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Abstract

Oxa-Pictet-Spengler cyclization and microwave-assisted C-H arylation have been implemented as
key steps in the synthesis of new isochroman heterocycles containing a 4,5,6a,7-
tetrahydrodibenzo[de,g]chromene motif. These isochromans may be easily transformed to
phenanthrene alkaloids via acidic cleavage of the isochroman ring and standard synthetic
manipulations thereafter. The route described is attractive in that it provides access to two
biologically interesting scaffolds in simple and high yielding synthetic steps.
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1. Introduction

Compounds containing the isochroman (3,4-dihydro-1A-benzo[c]pyran, 1) moiety have
displayed a number of interesting biological properties including antiplatelet aggregation,!
androgenic receptor antagonist, 2 anti-diabetic,® antioxidant,* and cytotoxic activities. > As
such, naturally occurring as well as synthetic isochromans have been studied over the years
in the synthetic and biological realms. Examples of isochroman-containing natural products
include pseudodeflectusin (2), an isolate of the seaweed parasite Aspergillus
pseudodefilectus,® penicisochromans D-E (3-4) from the sea-fan derived fungus Penicillum
sp. PSU-F408 and panowamycins A and B (5-6) from Streptomyces sp. K07-0010.7
Synthetic isochromans include the isochroman-6-carboxamides PNU-109291 (7) and
PNU-142633 (8), both selective 5-HTp agonists and anti-migraine agents,8-19 and
CJ-17,493 (9) a neurokinin-1 receptor antagonist with antiemetic properties.11:12

Phenanthrene natural products are common in plants of the Orchidaceae family, particularly
the Dendrobium, Bulbophyllum, Eria, Maxillaria, Bletilla, Coelogyna, Cymbidium,
Ephemerantha and Epidendrum genera.13 Compounds containing the phenanthrene nucleus
have displayed a wide range of biological activities including anticancer,14-16
antimicrobial 17:18 anxiolytic and sedative activities.1
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In nature, the aromatic rings of the phenanthrene nucleus are often decorated with
oxygenated substituents - typically hydroxy methoxy or methylenedioxy groups. One sub-
group of phenanthrene natural products are the phenanthrene alkaloids, (typified by A-
methyl seco-glaucine, 10).20 These alkaloids contain an ethylamine unit attached to the
phenanthrene core and are biogenetically related to aporphine alkaloids (eg. glaucine, 11).

Phenanthrene alkaloids such as 10 have been well studied in relation to their biological
activity 21222324 and a number of methods for their synthesis have been
documented. 25-28,20,29,30

A continuing interest in our laboratory is the evaluation of aporphine derivatives as central
nervous system (CNS) receptor ligands and cytotoxic agents.31-33 Our work has led to the
identification of a number of aporphine derivatives with promising 5-HT, antagonist
activity as well as cytotoxic activity. Our previous studies indicate that ring C of the
tetracyclic aporphine nucleus is required for 5-HT,a receptor antagonism. However, the
requirement for an intact ring B has not been determined in this regard.

Molecular docking studies indicate that the protonated amine nitrogen (A8) of aporphines is
required for binding to the 5-HTya receptor via interactions with an aspartate residue in the
ligand cavity.32:34 However this requirement has not been extensively validated via
synthesis and evaluation of analogs. Furthermore, with regards to cytotoxic activity of
aporphines that we have studied, the requirement for the A6 nitrogen atom has not been
thoroughly investigated. Further studies in these directions have necessitated the acquisition
of other seco-aporphine derivatives as well as AG isosteres. Such molecules would allow us
to continue to probe the structure-activity relationships and utility of aporphines and
aporphine derivatives as CNS receptor ligands and as cytotoxic agents.

Thus, we were motivated to develop a versatile synthetic route that would allow for
diversification in providing libraries of compounds with a 4,5,6a,7-
tetrahydrodibenzo[de,g]chromene isochroman motif as well as phenanthrene alkaloids for
structure-activity relationship studies. Herein, we wish to report our successful efforts in the
synthesis of the 4,5,6a,7-tetrahydrodibenzo[de,g]chromene framework and its
transformation to the phenanthrene alkaloid structure.

and discussion

Our approach hinged on the preparation of the 4,5,6a,7-tetrahydrodibenzo[de,g]chromene
motif (13) since this would facilitate synthesis of the phenanthrene alkaloid core (12).
Compound 13 could be derived from 14 via cyclization under C-H activation conditions. For
this key step, we envisaged that microwave-assisted C-H activation akin to that which we
have employed in the synthesis of aporphines3® and C-homoaporphines,3¢ could be
successfully deployed. The isochroman 14 in turn is derivable from alcohol 15 and aldehyde
16 via oxa-Pictet-Spengler cyclization.37-39

To initiate our study, we decided to target the synthesis of compound 24a (Scheme 1) since
it was the oxygen-nitrogen isostere of a key aporphine molecule (nantenine) in our CNS
ligand studies.33 We decided to prepare 24a via compound 22 since this would also allow
for synthesis of a variety of other phenol ether analogs (24b - 24e). Thus, commercially
available phenylacetic acid 17 was dibenzylated to yield 18. LAH reduction of 18 afforded
alcohol 19 which was then condensed with aldehyde 20 404 in an oxa-Pictet-Spengler
reaction®? to give isochroman 21. At this stage, we were set to attempt the key microwave-
assisted C-H activation step to form the isochroman tetracycle. Our experience with this
reaction in the synthesis of aporphines indicated that various ligands including 2'-
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(Diphenylphosphino)-N,N’-dimethyl-(1,1'- biphenyl)-2-amine (PhDavePhos), Bis(1,1-
dimethylethyl)methylphosphine tetrafluoroborate and tricyclohexylphosphine were
effective. We began by evaluating tricyclohexylphosphine tetrafluoroborate and were elated
to find that the microwave-assisted direct arylation on 21 proceeded to give 22 in high yield,
obviating the need for any optimization. Subsequent hydrogenolysis of the benzyl ether
afforded phenol 23, which was alkylated to provide compounds 24a - 24e. In a manner
similar to that depicted in Scheme 1, molecules with various substitution patterns in the
lower aryl ring were synthesized (Scheme 2). The C-H activation step again gave excellent
yields of cyclized products indicating excellent tolerance of a variety of substitution patterns
in the lower aryl ring.

