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(3aR,7aS)-4-(2-Azidoethyl)-2,2-dimethyl-3a,7a-dihydrobenzo[1,3]dioxole (22) was converted
in two steps to trienes 23 and 24, which upon heating underwent intramolecular
Diels-Alder reactions to give mixtures of isomeric 11,11-dimethyl-5-0x0-10,12-dioxa-4-aza-
tetracyclo[6.5.2.016.0% %]pentadec-14-ene-7-carboxylates 25, 26 and 27, 28, respectively.
These products were separated and identified. For comparison, intermolecular Diels-Alder
cycloaddition of diene 22 with maleic anhydride was carried out. Products of this reaction,
1-(2-azidoethyl)-4,4-dimethyl-3,5,10-trioxatetracyclo[5.5.2.0%:%.08 1?]tetradec-13-ene-9,11-
diones (29 and 30) were converted to methyl ester analogues of 31 and 32 in a two-step se-
quence. The stereochemical outcome of these cycloadditions is discussed as well as their
possible utilization in organic synthesis, especially in total synthesis of some alkaloids.
Keywords: Biotransformations; Diels-Alder reactions; Bridged octahydroisoquinolones; Mor-
phine; Asymmetric synthesis; Isoquinoline alkaloids; Total syntheses; Chemoenzymatic syn-
thesis.

A recent review summarizes research in the area of chemoenzymatic syn-
thesis originating in cis-cyclohexadienediols®. Gibson’s discovery of the re-
markable enzymatic dearomatization? portrayed in Scheme 1 has led to the
development of many applications of diol metabolites in asymmetric syn-
thesis®. General methods of synthesis for inositols and their derivatives?,
monosaccharides and their aza and pseudo analogs®, and oxygenated
Amaryllidaceae alkaloids® have been developed in response to the availabil-
ity of the optically pure diols” 1. Through continuing efforts of Gibson and
Boyd, as well as through those of our own group, new metabolites have
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1270 Zezula, Hudlicky, Ghiviriga:

been added to the growing portfolio of these synthons, now containing
over 300 compounds®, only a few of which have been used in synthetic
ventures.
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ScHEME 1
Chemoenzymatic synthesis of natural products

Over 85% of all synthetic activity in this area has stemmed from the diols
derived from benzene, toluene and chloro- or bromobenzene (Scheme 2).
The rest have capitalized on conversions of recently isolated diols with
more elaborate functionality.
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SCHEME 2
cis-Dienediol metabolites used in total synthesis

That the more complex diols were not readily available to the synthetic

community until a just few years ago may explain the relative under-
utilization of these powerful synthons. In the area of cycloadditions, many
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Intramolecular Diels-Alder Cycloadditions 1271

examples have been reported for intermolecular Diels—Alder cycloadditions
of benzynes®, quinines'®, acrylates!!, olefins, acetylenes!!, and other
dienophiles!?, but only with those dienediols derived from toluene and
halobenzenes. Creative use of Diels—Alder chemistry has been reported by
Banwell, who applied it to the synthesis of steroids'® and to an approach to
Taxol® (ref.1*). Only three examples of intramolecular cycloadditions have
been reported, all from our research group. We have employed dienophiles
or dienes tethered through one of the hydroxy groups of a diol, as shown
in Scheme 3.
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SCHEME 3
Examples of intramolecular Diels-Alder cycloadditions

The first two examples, leading to the bridged system 11 and the tricyclic
ether 13, were aimed at the synthesis of morphinans!®. The third example,
employing the diol derived from styrene, is from our synthesis of zeylenal®.
In this manuscript we report the Diels-Alder cycloadditions of dienes 17
and 18, each obtained by toluene dioxygenase-mediated oxidation of
(2-azidoethyl)benzenel?, followed by protection (for 17) and conversion of
the azide to the amide used as a tether for the dienophile (for 18), Scheme 4.
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Intra- and intermolecular cycloadditions with maleates, fumarates, and
maleic anhydride are compared. Further synthetic applications are sug-
gested for adducts 19.
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SCHEME 4
Diels-Alder cycloadditions of substrates tethered via side-chain substituents

