulfonic
anhydride, 1.52 g (15.1 mmol) of triethylamine, 3.58 g (21.2 mmol)
of 2-hydroxy-5-nitrobenzaldehyde, and 3.36 g (21.6 mmol) of DBU.
After purification, 0.98 g (30% yield) of the title compound was
obtained as a white powder, mp 114−117 °C. IR (neat): 3118, 2953,
1683, 1587, 1342, 1268, 667 cm−1. 1H NMR (300 MHz, CDCl3): δ
10.51 (s, 1H), 8.72 (d, J = 2.9 Hz, 1H), 8.42 (dd, J = 9.2, 2.9 Hz, 1H),
7.21 (d, J = 9.3 Hz, 1H), 6.49 (dd, J = 5.0, 3.2 Hz, 1H), 5.06 (t, J = 3.6
Hz, 1H), 2.37−2.16 (m, 3H), 2.15−2.02 (m, 1H), 1.82−178 (m, 2H).
13C NMR (75 MHz; CDCl3): δ 187.9, 173.9, 142.0, 136.6, 130.6,
125.9, 124.9, 118.7, 114.5, 78.3, 29.6, 27.7, 17.1. MS (ESI−): 324.2 (M
− H)−. HRMS (ESI+): Calculated for C13H11O4N

79Br: 323.9871,
found: 323.9878.
2-((2-Bromocyclohex-2-en-1-yl)oxy)-1-naphthaldehyde (3f).

The reaction was performed with 1.81 g (10.2 mmol) of 2-bromo-2-
cyclohexenol, 2.80 g (15.8 mmol) of methanesulfonic anhydride, 1.60
g (15.8 mmol) of triethylamine, 5.40 g (30.7 mmol) of 2-hydroxy-1-
naphthaldehyde, and 4.78 g (30.8 mmol) of DBU. After purification,
2.44 g (72% yield) of the title compound was obtained as an off-white
solid, mp 88−90 °C. IR (neat): 3084, 2952, 1234, 649 cm−1. 1H NMR
(300 MHz, CDCl3): δ 10.97 (s, 1H), 9.31 (d, J = 8.6 Hz, 1H), 8.02 (d,
J = 9.1 Hz, 1H), 7.77 (d, J = 8.0 Hz, 1H), 7.65−7.60 (m, 1H), 7.44 (t,
J = 7.2 Hz, 1H), 7.34 (d, J = 9.2 Hz, 1H), 6.42 (dd, J = 4.9, 3.1 Hz,
1H), 4.99 (s, 1H), 2.29−2.05 (m, 3H), 1.99−1.68 (m, 3H). 13C NMR
(75 MHz; CDCl3): δ 192.6, 163.1, 137.5, 135.6, 131.6, 129.8, 129.1,
128.3, 125.22, 125.10, 119.9, 118.8, 115.7, 78.6, 29.9, 27.7, 16.9. MS
(ESI+): 355.3 (M + Na)+. HRMS (ESI+): Calculated for C17H16-
O2

79Br: 331.0334, found: 331.0337.
Representative Procedure for Conversion of Substituted

Salicylaldehydes to Oximes. Synthesis of 2-((2-Bromo-
cyclohex-2-en-1-yl)oxy)benzaldehyde Oxime (4a). A solution
of hydroxylamine (0.75 mL, 12.2 mmol, 50% in water, 1.4 equiv) was
added to a cloudy solution of 2.01 g (7.17 mmol, 1 equiv) of aldehyde
3a in 70 mL of water at 100 °C. The reaction mixture was stirred for
16 h. The reaction mixture was cooled to rt and was extracted three
times with ethyl acetate. The combined organic extracts were washed
with brine twice and dried over sodium sulfate. The dried extracts were
filtered and concentrated using rotary evaporation in vacuo to produce
a thick yellow oil. The oil was purified by chromatography on silica gel
(hexanes:ethyl acetate 8:2 to 7:3) to yield 2.1 g (98%) of the title
compound as a white solid, mp. 119−121 °C. IR (neat): 3272, 2931,
1599, 1451, 1233, 642 cm−1. 1H NMR (300 MHz, CDCl3): δ 8.63 (s,
1H), 8.28 (br s, 1H), 7.78 (dd, J = 7.7, 1.8 Hz, 1H), 7.36 (ddd, J = 8.5,
7.3, 1.7 Hz, 1H), 7.04−6.97 (m, 2H), 6.40 (dd, J = 5.1, 3.1 Hz, 1H),
4.81 (d, J = 3.7 Hz, 1H), 2.32−2.05 (m, 3H), 1.93−1.65 (m, 3H). 13C
NMR (75 MHz; CDCl3): δ 156.5, 146.9, 135.2, 131.4, 126.7, 122.5,
121.8, 120.7, 114.7, 77.4, 29.5, 27.9, 17.0. MS (ESI+): 320.3 (M +
Na)+; HRMS (ESI+): Calculated for C13H15NO2