We also examined the effect of catalyst loading on this reaction and found that in the case of
cyclization of 29a to 30a there was generally a decrease in isolated yield when lower
catalyst loadings were used. With a 5% Pd(OAC),/10% tricyclohexylphosphine
tetrafluoroborate catalytic system the isolated yield of 30a was 76%. However, this yield
increased slightly (82%) with a 10% Pd(OAc),/20% tricyclohexylphosphine
tetrafluoroborate catalyst.

It would appear that tricyclohexylphosphine tetrafluoroborate (ligand C) is indeed optimal
for cyclization of substrates of this type; cyclization of compound 29e with this ligand gave
significantly higher yields than other ligands tried (Table 1).

Having prepared the tetracyclic isochroman skeleton, our next task was to transform this
structure to the phenanthrene alkaloid scaffold. The strategy here involved cleavage of the
isochroman moiety to reveal a phenanthrene ethylalcohol moiety which could be
subsequently modified to give the phenanthrene ethylamine structure. We decided to explore
the utility of this method in the synthesis of the natural product 10.

An initial attempt at opening the isochroman ring of 30a with zinc dust and acetyl chloride
gave a complex mixture of products which we could not separate chromatographically. After
experimenting with a number of acidic cleavage conditions, we found that the desired
reaction could be effected very rapidly by treatment with 33% HBr in acetic acid. This
provided a mixture of the desired compound 32 along with its acetate 31. Treatment of this
mixture with 20% aqueous NaOH at room temperature for 2 hours gave almost quantitative
conversion to 32. Dess-Martin oxidation of the alcohol 32 gave an aldehyde which was
immediately subjected to reductive amination (due to its apparent instability) to give the
targeted alkaloid 10.

Dibenzo[de,g]chromanones (ie the lactone variants of compounds such as 30a) have been
synthesized and utilized to prepare phenanthrenes.28 Access to the
dibenzo[de,g]chromanone biaryl motif was accomplished via radical-mediated cyclization
with toxic tin reagents. Our method avoids the use of toxic tin reagents for biaryl cyclization
and is a good alternative in this regard. Aporphines have been synthesized via cyclization of
phenanthrene alkaloids#344 so that this route may also be extrapolated to aporphine
synthesis.

To summarize, we have implemented oxa-Pictet-Splenger cyclization and microwave
assisted C-H activation in the synthesis of a novel tetracyclic isochroman (4,5,6a,7-
tetrahydrodibenzo[de,g]chromene) framework. The isochromans thus formed may be easily
transformed to phenanthrene alkaloid natural products as demonstrated herein in the
synthesis of compound 10.4520 Thus the route affords flexibility in the preparation of
diverse libraries of two biologically relevant scaffolds. The implementation of
enantioselective oxa-Pictet Spengler reactions in the synthesis of enantiomerically pure
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4,5,6a,7-tetrahydrodibenzo[de,g]chromenes, is an interesting direction which we plan to
pursue in future. Biological evaluation of the molecules prepared herein will be presented
elsewhere.

3. Experimental section

3.1. General

experimental information

All glass apparatus were oven dried prior to use. A CEM Discover microwave reactor was
used to carry out microwave-assisted C-H arylation reactions. HRESIMS spectra were
obtained using an Agilent 6520 Q-TOF instrument. 1H NMR and 13C NMR spectra were
recorded using a Bruker DPX-500 spectrometer (operating at 500 MHz for 1H; 125 MHz
respectively for 13C) using CDCl5 as solvent. Tetramethylsilane (5 0.00 ppm) served as an
internal standard in TH NMR and 13C NMR unless stated otherwise. Chemical shift (5 0.00
ppm) values are reported in parts per million and coupling constants in Hertz (Hz). Splitting
patterns are described as singlet (s), doublet (d), triplet (t) and multiplet (m). Melting points
were obtained on a Mel-Temp capillary electrothermal melting point apparatus. Reactions
were monitored by TLC with Whatman Flexible TLC silica gel G/UV 254 precoated plates
(0.25 mm). TLC plates were visualized in UV light (254 nm) and by staining with
phosphomolybdate spray reagent, vanillin or iodine. Flash column chromatography was
performed with silica gel 60 (EMD Chemicals, 230-400 mesh, 0.04-0.063 pm particle size).
Preparative thin layer chromatography was performed with silica gel GF plates (Analtech,
catalog # 02003). All chemicals and reagents were obtained from Sigma-Aldrich and Fischer
Scientific (USA) in reagent grade and were used without further purification.

3.2. Benzyl 2-(4-(benzyloxy)-3-methoxyphenyl)acetate (18)

A solution of commercially available acid 17 (5.0 g, 27.5 mmol), K,CO3 (7.58 g, 54.9
mmol) and benzyl bromide (6.5 mL, 54.9 mmol) in acetonitrile (150 mL) was refluxed for 4
h. The reaction was cooled to rt, filtered and the solvent evaporated under reduced pressure.
The resulting crude product was purified on a silica gel column eluting in 10 % ethyl
acetate-petroleum ether to afford 18 as a pale yellow solid. (9.4 g, 95 %). Mp: 50 - 53

°C; IH NMR (500 MHz. CDCly): & 7.42 (m, 2H), 7.33 (m, 8H), 6.81 (d, 2H, ~7.9 Hz), 6.74
(dd, 1H, 8.2, 1.9 Hz), 5.14 (s, 2H), 5.13 (s, 2H), 3.84 (s, 3H), 3.59 (s, 2H); 13C NMR (125
MHz. CDCls): 4 171.5, 149.6, 147.3, 137.1, 135.8, 128.55 (x2), 128.54, 128.3, 128.2, 127.8,
127.2 (x2), 126.9, 121.4, 114.1 (x2), 112.9 (x2), 71.1, 66.6, 55.9, 40.9; HRESIMS: calcd.
for Co3H,,04Na [M+Na]* 386.1444; found 386.1446.