EXPERIMENTAL

All non-hydrolytic reactions were carried out under an argon atmosphere, with standard
techniques to exclude moisture. Analytical and preparative TLC was performed on Silicycle
silica gel 60A plates. Flash chromatography was performed on chromatographic silica gel,
230-400 mesh (Lagand Chemicals). Infrared spectra were recorded on a Perkin-Elmer Spec-
trum One FT-IR instrument. Wavenumbers are given in cm™. 'H and 3¢ NMR spectra were
obtained on a Varian 300 MHz or on a Varian Inova 500 MHz spectrometer with
CDCI;-TMS as a solvent. 1H chemical shifts are reported in ppm (3-scale) relative to TMS
(0.0 ppm). 13¢C chemical shifts are reported in ppm (&-scale) relative to the central line of the
CDCly triplet (77.23 ppm). Coupling constants (J) are reported in Hz. Optical rotations were
recorded on a Perkin-Elmer 241 digital polarimeter (10’l deg cm? g’l). Melting points were
obtained on a Thomas-Hoover capillary melting point apparatus and are uncorrected.
High-resolution mass spectra and elemental analyses were performed at the University of
Florida and Atlantic Microlab, Inc., respectively.

(3aR,7aS)-4-(2-Azidoethyl)-2,2-dimethyl-3a,7a-dihydrobenzo[1,3]dioxole (22)

To a solution of the crude diene diol derived from (2-azidoethyl)benzenel” (0.88 g, 4.9 mmol)
(containing small amount of the corresponding phenol) in methylene chloride (6 ml) and
2,2-dimethoxypropane (6 ml, 49 mmol, 10 equiv.) was added catalytic amount of
4-methylbenzene-1-sulfonic acid. The reaction mixture was stirred at room temperature for
45 min, with monitoring by TLC. Upon completion, the reaction mixture was treated with
5 wt.% solution of sodium hydroxide (10 ml), followed by extraction with methylene chlo-
ride (4 x 20 ml). The combined organic layers were washed with brine (10 ml) and dried
over anhydrous sodium sulfate. After filtration and removal of solvent, the oily residue was
purified by column chromatography (hexane-EtOAc, 95 : 5). Compound 22 was obtained as
yellow oil in 46% yield (0.50 g). 'H NMR and IR data were in agreement with previously
published data for this compound?®’.
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Intramolecular Diels-Alder Cycloadditions 1273

General Procedure for the Staudinger Reduction®® Followed by DCC Coupling

To a solution of the diene 22 (0.204 g, 0.92 mmol) in tetrahydrofuran (3 ml) were added
triphenylphosphine (0.254 g, 0.97 mmol, 1.05 equiv.) and water (26 pl, 1.5 mmol,
1.5 equiv.), and the resulting mixture was stirred at room temperature. After 22 h
tetrahydrofurane (5 ml) was added, and solution was dried over anhydrous magnesium sul-
fate. Following filtration and removal of solvent, the crude residue was used for the next
step.

To a solution of monoethyl fumarate (0.147 g, 0.97 mmol, 1.05 equiv.) in methylene
chloride (3 ml) were added dicyclohexylcarbodiimide (DCC) (0.220 g, 1.07 mmol, 1.1 equiv.)
(a white precipitate forms) and catalytic amount of a DMAP. The reaction mixture was
stirred at 0 °C for 5 min, then a solution of the crude amine (ca 0.2 g, 0.92 mmol) in the
methylene chloride (3 ml) was added. After stirring at 0 °C for 1 h, the reaction mixture was
allowed to warm to room temperature, and stirring was continued for 18 h. The white pre-
cipitate was filtered off and the solvent evaporated. The remaining dark brown oil was
triturated with ether (15 ml), and the resulting solid was separated by filtration.

Ethyl (E)-(3aR,7aS)-3-{N-[2-(2,2-Dimethyl-3a,7a-dihydrobenzo[1,3]dioxol-4-yl)-
ethyl]carbamoyl} Acrylate (23)

Diene 22 (0.204 g, 0.92 mmol) was reduced using the Staudinger protocol*® to the corre-
sponding amine, which was immediately subjected to DCC coupling as described above. Sil-
ica was added to the filtrate, and solvent was removed under reduced pressure. The crude
product thus adsorbed on silica was then purified by column chromatography (hexanes—
EtOAc, 60 : 40, 50 : 50, 40 : 60). Product 23 was obtain as semicrystalline oil (0.174 g, 59%)
and was stored under argon in the freezer. (It easily undergoes Diels-Alder reaction at room
temperature.) Ry (hexanes-EtOAc, 1 : 1) 0.41; [a]% -14.6 (c 0.0308 g mI™%, CHCI,). 'H NMR:
6.84 and 6.77 (d, 2 H, J = 15.6); 6.44 (bs, 1 H); 5.95 (m, 1 H); 5.82 (m, 2 H); 4.76 (d, 1 H, J =
8.4); 449 (d, 1 H,J =8.4); 4.24 (q, 2 H, J =6.9); 3.57 (m, 2 H); 2.59 (m, 1 H); 2.38 (m, 1 H);
1.43 (s, 6 H); 1.31 (t, 3 H, J = 7.2). 13C NMR: 165.7, 163.7, 136.7, 134.2, 130.1, 124.4, 123.7,
121.9, 105.27, 71.3, 71.9, 61.3, 38.5, 34.3, 27.0, 25.0, 14.3. IR (neat): 3 287.2, 3 074.9,
3049.4,2985.1, 2 934.1, 1 724.8, 1 667.5, 1 651.8, 1 298.9, 1 031.2. HRMS: calculated for
C,7H,,NOg ([M + HIY): 322.1654, found: 322.1652.