79Br: 296.0286, found:
296.0282.
2-((2-Bromocyclohex-2-en-1-yl)oxy)-3-methoxybenz-

aldehyde Oxime (4b). The reaction was performed with 3.88 g (12.5
mmol) of aldehyde 3b and 1.10 mL (17.8 mmol) of hydroxylamine.
After purification, 3.79 g (94% yield) of the title compound was
obtained as a light yellow thick oil, which solidified upon standing, mp
159−164 °C (decomposed). IR (neat): 3284, 2937, 1475, 1438, 1266
cm−1. 1H NMR (300 MHz, CDCl3): δ 8.65 (s, 1H), 7.36 (d, J = 7.8
Hz, 1H), 7.04 (t, J = 8.0 Hz, 1H), 6.93 (d, J = 8.1 Hz, 1H), 6.36 (dd, J
= 4.8, 2.9 Hz, 1H), 4.83 (s, 1H), 3.86 (s, 3H), 2.30−2.22 (s, 1H),
2.18−2.09 (m, 3H), 1.96−1.83 (m, 1H), 1.68−1.25 (m, 2H). 13C
NMR (75 MHz; CDCl3): δ 152.7, 147.3, 145.9, 135.2, 126.9, 124.2,
121.3 118.1, 113.9, 79.3, 56.0, 29.9, 28.1, 16.8. MS (ESI+): 350.3 (M +
Na)+. HRMS (ESI+): Calculated for C14H17NO3

79Br: 326.0392, found:
326.0396.
2-((2-Bromocyclohex-2-en-1-yl)oxy)-4-methoxybenz-

aldehyde Oxime (4c). The reaction was performed with 0.57 g (1.8

mmol) of aldehyde 3c and 0.23 mL (3.8 mmol) of hydroxylamine.
After purification, 0.31 g (52% yield) of the title compound was
obtained as a light yellow oil, which solidified upon standing, mp 97−
115 °C (decomposed). IR (neat): 3240, 2933, 1608, 1265 cm−1. 1H
NMR (300 MHz, CDCl3): δ 9.55 (br s, 1H), 8.55 (s, 1H), 7.72 (d, J =
9.3 Hz, 1H), 6.56−6.54 (m, 2H), 6.36 (dd, J = 5.1, 3.0 Hz, 1H), 4.76
(s, 1H), 3.80 (s, 3H), 2.22−2.15 (m, 1H), 2.14−2.01 (m, 2H), 1.90−
1.70 (m, 2H), 1.68−1.60 (m, 1H). 13C NMR (75 MHz; CDCl3): δ
162.4, 157.6, 146.4, 135.2, 127.6, 120.4, 115.2, 106.8, 101.2, 77.3, 55.6,
29.3, 27.7, 16.9. MS (ESI+): 328.2 (M + H)+. HRMS (ESI+):
Calculated for C14H17NO3

79Br: 326.0392, found: 326.0389.
5-Bromo-2-((2-bromocyclohex-2-en-1-yl)oxy)benzaldehyde

Oxime (4d). The reaction was performed with 0.25 g (0.70 mmol) of
aldehyde 3d and 0.09 mL (1.5 mmol) of hydroxylamine. After
purification, 0.19 g (73% yield) of the title compound was obtained as
a light yellow thick oil, which solidified upon standing, mp 105−110
°C (decomposed). IR (neat): 3280, 2951, 1481, 1268, 663, 634 cm−1.
1H NMR (300 MHz, CDCl3): δ 9.09 (br s, 1H), 7.89 (d, J = 2.3 Hz,
1H), 7.40 (dd, J = 8.8, 2.3 Hz, 1H), 6.89 (d, J = 8.9 Hz, 1H), 6.36 (dd,
J = 4.9, 3.1 Hz, 1H), 4.72 (s, 1H), 2.27−2.09 (m, 3H), 1.90−1.61 (m,
3H). 13C NMR (75 MHz; CDCl3): δ 155.4, 145.5, 135.4, 133.7, 129.2,
124.4, 120.1, 116.4, 114.2, 77.8, 60.8, 29.4, 27.7, 16.9. MS (ESI+):
398.1 (M + Na)+. HRMS (ESI+): Calculated for C13H14NO2

79Br2:
373.9391, found: 373.9389.