3.3. 2-(4-(benzyloxy)-3-methoxyphenyl)ethanol (19)

Lithium Aluminum Hydride (1.09 g, 28.8 mmol) was added to a three neck round bottom
flask under argon, and THF (70 mL) added. The resulting suspension was cooled to 0 °C
and stirred for 30 min. A solution of 18 (2.0 g, 5.8 mmol) in THF (50 mL) was added
dropwise to the mixture. The reaction was allowed to stir at 0 °C for another 30 min, and
then at rt for 3 h. After 3 h, the reaction mixture was cooled to 0 °C, and water (2 mL) was
added dropwise, followed by the addition of 10 ml of 2N NaOH solution. The reaction
mixture was allowed to stir for 30 min, filtered through celite and the solvent evaporated
under reduced pressure. Water (30 mL) was added and the solution extracted with three
portions of dichloromethane (3 x 30 mL). The organic layers were collected, dried over
Na,SQy, and evaporated under reduced pressure to give 19 as a white solid. (1.2 g, 85%).
Data is in accordance with that previously reported.46

Tetrahedron. Author manuscript; available in PMC 2014 October 21.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Kapadia and Harding

Page 5

3.4. 7-(benzyloxy)-1-((6-bromobenzo[d][1,3]dioxo0l-5-yl)methyl)-6-methoxyisochroman (21)

To a three neck round bottom flask attached to a Dean-Stark trap, a solution of 19 (1.20 g,
4.7 mmol), 2047 (0.56 g, 2.3 mmol) and PTSA (catalytic) in 100 mL toluene were added.
The resulting mixture was refluxed for 18 h. After 18 h, the reaction mixture was cooled to
rt and washed with water (30 mL). The aqueous layer was extracted with ethyl acetate (30
mL) and the organic extracts combined. The combined organic layer was dried over Na;SOg4
and evaporated under reduced pressure. The resulting crude product was purified on a silica
gel column eluting in 30% ethyl acetate-petroleum ether, to afford 21 as a white solid (a
mixture of rotamers as evident from NMR data all signals observed are reported). (1.44 g,
63 %) Mp: 71 - 75 °C; IH NMR (500 MHz, CDCl3): § 7.42 (dd, 2H, J= 7.5, 7.5 Hz), 7.36
(m, 2H), 7.30 (m, 1H), 7.00 (s, 0.5 H), 6.81 (s, 0.5 H), 6.72 (m, 1H), 6.62 (m, 1H), 6.53 (m,
0.5 H), 5.94 (m, 2H), 5.13 (d, 1H, /2.9 Hz), 5.07 (s, 1H), 4.81 (d, 1H, J= 8.3 Hz), 4.07 (m,
1H), 3.88 and 3.86 (s, 3H), 3.72 (m, 1H), 3.14 (dd, 1H, /= 14.4, 13 2.8 Hz), 2.7 (m, 2H),
2.64 (m, 1H); C NMR (125 MHz. CDCls): 5 148.41, 148.40, 147.4, 147.10, 147.05, 146.5,
146.3, 145.9, 137.22, 137.21, 132.5, 131.4, 129.4, 128.6, 128.4, 127.87, 127.84, 127.32,
127.28 (C), 127.0, 126.7, 122.4, 114.8, 112.5, 112.0, 111.9, 111.8, 111.54, 111.50, 100.0,
108.0, 101.6, 100.8, 75.0, 71.4, 62.9, 62.5, 56.0, 42.6, 42.2, 28.7; HRESIMS: calcd. for
Cy5H23p,05 [M+H]* 483.0807; found 483.0802

3.5. 1-(benzyloxy)-2-methoxy-4,5,6a,7-tetrahydro-[1,3]dioxolo[4',5":4,5]benzo[1,2
g]benzo[de]chromene (22)

Compound 21 (100 mg, 0.21 mmol), Pd(OAc),. (9 mg, 0.04 mmol), K,CO3 (570 mg, 0.41
mmol) and tricyclohexylphosphine tetrafluoroborate (31 mg, 0.08 mmol) were dissolved in
DMSO (1 mL) in a 10 mL microwave reaction vial. The reaction mixture was irradiated
with microwaves at 140 °C at 200 psi for 10 min. The resulting crude product was purified
on asilica gel column using 20 % acetone- petroleum ether to afford 22 as a white solid (74
mg, 90 %). (The same reaction was for repeated on another 5 batches of compound to get a
total of 375 mg of compound 22). Mp: 105 - 108 °C; 1H NMR (500 MHz. CDCl3): 5 7.99
(s, 1H), 7.36 (m, 2H), 7.30 (m, 3H), 6.72 (s, 1H), 6.63 (s, 1H), 5.96 (d, 1H, J=1.5 Hz), 5.93
(d, 1H, J=1.5 Hz), 4.84 (d, 1H, J= 10.5 Hz), 4.71 (d, 1H, J= 10.5 Hz), 4.48 (dd, 1H, J=13.5,
5.0 Hz), 4.25 (dd, 1H, J=12.0, 6.5 Hz), 3.88 (s, 3H), 3.80 (td, 1H, J=10.0, 3.5 Hz), 3.13 (m,
1H), 2.83 (dd, 1H, J=12.5, 7.5 Hz), 2.73 (t, 1H, J= 13.5 Hz), 2.61 (dd, 1H, J=16.0, 3.0
Hz); 13C NMR (125 MHz. CDCl5): 3 152.6, 146.5, 143.1, 137.1, 129.2, 128.7 (x2), 128.1
(x2), 127.9, 127.48, 127.45, 126.8, 125.5, 110.9, 109.5, 108.5, 100.9, 74.7, 73.4, 64.8, 56.0,
36.6, 28.2; HRESIMS: calcd. for CosHopOsNa [M+Na]* 425.1365; found 425.1360.

3.6. 2-methoxy-4,5,6a,7-tetrahydro-[1,3]dioxolo[4',5":4,5]benzo[1,2g]benzo[de]chromen-1-ol

(23)

Compound 22 (300 mg, 0.75 mmol) was dissolved in 50 mL methanol-THF (1:1), and 10%
Pd/C was added. The resulting suspension was stirred for 6 h under a hydrogen balloon. The
mixture was filtered through celite and the filtrate evaporated /n vacuo. The crude product
thus produced was purified via silica gel column chromatography eluting in 20 % ethyl
acetate — petroleum ether, to afford 23 as a white solid. (210 mg, 91 %) Mp: 108 - 112

°C; IH NMR (500 MHz, CDCl3): § 7.96 (s, 1H), 6.75 (s, 1H), 6.57 (5,1H), 6.12 (s, 1H), 5.97
(dd, 2H, ~£7.5, 1.5 Hz), 4.54 (dd, 1H, ~£13.5, 5.4 Hz), 4.25 (dd, 1H, /11.4, 6.0 Hz), 3.92
(s, 3H), 3.81 (td, 1H, ~£11.9, 3.6 Hz), 3.12 (m, 1H), 2.87 (dd, 1H, /~13.7, 5.3 Hz), 2.80, (t,
1H, ~£13.5 Hz), 2.57 (dd, 1H, J= 16.2, 3.4 Hz); 13C NMR (125 MHz. CDCl3): & 146.4,
146.2, 146.15, 146.12, 140.8, 128.9, 127.6, 125.6, 122.5, 118.6, 100.9, 73.5, 65.0, 56.3,
36.6, 28.0; HRESIMS: calcd. for C1gH1505 [M]* 312.0998; found 312.0995.
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3.7. General procedure for the synthesis of 24a — 24e

Compound 23 (0.03 g, 0.096 mmol) was dissolved in 10 mL acetonitrile and the appropriate
alkyl halide (0.1152 mmol) and K,CO3 (0.198 g, 1.44 mmol) were added. The resulting
reaction mixture was heated at reflux for 6 h. The reaction mixture was cooled to rt and was
subjected to vacuum filtration. The filtrate was then evaporated and the resulting crude
product was purified using on a silica gel preparative TLC plate using 30% ethyl acetate-
petroleum ether as the eluting solvent to afford the respective compounds.

3.7.1. 1,2-dimethoxy-4,5,6a,7-tetrahydro-[1,3]dioxolo[4',5":4,5]benzo[1,2-
g]benzo[de]chromene (24a)—White Solid; (29.4 mg, 95 %); Mp: 106 - 109 °C; 1H
NMR (500 MHz. CDClsg): 6 7.99 (s, 1H), 6.78 (s, 1H), 6.64 (s,1H), 5.99 (d, 2H, /4.4 Hz),
4.52 (dd, 1H, ~£13.4, 5.25 Hz), 4.27 (dd, 1H, ~11.4, 6.5Hz), 3.91 (s, 3H), 3.84 (td, 1H,
J£11.9, 3.5 Hz), 3.71 (s, 3H), 3.15 (m, 1H), 2.88 (dd, 1H, /~13.7, 5.4 Hz), 2.82 (¢, 1H,
J£13.5 Hz), 2.63 (dd, 1H, /£16.3, 2.9 Hz); 13C NMR (125 MHz. CDCl3): 3 152.5, 146.7,
146.5, 144.6, 129.4, 127.5, 127.3, 126.1, 125.4, 110.8, 108.9, 108.7, 100.9, 73.4, 64.8, 60.2,
55.9, 36.6, + 28.2; HRESIMS: calcd. for C1gH1g805 [M]* 326.1154; found 326.1151

3.7.2. 2-methoxy-1-propoxy-4,5,6a,7-tetrahydro-[1,3]dioxolo[4',5";
4,5]benzo[1,2-g]benzo[de]chromene (24b)—White Solid; (29.2 mg, 86 %); Mp: 110 -
113 °C; 1H NMR (500 MHz. CDCl3): 8 8.03 (s, 1H), 6.77 (s, 1H), 6.63 (s,1H), 6.01 (s, 1H),
5.98 (s, 1H), 4.51 (dd, 1H, ~£13.3, 5.2 Hz), 4.27 (dd, 1H, /~11.6, 6.5 Hz), 3.89 (s, 3H), 3.85
(m, 2H), 3.64 (m, 1H), 3.15 (m, 1H), 2.87 (t, 2H, /~£13.7 Hz), 2.63 (dd, 1H, /~£16.3, 3.0 Hz),
1.7 (m, 2H), 0.99 (t, 3H, /£7.4 Hz); 13C NMR (125 MHz. CDCls): 5 152.6, 146.5, 146.4,
143.8,129.2,127.5, 127.1, 126.4, 125.7, 110.9, 109.3, 108.6, 100.9, 74.8, 73.4, 64.8, 56.0,
36.6, 28.2, 23.5, 10.5; HRESIMS: calcd. for Co1H205 [M]* 354.1467; found 354.1463.

3.7.3. 1-(allyloxy)-2-methoxy-4,5,6a,7-tetrahydro-[1,3]dioxolo[4',5":
4,5]benzo[1,2-g]benzo[de]chromene (24c)—White Solid; (28.7 mg, 87 %); Mp: 120 -
124 °C; IH NMR (500 MHz. CDCls): 5 8.02 (s, 1H), 6.77 (s, 1H), 6.63 (s,1H), 6.07 (m, 1H),
6.00 (s, 1H), 5.98 (s, 1H), 5.31 (dd, 1H, /~17.2, 1.4 Hz), 5.20 (d, 1H, »10.3 Hz), 4.52 (dd,
1H, J=5.35, 5.15 Hz), 4.41 (dd, 1H, /= 12.0, 5.9 Hz), 4.27 (m, 2H), 3.89 (s, 3H), 3.83 (td,
1H, F11.9, 3.6 Hz), 3.14 (m, 1H), 2.88 (dd, 1H, /#13.6, 5.2 Hz), 2.80 (t, 1H, /~ 13.5 Hz),
2.63 (dd, 1H, /£16.3, 3.0 Hz); 13C NMR (125 MHz. CDCls): & 152.6, 146.53, 146.50,
143.1,134.1, 129.3, 127.5, 127.4, 126.5, 125.5, 117.6, 110.8, 109.2, 108.6, 100.9 73.7, 73.4,
64.8, 56.0, 36.6, 28.2, 23.5; HRESIMS: calcd. for Cy1HyqOsNa [M+Na]* 375.1209; found
375.1202