2-((2-Bromocyclohex-2-en-1-yl)oxy)-5-nitrobenzaldehyde
Oxime (4e). The reaction was performed with 0.96 g (2.9 mmol) of
aldehyde 3e and 0.36 mL (5.9 mmol) of hydroxylamine. After
purification, 0.74 g (74% yield) of the title compound was obtained as
a light yellow oil, which solidified upon standing, mp 134.5−141 °C
(decomposed). IR (neat): 3413, 2929, 1511, 1339, 1269, 674 cm−1. 1H
NMR (300 MHz, CDCl3): δ 8.67 (d, J = 2.9 Hz, 1H), 8.54 (s, 1H),
8.24 (dd, J = 9.2, 2.9 Hz, 1H), 7.07 (d, J = 9.4 Hz, 1H), 6.45 (dd, J =
5.1, 3.1 Hz, 1H), 4.96 (m, 1H), 2.29 (m, 4.6 Hz, 1H), 2.21−2.07 (m,
2H), 2.05−1.93 (m, 1H), 1.83−1.70 (m, 2H). 13C NMR (75 MHz;
CDCl3): δ 160.7, 145.0, 141.9, 136.2, 126.6, 122.90, 122.8, 119.2,
113.4, 77.8, 29.5, 27.7, 17.0. MS (ESI−): 339.2 (M − H)−. HRMS
(ESI+): Calculated for C13H13N2O4Na79Br: 362.9956, found:
362.9962.

2-((2-Bromocyclohex-2-en-1-yl)oxy)-1-naphthaldehyde
Oxime (4f). The reaction was performed with 2.44 g (7.4 mmol) of
aldehyde 3f and 0.72 mL (11.1 mmol) of hydroxylamine. After
purification, 1.26 g (50% yield) of the title compound was obtained as
a light yellow thick oil. IR (neat): 3312, 2935, 1588, 1509, 1234, 637
cm−1. 1H NMR (300 MHz; CDCl3): δ 9.00 (s, 1H), 8.93 (s, 1H), 8.86
(dd, J = 8.7, 0.9 Hz, 1H), 7.87 (d, J = 9.0 Hz, 1H), 7.82 (dt, J = 8.0, 0.6
Hz, 1H), 7.58 (ddd, J = 8.6, 6.9, 1.5 Hz, 1H), 7.44 (ddd, J = 8.1, 6.9,
1.2 Hz, 1H), 7.36 (d, J = 9.2 Hz, 1H), 6.41 (dd, J = 5.1, 3.0 Hz, 1H),
4.90 (d, J = 3.5 Hz, 1H), 2.23−2.20 (m, 1H), 2.15−2.08 (m, 2H),
1.90−1.82 (m, 2H), 1.70−1.66 (m, 1H). 13C NMR (75 MHz;
CDCl3): δ 155.8, 148.0, 135.3, 132.1, 131.7, 129.8, 128.4, 128.0, 125.8,
124.7, 120.6, 116.4, 116.3, 78.8, 29.7, 27.8, 16.9. MS (ESI+): 348.3 (M
+ H)+. HRMS (ESI+): Calculated for C17H17NO2

79Br: 346.0443,
found: 346.0446.

Representative Procedure of Conversion to Oximoyl
Chlorides and in Situ Cycloaddition. Synthesis of 2a1-
Bromo-2a,2a1,3,4,5,5a-hexahydroxantheno[9,1-cd]isoxazole
(5a). Pyridine (0.14 mL, 1.7 mmol 0.2 equiv) was added to a solution
of oxime 4a (2.48 g, 8.4 mmol, 1 equiv) in 85 mL of chloroform. The
reaction mixture was heated to 40 °C. N-Chlorosuccinimide (1.28 g,
9.4 mmol, 1.1 equiv) was added in small portions over a period of 30
min. The reaction mixture was further stirred at 40 °C for 3 h.
Triethylamine (1.2 mL, 8.6 mmol, 1 equiv) was added, converting the
yellow-orange solution to a dark red fuming one. The reaction mixture
was stirred at 40 °C for 2 h. The mixture was diluted with 100 mL of
CH2Cl2. The organic layer was washed with aqueous 1 M hydrochloric
acid (once) and water (twice) and dried over sodium sulfate.
Concentration by rotary evaporation in vacuo yielded an orange solid.
Purification using column chromatography on silica gel (hexanes:ethyl
acetate 8:2 to 7:3) yielded 1.54 g (63%) the title compound as a white
solid, mp 170−173 °C. IR (neat): 2933, 1611, 1462, 1209, 665 cm−1.
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1H NMR (300 MHz; CDCl3): δ 7.88 (dd, J = 7.8, 1.6 Hz, 1H), 7.41
(ddd, J = 8.3, 7.4, 1.6 Hz, 1H), 7.08−7.02 (m, 2H), 5.13 (t, J = 8.5 Hz,
1H), 4.90 (dd, J = 11.6, 6.0 Hz, 1H), 2.28−2.20 (m, 1H), 2.14−2.05
(m, 1H), 1.70−1.65 (m, 1H), 1.39−1.20 (m, 3H); 13C NMR (75
MHz; CDCl3): δ 152.3, 151.5, 133.4, 125.9, 122.3, 118.4, 110.5, 89.6,
81.6, 67.1, 30.6, 29.0, 16.9; MS (ESI+): 294.3 (M + H)+. HRMS
(ESI+): Calculated for C13H13NO2