3.7.4 1-(cyclopropylmethoxy)-2-methoxy-4,5,6a,7-tetrahydro [1,3]dioxolo[4',5":
4,5]benzo[1,2-g]benzo[de]chromene (24d)—White Solid; (33.2 mg, 95 %); Mp: 95 -
98 °C; 1H NMR (500 MHz. CDCl5): 3 8.13 (s, 1H), 6.76 (s, 1H), 6.62 (s,1H), 6.00 (s, 1H),
5.98 (s, 1H), 4.52 (dd, 1H, £12.8, 4.2 Hz), 4.27 (dd, 1H, /~11.5, 6.75 Hz), 3.89 (s, 3H),
3.85 (m, 1H), 3.76 (m, 1H), 3.45 (t, 1H, J= 8.5 Hz), 3.15 (m, 1H), 2.87 (dd, 1H, /=13.7, 4.9
Hz), 2.80 (t, 1H, = 13.5 Hz), 2.62 (d, 1H, /~£16.3 Hz), 1.21 (m, 1H), 0.53 (d, 2H, J=8.1 Hz),
0.20 (m, 2H); 13C NMR (125 MHz. CDCls): 5 152.6, 146.5, 146.4, 143.4, 129.2, 127.4,
127.2,126.6, 126.7, 110.7, 109.4, 108.5, 100.9, 77.9, 73.4, 64.8, 55.9, 36.6, 28.2, 11.0, 3.4,
3.1; HRESIMS: calcd. for CyoHp,05Na [M+Na]* 389.1365; found 389.1363

3.7.5. 2-methoxy-1-(prop-2-yn-1-yloxy)-4,5,6a,7-tetrahydro-[1,3]dioxolo[4',5":
4,5]benzo[1,2-g]benzo[de]chromene (24e)—White Solid; (29.7 mg, 90 %); Mp: 160 -
164 °C; H NMR (500 MHz. CDCl5): 8 8.01 (s, 1H), 6.76 (s, 1H), 6.64 (s, 1H), 6.01 (s, 1H),
5.99 (s, 1H), 4.60 (dd, 1H, /£15.2, 2.4 Hz), 4.50 (m, 1H), 4.27 (dd, 1H, /11.3, 6.5 Hz),
3.90 (s, 3H), 3.82 (td, 1H, ~£11.9, 3.6 Hz), 3.15 (m, 1H), 2.87 (dd, 2H, /~13.6, 5.2 Hz), 2.80
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(t, 1H, =135 Hz), 2.63 (dd, 1H, J£16.4, 2.9 Hz), 2.39 (t, 1H, J= 2.3 Hz); 13C NMR (125
MHz. CDCly): & 152.4, 146.6, 142.0, 129.4, 128.0, 127.5, 126.9, 125.4, 110.8, 109.3, 108.3,
101.0, 79.1, 75.1, 75.4, 64.7, 59.8, 55.9, 36.6, 28.2; HRESIMS: calcd. for Co;H105Na [M
+Na]* 373.1052; found 373.1046

procedure for the synthesis of 29a — 29e (Using 29a as a representative)

To a three-neck round bottom flask attached with a Dean-Stark apparatus, a solution of 27
(0.75 g, 4.12 mmol), aldehyde 28a (0.54 g, 2.06 mmol) and PTSA (catalytic) in toluene (100
mL) was added. The resulting reaction mixture was refluxed for 18 h. After 18 h, the
reaction mixture was cooled to rt and transferred to a separatory funnel containing 30 mL
water. The organic layer was extracted, and the aqueous layer extracted with a further 30 mL
of ethyl acetate. The combined organic layer was dried over Na,SO,4 and evaporated under
reduced pressure. The resulting crude product was purified on a silica gel column using
10-30 % ethyl acetate-petroleum ether to afford 29a.

3.8.1. 1-(2-bromo-4,5-dimethoxybenzyl)-6,7-dimethoxyisochroman (29a)—
White Solid; (0.64 g, 73 %); Mp: 107-110 °C; IH NMR (500 MHz. CDCls): & 7.06 (s, 1H),
6.89 (s, 1H), 6.72 (s, 1H), 6.63 (s, 1H) 5.00 (d, 1H, /6.1 Hz), 4.16 (m, 1H), 3.89 (s, 3H),
3.88 (s, 3H), 3.87 (s, 3H), 3.86 (s, 3H), 3.78 (m, 1H), 3.35 (dd, 1H, J= 14.4, 3.3 Hz), 3.06
(dd, 1H, /~£14.4, 9.0 Hz ); 13C NMR (125 MHz. CDCl5): & 148.2, 148.1, 147.7, 147 4,
130.3,129.4,126.1, 115.3, 114.7, 114.6, 111.4, 108.4, 75.3, 62.8, 56.13, 56.10, 56.0, 55.9,
42.4, 28.7; HRESIMS: calcd. for CygH,3BrOsNa [M+Na]* 445.0621; found 445.0618.

3.8.2. 1-(2-bromo-4,5-dimethoxybenzyl)-6,7dimethoxyisochroman (29b)—White
Solid; (0.46 g, 72 %); Mp: 92-95 °C; I1H NMR (500 MHz, CDCls): & 7.47 (d, 1H, J= 8.8
Hz), 6.94 (d, 1H, /= 3.1 Hz), 6.71 6.71 (m, 2H), 6.64 (s, 1H), 5.03 (dd, 1H, /=9.3, 3.0 Hz),
4.16 (m, 1H), 3.89 (s, 3H), 3.85 (s, 3H), 3.80 (s, 3H), 3.79 (m, 1H), 3.36 (dd, 1H, /= 14.3,
3.3 Hz), § 3.08 (dd,1H, £14.3, 9.3 Hz), 2.90 (m, 1H),  2.71 (td, 1H, /16.1, 4.6 Hz); 13C
NMR (125 MHz. CDCl3): 6 158.7, 147.7, 147.4, 139.3, 133.1, 129.5, 126.1, 117.9, 115.3,
113.8, 1115, 108.4, 74.8, 62.8, 56.0, 55.9, 55.4, 43.0, 28.6; HRESIMS: calcd. for
C19H21BrO4Na [M+Na]* 415.0515; found 415.0516.