79Br: 294.0130, found: 294.0135
2 a 1 - B r omo - 7 -me t h o x y - 2 a , 2 a 1 , 3 , 4 , 5 , 5 a - h e x a -

hydroxantheno[9,1-cd]isoxazole (5b). The reaction was per-
formed with 4.56 g (14.0 mmol) of oxime 4b, 0.22 mL of pyridine
(2.7 mmol), 2.10 g (15.4 mmol) of N-chlorosuccinimide, and 2.0 mL
(14.0 mmol) of triethylamine. After purification, 4.04 g (89% yield) of
the title compound was obtained as a white solid, mp 170−172 °C. IR
(neat): 2941, 1572, 1489, 1211, 626 cm−1. 1H NMR (300 MHz;
CDCl3): δ 7.41 (dd, J = 5.6, 3.7 Hz, 1H), 6.95−6.93 (m, 2H), 5.08 (t, J
= 8.3 Hz, 1H), 4.97 (dd, J = 11.3, 5.9 Hz, 1H), 3.81 (s, 4H), 2.20−2.07
(m, 2H), 1.60 (dd, J = 7.1, 3.7 Hz, 1H), 1.36−1.09 (m, 3H). 13C NMR
(75 MHz; CDCl3): δ 151.2, 149.1, 141.8, 121.8, 117.0, 114.3, 110.8,
89.6, 81.7, 77.7, 77.2, 76.8, 66.7, 56.1, 30.3, 28.7, 16.6. MS (ESI+):
326.3 (M + H)+. HRMS (ESI+): Calculated for C14H15NO3

79Br,
324.0235, found: 324.0238.
2 a 1 - B r omo - 8 -me t h o x y - 2 a , 2 a 1 , 3 , 4 , 5 , 5 a - h e x a -

hydroxantheno[9,1-cd]isoxazole (5c). The reaction was performed
with 0.31 g (1.0 mmol) of oxime 4c, 0.02 mL of pyridine (0.2 mmol),
0.15 g (1.1 mmol) of N-chlorosuccinimide, and 0.14 mL (1.0 mmol)
of triethylamine. After purification, 0.15 g (49% yield) of the title
compound was obtained as a thick clear oil, which solidified upon
standing, mp 131−135.5 °C. IR (neat): 2942, 1614, 1591, 1437, 1197,
634 cm−1. 1H NMR (300 MHz; CDCl3): δ 7.75 (d, J = 8.7 Hz, 1H),
6.63 (dd, J = 8.8, 2.5 Hz, 1H), 6.51 (s, 1H), 5.09−5.03 (m, 1H), 4.86
(dd, J = 11.4, 5.9 Hz, 1H), 3.80 (s, 3H), 2.22−2.14 (m, 1H), 2.10−
2.02 (m, 1H), 1.68−1.63 (m, 1H), 1.40−1.18 (m, 3H). 13C NMR (75
MHz; CDCl3): δ 163.9, 153.9, 130.1, 127.5, 127.0, 122.0, 110.5, 103.0,
102.0, 89.0, 81.8, 55.6, 30.4, 29.0, 17.0. MS (ESI+): 326.2 (M + H)+.
HRMS (ESI+): Calculated for C14H15NO3

79Br: 324.0235, found:
324.0241.
2a1,9-Dibromo-2a,2a1,3,4,5,5a-hexahydroxantheno[9,1-cd]-

isoxazole (5d). The reaction was performed with 0.19 g (0.5 mmol)
of oxime 4d, 0.01 mL of pyridine (0.1 mmol), 0.08 g (0.6 mmol) of N-
chlorosuccinimide, and 0.07 mL (0.5 mmol) of triethylamine. After
purification, 0.14 g (72% yield) of the title compound was obtained as
a foamy clear thick oil. IR (neat): 2952, 1459, 1440, 1213, 728, 680
cm−1. 1H NMR (300 MHz; CDCl3): δ 7.99 (d, J = 2.5 Hz, 1H), 7.48
(dd, J = 8.9, 2.5 Hz, 1H), 6.93 (d, J = 8.9 Hz, 1H), 5.15 (d, J = 8.8 Hz,
1H), 4.90−4.86 (m, 1H), 2.28−2.19 (m, 1H), 2.13−2.04 (m, 1H),
1.68−165 (m, 1H), 1.37−1.14 (m, 4H). 13C NMR (75 MHz; CDCl3):
δ 151.2, 150.5, 136.1, 128.2, 120.3, 114.5, 112.2, 89.9, 81.8, 66.2, 30.5,
28.9, 16.7. MS (ESI+): 374.0 (M + H)+. HRMS (ESI+): Calculated for
C13H12NO2

79Br2: 371.9235, found: 371.9233.
2a1-Bromo-9-nitro-2a,2a1,3,4,5,5a-hexahydroxantheno[9,1-

cd]isoxazole (5e). The reaction was performed with 0.74 g (2.2
mmol) of oxime 4e, 0.04 mL of pyridine (0.4 mmol), 0.33 g (0.6
mmol) of N-chlorosuccinimide, and 0.3 mL (2.2 mmol) of
triethylamine. After purification, 0.56 g (76% yield) of the title
compound was obtained as a white powder, mp 166−167.5 °C. IR
(neat): 3107, 2944, 1617, 1460, 1338, 1229, 685 cm−1. 1H NMR (300
MHz; CDCl3): δ 8.82 (d, J = 2.8 Hz, 1H), 8.28 (dd, J = 9.2, 2.8 Hz,
1H), 7.17 (d, J = 9.2 Hz, 1H), 5.22 (t, J = 8.5 Hz, 1H), 5.07−5.01 (m,
1H), 2.35−2.26 (m, 1H), 2.23−2.16 (m, 1H), 1.78−1.71 (m, 1H),
1.35−1.20 (m, 3H). 13C NMR (75 MHz; CDCl3): δ 156.7, 150.1,
134.9, 128.1, 122.4, 119.3, 110.9, 90.5, 82.8, 64.9, 30.6, 29.4, 16.6. MS
(ESI+): 341.1 (M + H)+. HRMS (ESI+): Calculated for C13H12-
N2O4

79Br: 338.9980, found: 338.9977.
2a1-Bromo-2a,2a1,3,4,5,5a-hexahydrobenzo[7,8]xantheno-

[9,1-cd]isoxazole (5f). The reaction was performed with 0.37 g (2.2
mmol) of oxime 4f, 0.02 mL of pyridine (0.2 mmol), 0.16 g (1.2
mmol) of N-chlorosuccinimide, and 0.15 mL (1.1 mmol) of
triethylamine. After purification, 0.27 g (73% yield) of the title
compound was obtained as a very thick yellow oil. IR (neat): 3058,
2951, 1620, 1442, 1226, 726 cm−1. 1H NMR (300 MHz; CDCl3): δ

9.13 (d, J = 8.6 Hz, 1H), 7.87 (d, J = 9.0 Hz, 1H), 7.80 (dt, J = 8.0, 0.6
Hz, 1H), 7.65 (td, J = 7.8, 1.5 Hz, 1H), 7.49−7.44 (m, 1H), 7.19 (d, J
= 9.0 Hz, 1H), 5.15−5.10 (m, 1H), 4.99 (dd, J = 11.7, 5.9 Hz, 1H),
2.29−2.21 (m, 1H), 2.15−2.06 (m, 1H), 1.68−1.62 (m, 1H), 1.50−
1.23 (m, 3H). 13C NMR (75 MHz; CDCl3): δ 152.8, 152.3, 134.5,
130.8, 129.6, 128.9, 128.7, 127.0, 125.1, 118.9, 103.7, 88.3, 81.4, 68.7,
30.5, 28.7, 16.6. MS (ESI+): 346.2 (M + H)+. HRMS (ESI+):
Calculated for C17H15NO2

79Br: 344.0286, found: 344.0291.
Representative Procedure of Elimination to Form 6.