3.8.3. 1-(2-bromo-4-methoxybenzyl)-6,7-dimethoxyisochroman (29¢c)—White
Solid; (0.52 g, 74 %); Mp: 98-103 °C; IH NMR (500 MHz. CDCl3): & 7.27 (d, 1H, J= 8.4
Hz), 7.16 (d, 1H, /2.5 Hz), 6.85 (dd, 1H, J= 8.4, 2.5 Hz), 6.71 (s, 1H), 6.63 (s, 1H), 4.99
(dd, 1H, /=9.1, 2.2 Hz), 4.14 (m, 1H), 3.89 (s, 3H), 3.85 (s, 3H), 3.81 (s, 3H), 3.79 (m, 1H),
3.34 (dd, 1H, J=14.4, 3.3 Hz), 3.06 (m, 1H), 2.88 (m, 1H), 4 2.70 (dt, 1H, ~16.0, 4.5

Hz); 13C NMR (125 MHz. CDCly): & 158.7, 147.7, 147.4, 132.5, 130.3, 129.6, 126.1, 124.8,
117.8,113.8, 113.5, 111.4, 108.4, 62.5, 56.0, 55.9, 55.5, 42.0, 28.6; HRESIMS: calcd. for
C19H21BrOsNa [M+Na]* 415.0515; found 415.0514.

3.8.4. 1-(2-bromobenzyl)-6,7-dimethoxyisochroman (29d)—Colourless Oil; (0.65 g
59 %); 1H NMR (500 MHz. CDCly): 8 7.60 (d, 1H, J= 8.0 Hz), 7.37 (dd, 1H, /=15, 7.6
Hz), 7.32 (m, 1H), 7.13 (ddd, 1H, J=7.6, 7.6, 1.5 Hz), 6.70 (s, 1H), 6.64 (s, 1H), 5.05 (dd,
1H, /9.3, 3.0 Hz), 4.15 (m, 1H), 3.89 (s, 3H), 3.80 (s, 3H), 3.78 (m,1H), 3.40 (dd,1H, J=
14.3, 3.3 Hz), 3.12 (m, 1H), 2.89 (m,1H), 2.73 (td, 1H, ~£13.3, 7.6 Hz); 13C NMR (125
MHz. CDCls): 8 147.7, 147.4, 138.3, 132.7, 132.3, 129.6, 128.1, 127.3, 126.3, 126.1, 114.4,
108.4, 74.7, 62.5, 55.9, 55.9, 42.9, 28.6; HRESIMS: calcd. for C1gH19BrOsNa [M+Na]*
385.0410; found 385.0409.

3.8.5. 1-((6-bromobenzo[d][1,3]dioxol-5-yl)methyl)-6,7-dimethoxyisochroman
(29e) (a mixture of rotamers as evident from NMR data - all signals observed
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are reported)—White Solid; (0.18 g, 72 %; Mp: 91-94 °C; IH NMR (500 MHz, CDCl5): 3
7.02 (s, 1H), 6.86 (s, 1H), 6.71 (s, 1H), 6.61 (s, 1H), 5.96 (d, 1H, J= 1.3 Hz), 5.95 (d, 1H, J
=1.3 Hz), 4.93 (dd, 1H, /= 9.3, 1.7 Hz), 4.12 (m, 1H), 3.87 (s, 3H), 3.85 (s, 3H), 3.75 (m,
1H), 3.30 (dd, 1H, = 3.0, 14.5 Hz), 2.97 (dd, 1H, J= 14.5, 9.6 Hz), 2.87 (m, 1H), 2.68 (td,
1H, /£16.0, 4.4 Hz); 13C NMR (125 MHz, CDCly): 5 147.7, 147.4, 147.2, 147.1, 131.4,
129.4,126.1,112.5,111.7,111.4, 108.3, 101.6, 75.0, 62.6, 56.0, 55.9, 42.7, 28.6;
HRESIMS: calcd. for C1gH;9BrOsNa [M+Na]* 429.0314; found 429.0312.

procedure for synthesis of 30a — 30d and 24a (Using 30a as a representative)

Compound 29a (0.05 g, 0.12 mmol), Pd(OACc), (0.006 g, 0.02 mmol), K,CO3 (0.032 g, 0.24
mmol) and tricyclohexyl phosphine tetrafluoroborate (0.014 g, 0.04 mmol) were dissolved
in DMSO (1 mL) in a microwave reaction vial. The reaction mixture was then irradiated
with microwaves at 140 °C, 200 psi for 10 min. The resulting crude product was purified
directly on a silica gel column using 20 % acetone- petroleum ether to afford 30a.

3.9.1. 1,2,9,10-tetramethoxy-4,5,6a,7-tetrahydrodibenzo[de,g]chromene (30a)—
White Solid, (35.9 mg, 89 %); Mp: 110-112°C; 1H NMR (500 MHz. CDCl3): 3 8.12 (s, 1H),
6.77 (s, 1H), 6.62 (s, 1H), 4.54 (dd, 1H, /~£12.8, 6.0 Hz), 4.26 (dd, 1H, /= 11.4, 6.4 Hz), 3.92
(s, 3H), 8 3.91 (s, 3H) 3.90 (s, 3H), 3.82 (ddd, 1H, ~£11.8, 11.8, 3.6 Hz), 3.68 (s, 3H), 3.14
(m, 1H), & 2.89 (m, 2H), 2.62 (dd, 1H, J£11.4, 3.2 Hz); 13C NMR (125 MHz. CDCl5): &
152.5,148.2, 147.6, 144.4, 127.9, 127.6, 127.4, 126.1, 124.4, 111.5, 111.2, 110.6, 73.5,
64.9, 60.2, 55.9, 55.88, 55.85, 36.1, 28.3; HRESIMS: calcd. for CygH,,05Na [M+Na]*
365.1365; found 365.1360.