Synthesis of 3,4,5,5a-Tetrahydroxantheno[9,1-cd]isoxazole
(6a). To a solution of 0.30 g (1.0 mmol, 1 equiv) of 5a in 10 mL
of DMSO at 100 °C was added 0.32 g (1.1 mmol, 1.1 equiv) of silver
carbonate. The reaction mixture was stirred at 100 °C for 16 h. The
reaction mixture was cooled to rt and filtered through Celite. The filter
cake was washed with water. The solution was extracted with ethyl
acetate (three times). The combined organic extracts were washed
with brine (twice), dried over sodium sulfate, and concentrated using
rotary evaporation in vacuo to yield a brown solid. Purification using
chromatography on silica gel (hexanes:ethyl acetate 8:2 to 7:3) yielded
0.17 g (78%) of the title compound as a white solid, mp 94.5 °C. IR
(neat): 2943, 1685, 1498, 1200 cm−1. 1H NMR (400 MHz; CDCl3): δ
7.78 (dd, J = 7.6, 1.4 Hz, 1H), 7.33 (td, J = 7.8, 1.3 Hz, 1H), 7.04 (dd,
J = 14.2, 7.8 Hz, 2H), 5.11−5.07 (m, 1H), 2.81 (ddt, J = 17.8, 6.4, 1.8
Hz, 1H), 2.69 (dddd, J = 17.5, 11.1, 6.2, 2.3 Hz, 1H), 2.49−2.43 (m,
1H), 2.26−2.22 (m, 1H), 1.87 (ddddd, J = 17.0, 14.1, 11.2, 6.0, 2.9 Hz,
1H), 1.68−1.59 (m, 1H). 13C NMR (100 MHz; CDCl3): δ 166.2,
156.1, 153.2, 132.1, 125.0, 122.4, 118.6, 115.7, 113.1, 70.0, 29.3, 22.4,
20.7. MS (ESI+): 214.4 (M + H)+. HRMS (ESI+): Calculated for
C13H12NO2: 214.0868, found: 214.0876.

7-Methoxy-3,4,5,5a-tetrahydroxantheno[9,1-cd]isoxazole
(6b). The reaction was performed with 1.63 g (5.0 mmol) of
bromoisoxazoline 5b and 1.55 g (5.6 mmol) of silver carbonate. After
purification, 0.97 g (79% yield) of the title compound was obtained as
a white powder, mp 142−143 °C. IR (neat): 2961, 1684, 1575, 1263
cm−1. 1H NMR (400 MHz; CDCl3): δ 7.42 (dd, J = 7.5, 1.8 Hz, 1H),
7.03 (t, J = 7.8 Hz, 1H), 6.98 (dd, J = 8.2, 1.7 Hz, 1H), 5.19−5.14 (m,
1H), 3.91 (s, 3H), 2.85 (ddt, J = 17.7, 6.3, 1.7 Hz, 1H), 2.72 (dddd, J =
17.5, 11.1, 6.2, 2.6 Hz, 1H), 2.60 (dddd, J = 12.1, 5.8, 3.7, 2.4 Hz, 1H),
2.32−2.24 (m, 1H), 1.90 (tddd, J = 14.0, 11.0, 6.3, 2.8 Hz, 1H), 1.72
(dddd, J = 14.1, 12.2, 9.5, 2.8 Hz, 1H). 13C NMR (101 MHz; CDCl3):
δ 166.3, 149.5, 145.3, 122.1, 116.7, 116.2, 114.2, 112.9, 70.3, 56.1, 29.3,
22.3, 20.6. MS (ESI+): 244.5 (M + H)+. HRMS (ESI+): Calculated for
C14H14NO3: 244.0974, found: 244.0977.

8-Methoxy-3,4,5,5a-tetrahydroxantheno[9,1-cd]isoxazole
(6c). The reaction was performed with 0.15 g (0.5 mmol) of
bromoisoxazoline 5c and 0.26 g (1.0 mmol) of silver carbonate. After
purification, 0.087 g (77% yield) of the title compound was obtained
as a white powder, mp 151.5−155.0 °C. IR (neat): 2935, 1687, 1616,
1254 cm−1. 1H NMR (300 MHz; CDCl3): δ 7.69 (d, J = 8.5 Hz, 1H),
6.62 (dd, J = 8.5, 2.5 Hz, 1H), 6.58 (d, J = 2.5 Hz, 1H), 5.11−5.04 (m,
1H), 3.80 (s, 3H), 2.80 (ddt, J = 17.7, 6.4, 1.6 Hz, 1H), 2.67 (dddd, J =
17.4, 11.0, 6.1, 2.4 Hz, 1H), 2.45 (dddd, J = 12.0, 5.7, 3.6, 2.4 Hz, 1H),
2.27−2.22 (m, 1H), 1.95−1.79 (m, 1H), 1.70−1.57 (m, 1H). 13C
NMR (75 MHz; CDCl3): δ 165.8, 162.9, 157.6, 130.1, 126.0, 122.1,
109.1, 108.4, 103.6, 77.2, 70.4, 55.5, 29.3, 22.4, 20.8. MS (ESI+): 244.4
(M + H)+. HRMS (ESI+): Calculated for C14H14NO3: 244.0974,
found: 244.0978.