3.9.2. 1,2,9-trimethoxy-4,5,6a,7-tetrahydrodibenzo[de,g]chromene (30b)—White
Solid, (33 mg, 84 %); Mp: 107-110°C; *H NMR (500 MHz. CDCl5): 5 8.37 (d, 1H, = 8.8
Hz), 6.88 (dd, 1H, /= 8.8, 2.5 Hz), 6.83 (d, 1H, /£2.5 Hz), 6.63 (s, 1H), 4.57 (dd, 1H,
F13.0, 5.4 Hz), 4.29 (dd, 1H, J~£11.4, 6.5 Hz), 3.91 (s, 3H), 3.87 (s, 3H), 3.83 (m, 1H), 3.70
(s, 3H), 3.15 (m, 1H), 2.94 (m, 2H), 2.64 (dd, 1H, J= 16.3, 2.8 Hz); 13C NMR (125 MHz.
CDCls): 6 158.8, 152.5, 144.6, 136.9, 129.7, 127.5, 127.4, 126.0, 124.7, 113.8, 112.4, 110.6,
73.3, 64.9, 60.1, 55.9, 55.2, 37.0, 28.2; HRESIMS: calcd. for C1gH,005 [M+H]* 313.1440;
found 313.1434.

3.9.3. 1,2,10-trimethoxy-4,5,6a,7-tetrahydrodibenzo[de,g]chromene (30c)—
Brown Qil, (34.1 mg, 86 %); IH NMR (500 MHz. CDCl5): 5 8.09 (d, 1H, /2.1 Hz), 7.20
(d, 1H, J=8.3 Hz), 6.84 (dd, 1H, 8.3, 2.1 Hz), 6.69 (s, 1H), 4.54 (dd, 1H, ~£13.5, 4.95
Hz), 4.29 (dd, 1H, /=11.4, 6.6 Hz), 3.92 (s, 3H), 3.86 (s, 3H), 3.82 (dd, 1H, /= 11.5, 3.45
Hz), 3.73 (s, 3H), 3.17 (m, 1H), 2.95 (dd, 1H, J=13.5, 5.1 Hz), 2.83 (t, 1H, /~£13.5 Hz),
2.65 (dd, 1H, /= 16.2, 2.5 Hz); 13C NMR (125 MHz. CDCl3): 5 158.7, 152.4, 145.2, 132.8,
129.0, 128.3, 127.6, 127.2, 126.1, 113.8, 112.2, 110.6, 73.6, 64.8, 60.3, 55.9, 55.4, 35.7,
28.3; HRESIMS: calcd. for C1gH005 [M+H]* 313.1440; found 313.1434.

3.9.4. 1,2-dimethoxy-4,5,6a,7-tetrahydrodibenzo[de,g]chromene (30d)—
Colorless Qil, (30.6 mg, 79 %); IH NMR (500 MHz. CDCly): 5 8.42 (d, 1H, J= 7.9 Hz),
7.28 (m, 3H), 6.68 (s, 1H), 4.57 (dd, 1H, ~£13.5, 5.2 Hz), 4.29 (dd, 1H, J=11.4, 6.4 Hz),
3.92 (s, 3H), 3.84 (ddd, 1H, ~11.8, 11.8, 3.6 Hz), 3.71 (s, 3H) & 3.18 (m, 1H), 3.00 (dd, 1H,
J=13.7,5.15 Hz), 2.91 (t, 1H, /~13.6 Hz), 2.65 (dd, 1H, J= 16.4, 3.2 Hz); 13C NMR (125
MHz. CDCls): 8 151.4, 150.4, 134.0, 128.4, 128.3, 127.7, 127.3, 127.0, 126.9, 124.2, 111.6,
106.8, 73.4, 65.5, 59.8, 56.5, 36.6, 30.0; HRESIMS: calcd for C1gH1603 [M]* 280.1096;
found 280.1094.
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3.10. 2-(3,4,6,7-tetramethoxyphenanthren-1-yl)ethanol (32)

33 % HBr-AcOH (20 mL) was added to a two neck round bottom flask containing
compound 30a (0.5 g, 1.46 mmol) at 10 °C. The resulting reaction mixture was allowed to
stir at 10 °C for 30 min after which water (10 mL) was added. The mixture was extracted
with dichloromethane (2 x15 mL), and the combined organic layer filtered, dried over
Na,SO,4 and evaporated to afford a crude residue. The residue was dissolved in methanol
(20 mL) and 20 % aqueous NaOH solution (20 mL) added. The reaction mixture was stirred
at rt for 2h, after which the methanol was evaporated. The reaction mixture was extracted
with dichloromethane (3 x10 mL). The combined organic layer was dried over Na,SQOy, and
evaporated under reduced pressure to get compound 32 (0.18 g) as a pale yellow solid
representing an overall yield of 98 % (0.49 g) from 30a. (In a separate experiment the
mixture of 31 and 32 was separated by column chromatography eluting in 30-70% ethyl
acetate-hexanes. Hydrolysis of 31 as previously described for the mixture gave quantitative
conversion to 32).

3.11. 2-(3,4,6,7-tetramethoxyphenanthren-1-yl)ethyl acetate (31)

Brown Oil; 1H NMR (500 MHz. CDClg): § 9.28 (s, 1H), 7.80 (d, 1H, J= 9.1 Hz), 7.56 (d,
1H, J=9.1 Hz), 7.21 (s, 1H), 7.20 (s, 1H), 4.41 (t, 2H, J= 7.5 Hz), 4.08 (s, 3H), 4.05 (s,
3H), 4.03 (s, 3H), 3.92 (s, 3H), 3.41 (t, 2H, J= 7.5 Hz), 2.07 (s, 3H); 13C NMR (125 MHz,
CDCly): § 173.4, 152.6, 151.1, 150.8, 147.5, 132.8, 130.5, 128.2, 127.3, 127.0, 126.6, 122.8,
116.6, 111.2, 110.1, 66.9, 62.3, 58.9, 58.0, 35.4, 32.0, 23.3; HRESIMS: calcd. for
CaoH2406Na [M+Na]* 407.1471; found 407.1462.