8-Bromo-3,4,5,5a-tetrahydroxantheno[9,1-cd]isoxazole
(6d). The reaction was performed with 0.14 g (0.4 mmol) of
bromoisoxazoline 5d and 0.21 g (0.8 mmol) of silver carbonate. After
purification, 0.073 g (69% yield) of the title compound was obtained
as a white powder, mp 124−125 °C. IR (neat): 3060, 2937, 1684,
1496, 1202 cm−1. 1H NMR (300 MHz; CDCl3): δ 7.88 (d, J = 2.4 Hz,
1H), 7.40 (dd, J = 8.8, 2.5 Hz, 1H), 6.90 (d, J = 8.8 Hz, 1H), 5.08 (ddt,
J = 9.7, 5.6, 2.2 Hz, 1H), 2.83 (ddt, J = 17.8, 6.4, 1.7 Hz, 1H), 2.69
(dddd, J = 17.5, 11.0, 6.1, 2.5 Hz, 1H), 2.50−2.42 (m, 1H), 2.31−2.21
(m, 1H), 1.96−1.80 (m, 1H), 1.62 (dddd, J = 14.0, 12.2, 9.5, 2.8 Hz,
1H). 13C NMR (75 MHz; CDCl3): δ 166.7, 155.1, 152.4, 134.8, 127.6,
120.4, 117.4, 114.6, 112.8, 70.4, 29.3, 22.5, 20.7. MS (ESI+): 294.2 (M
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+ H)+. HRMS (ESI+): Calculated for C13H11NO2
79Br: 291.9973,

found: 291.9960.
9-Nitro-3,4,5,5a-tetrahydroxantheno[9,1-cd]isoxazole (6e).

The reaction was performed with 0.35 g (1.0 mmol) of bromoisoxazo-
line 5e and 0.58 g (2.1 mmol) of silver carbonate. After purification,
0.17 g (65% yield) of the title compound was obtained as a white
powder, mp 195−196 °C. IR (neat): 2968, 1684, 1619, 1499, 1265
cm−1. 1H NMR (300 MHz; CDCl3): δ 8.53 (d, J = 2.8 Hz, 1H), 8.09
(dd, J = 9.1, 2.8 Hz, 1H), 7.03 (d, J = 9.1 Hz, 1H), 5.16 (ddt, J = 9.7,
5.5, 2.1 Hz, 1H), 2.79 (ddt, J = 18.0, 6.5, 1.6 Hz, 1H), 2.64 (dddd, J =
17.6, 11.0, 6.3, 2.4 Hz, 1H), 2.42 (tdd, J = 7.9, 4.2, 2.0 Hz, 1H), 2.27−
2.17 (m, 1H), 1.84 (ddd, J = 10.7, 6.4, 2.8 Hz, 1H), 1.57 (dddd, J =
13.9, 12.2, 9.6, 2.8 Hz, 1H). 13C NMR (75 MHz; CDCl3): δ 167.5,
160.7, 151.4, 142.0, 127.0, 120.6, 119.1, 116.5, 116.4, 116.4, 115.5,
112.0, 71.3, 28.9, 22.1, 20.3. MS (ESI+): 259.3 (M + H)+. HRMS
(ESI+): Calculated for C13H11N2O4: 259.0719, found: 259.0723.
3,4,5,5a-Tetrahydrobenzo[7,8]xantheno[9,1-cd]isoxazole