3.12. 2-(3,4,6,7-tetramethoxyphenanthren-1-yl)ethanol (32)

Pale Yellow Solid; Mp: 134 - 136 °C; H NMR (500 MHz. CDCl3): 6 9.21 (s, 1H), 7.75 (d,
1H, J=9.0 Hz), 7.50 (d, 1H, J=9.0 Hz), 7.19 (s, 1H), 7.17 (s, 1H), 4.06 (s, 3H), 4.02 (s,
3H), 4.01 (s, 3H), 3.99 (t, 2H, J= 6.6 Hz), 3.89 (s, 3H), 3.33 (t, 2H, J= 6.6 Hz); 13C NMR
(125 MHz. CDClg): 4 150.2, 148.8, 148.4, 131.4, 128.2, 125.8, 124.8, 124.8, 124.3, 120.6,
1145, 108.8, 107.7, 63.3, 60.0, 56.5, 55.8, 55.7, 31.2; HRESIMS: calcd. for CyoH2o0sNa
[M+Na]* 365.1365; found 365.1358.

3.13. N,N-dimethyl-2-(3,4,6,7-tetramethoxyphenanthren-1-yl)ethanamine (10)

To a solution of compound 32 (0.11g, 0.33 mmol) in dichloromethane (30 mL), Dess-Martin
periodinane (0.15g, 0.36 mmol) was added. The resulting reaction mixture was allowed to
stir at rt for 15 min, after which it was filtered through a bed of silica gel. The filtrate was
evaporated to afford the aldehyde as a brown residue. The crude aldehyde was then
dissolved in anhydrous dichloromethane (40 mL) and cooled to 0 °C. Dimethylamine (1N
THEF solution, 0.82 mL, 0.81 mmol) was added and the reaction mixture was allowed to stir
for 15 min at 0 °C, after which Na(AcO)3BH (0.172 g, 0.81 mmol) was added. The solution
was stirred at 0 °C for a further 1h and then at rt for 1h. Water (15 mL) was then added and
the mixture was extracted with dichloromethane (2 x 20 mL). The combined organic layer
was dried over Na,SQOy, and evaporated to get a crude residue which was purified on a silica
gel column using 5 % - 20 % methanol-dichloromethane, to afford 10 as a brown oil (70 mg,
59%). Spectral data are in accordance with literature values.20

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Fig. 1.
Examples of natural products and synthetic compounds containing an isochroman motif
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Structures of the phenanthrene alkaloid Amethyl seco-glaucine (10) and the typical
aporphine alkaloid glaucine (11)
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Synthesis of novel isochromans — C1 variants

Tetrahedron. Author manuscript; available in PMC 2014 October 21.

Page 14



1duosnuey JoyIny vd-HIN 1duosnuey JoyIny vd-HIN

1duosnuei\ Joyiny Vd-HIN

Kapadia and Harding

pdi s i Oxa
P oz Pictet-Spengler
r —_—
| = | =
= = o=
Rz 2 Rz
12 13 1"
phenanthrene 4 5 fa,T-etrahydrodibenzo
akaloid [de.gjchromene

Fig. 3.

£ )
T s

Br

R2

=
-

CHO

16

Page 15

Retrosynthetic strategy for preparation of 4,5,6a,7-tetrahydrodibenzo[de,g]chromene en

route to phenanthrene alkaloids

Tetrahedron. Author manuscript; available in PMC 2014 October 21.



1duosnuey JoyIny vd-HIN 1duosnuey JoyIny vd-HIN

1duosnuey JoyIny vd-HIN

Kapadia and Harding

oTet{‘fllle(llQll

/0.\]\|/§\\r-\,0| i MeoH, HaS0y - |
B e S
~g O Rafl, 30min, 99 % “m
25 26

Br

/L\«’\] 28a-d, 20 OM
P ] - T
R ;er (PTSA \.0/%,0
- e
. S
Toluene, refls, 18+ =
' Br
283 Ry = OME R, = Ol
29b: R, = Olle, Ry = H
28eRi=H  Rp= Ol
MRy =H R=H
298: Ry = Ry = 10CHOy

Scheme 2.

™~ NaBH,, CaCl

o ElOH, 07C-,

16 h, 70 %

Pd{0ASk (17 mal%s),
fricyclohesyiphosphine
tedrafuorbarats (34 molth),
K003

DS,
MM, 140 °C, 10 min

Synthesis of novel isochromans — ring D variants

Tetrahedron. Author manuscript; available in PMC 2014 October 21.

O
See!

2T
R
900!
R -~
1
Y
(]
st R, =OMe R,=OMe: 0%
WOb: Ry =0Me, Ry =H B4
30e:R,=H, R,=OMe; B85%
W0d:Ry=H Re=k  74%
2da: R, = Ry = OCHAD, o

Page 16



1duosnuey JoyIny vd-HIN 1duosnuey JoyIny vd-HIN

1duosnuei\ Joyiny Vd-HIN

Kapadia and Harding

-1
i
=

33 % HBr-AcOH, 10 <C
—_— =
30 min

1) Dess Martin Periodinane,
DCM, 11, 15 min

2} N N-methylamine
NaS{ACO}H.

DCM, 0*C -1, 2h

€0 % from 32

Scheme 3.
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Table 1
Microwave-assisted C-H activation on compound 29e with various ligands

SO ST N

s ) - | S
At B ol

O DM, 10 min, heat =

|

GIL, AT
29¢ g R

Ligand

Entry | Ligand | Temperature (°C) | vield (%)2
1 A 135 40
2 B 140 22
3 c 140 93
4 D 140 No Reaction

alsolated yield after purification
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