(6f). The reaction was performed with 0.27 g (0.8 mmol) of
bromoisoxazoline 5f and 0.44 g (1.6 mmol) of silver carbonate. After
purification, 0.069 g (34% yield) of the title compound was obtained
as a white powder, mp 186−187 °C. IR (neat): 2940, 1617, 1592,
1526, 1209 cm−1. 1H NMR (300 MHz; CDCl3): δ 8.82 (dd, J = 8.4,
0.6 Hz, 1H), 7.79 (dd, J = 8.5, 3.8 Hz, 2H), 7.63 (ddd, J = 8.4, 7.0, 1.4
Hz, 1H), 7.44 (ddd, J = 8.1, 6.9, 1.2 Hz, 1H), 7.18 (d, J = 9.0 Hz, 1H),
5.19−5.13 (m, 1H), 2.83 (ddt, J = 17.6, 6.3, 1.7 Hz, 1H), 2.70 (dddd, J
= 17.3, 10.8, 6.1, 2.5 Hz, 1H), 2.49 (dddd, J = 11.7, 5.7, 3.7, 2.1 Hz,
1H), 2.29−2.20 (m, 1H), 1.85 (tddd, J = 14.0, 10.5, 6.3, 2.4 Hz, 1H),
1.70 (dddd, J = 14.1, 11.7, 9.3, 2.5 Hz, 1H). 13C NMR (75 MHz;
CDCl3): δ 165.0, 155.4, 153.7, 132.5, 130.3, 129.6, 128.2(0), 128.1(8),
126.5, 124.9, 119.3, 113.1, 109.8, 70.3, 29.3, 22.3, 20.7. MS (ESI+):
264.4 (M + H)+. HRMS (ESI+): Calculated for C17H14NO2: 264.1025,
found: 264.1024.
Sample Procedure for the Preparation of 9-Amino-2,3,4,4a-

tetrahydro-1H-xanthen-1-ones. 9-Amino-2,3,4,4a-tetrahydro-
1H-xanthen-1-one (7a). Raney nickel (30 mg, 30% by weight in
water) was added to isoxazole 6a (0.12 g, 0.6 mmol, 1 equiv). After
removal of water in vacuo, 10 mL of methanol was added under a
hydrogen atmosphere (using a balloon filled with hydrogen gas). The
reaction mixture was stirred at rt for 24 h. The solvent was removed
using rotary evaporation in vacuo. Purification using chromatography
over silica gel yielded 0.12 g (98% yield) of the title product as a
yellow powder, mp 164.5−165.5 °C. IR (neat): 3304, 3154, 2942,
1614, 1598 cm−1. 1H NMR (400 MHz; CDCl3): δ 10.25 (br s, 1H),
7.45 (dd, J = 7.9, 1.5 Hz, 1H), 7.28 (td, J = 7.8, 1.2 Hz, 1H), 6.95 (td, J
= 7.6, 1.0 Hz, 1H), 6.89 (dd, J = 8.2, 1.0 Hz, 1H), 5.86 (br s, 1H), 4.77
(dd, J = 9.5, 5.8 Hz, 1H), 2.35−2.25 (m, 3H), 1.92−1.79 (m, 2H),
1.64−1.53 (m, 1H). 13C NMR (101 MHz; CDCl3): δ 196.2, 157.9,
152.1, 132.8, 123.5, 121.6, 119.3, 117.4, 100.1, 75.3, 37.8, 29.8, 18.6.
MS (ESI+) (m/z): 216.3 (M + H)+. HRMS (ESI+): Calculated for
C13H14NO2: 216.1025, found: 216.1021.
9-Amino-5-methoxy-2,3,4,4a-tetrahydro-1H-xanthen-1-one

(7b). The reaction was performed with 0.09 g (0.4 mmol) of isoxazole
6b and ∼25 mg of Raney nickel. After purification, 0.080 g (92% yield)
of the title compound was obtained as a light yellow thick oil. IR
(neat): 3401, 3233, 2944, 1610, 1572, 1465 cm−1. 1H NMR (400
MHz; CDCl3): δ 10.28 (br s, 1H), 7.05 (t, J = 4.6 Hz, 1H), 6.92 (d, J =
4.5 Hz, 2H), 5.76 (br s, 1H), 4.79 (dd, J = 9.3, 5.9 Hz, 1H), 3.82 (s,
3H), 2.35 (dd, J = 10.6, 5.3 Hz, 3H), 1.95 (ddd, J = 24.0, 11.2, 3.1 Hz,
2H), 1.66−1.55 (m, 1H). 13C NMR (101 MHz; CDCl3): δ 196.3,
152.3, 148.8, 147.6, 121.3, 120.0, 115.0, 114.5, 99.9, 75.8, 56.1, 37.8,
29.8, 18.6. MS (ESI+): 268.4 (M + Na)+. HRMS (ESI+): Calculated
for C14H16NO3: 246.1130, found: 246.1126.
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