Ethyl (Z)-(3aR,7aS)-3-{N-[2-(2,2-Dimethyl-3a,7a-dihydrobenzo[1,3]dioxol-4-yl)-
ethyl]carbamoyl} Acrylate (24)

Diene 22 (0.270 g, 1.22 mmol) was reduced to the corresponding amine using the
Staudinger protocol'® and immediately used for DCC coupling using the general procedure.
Solvent was removed under reduced pressure and the residue was purified by column
chromatography (hexanes-EtOAc, 70 : 30). Pure 24 was obtained as oil (0.101 g, 26%) and
was stored under argon in the freezer. R. (EtOAc) 0.74; [a]3’ +71.6; (c 0.0145 g mi, CHCIL,).
1H NMR: 8.19 (bs, 1 H); 6.30 and 6.10 (2d, 2 H, J = 12.9); 5.96 (m, 1 H); 5.81 (m, 2 H); 4.71
(dd, 1 H, J=3.0, 8.6); 4.56 (d, 1 H, J = 8.4); 4.23 (q, 2 H, J = 7.2); 3.56 (q, 2 H, ] = 6.3); 2.51
(m, 2 H); 1.40 and 1.39 (2s, 6 H); 1.31 (t, 3 H, J = 7.2). 13C NMR: 166.2, 164.2, 138.3, 134.9,
125.5, 124.3, 123.8, 121.0, 105.3, 73.1, 71.6, 61.7, 38.0, 33.8, 27.0, 25.2, 14.2. IR (neat):
3 300.3,3047.5, 2 985.2,2935.1, 1 729.4, 1 661.7, 1 629.6, 1 211.4, 1 027.4. HRMS: calcu-
lated for C;,H,,NOg ([M + H]"): 322.1654, found: 322.1689.
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Ethyl (1R,6R,7S,8S,9R,13S)-11,11-Dimethyl-5-0x0-10,12-dioxa-4-azatetracyclo-
[6.5.2.016.0%13]pentadec-14-ene-7-carboxylate (25)

and Ethyl (1R,6S,7R,8S,9R,13S)-11,11-Dimethyl-5-0x0-10,12-dioxa-4-azatetracyclo-
[6.5.2.016.0%13]pentadec-14-ene-7-carboxylate (26)

A solution of triene 23 (0.13 g, 0.4 mmol) in benzene (10 ml) was heated to reflux for 21 h,
then the solvent was evaporated. Column chromatography (hexanes-EtOAc, 20 : 80) yielded
pure 25 (0.030 g, 23%), pure isomer 26 (0.020 g, 15%), and a mixture of both isomers
(0.048 g, 37%). The overall yield of reaction was 75%.

25: R (EtOAC) 0.46; [o] % +10.7 (c 0.0138 g mlI™, CHCI,). *H NMR (500 MHz): 6.30 (ddt, 1 H,
J=8.3, 6.6, 0.9); 6.03 (bs, 1 H); 5.95 (dt, 1 H, J = 8.2, 1.3); 4.24 (ddd, 1 H, ] = 7.1, 3.2, 1.0);
4.22 (dg, 1 H, J = 15.8, 7.2); 4.20 (dq, 1 H, J = 15.6, 7.2); 4.03 (dd, 1 H, J = 7.1, 2); 3.50 (td,
1H,J=123, 4.9); 3.43 (ddt, 1 H, ] = 12.5, 6.4, 2.5); 3.26 (dtd, 1 H, J = 6.5, 3.3, 1.1); 2.97
(dd, 1 H, J=5.9, 3.0); 2.73 (d, 1 H, ] = 6.0); 2.29 (ddd, 1 H, J = 13.6, 4.6, 1.7); 1.91 (ddd, 1 H,
1=13.3, 12.2, 6.9); 1.31 (s, 3 H); 1.30 (t, 3 H, J = 7.3); 1.26 (s, 3 H). 13C NMR (126 MHz,
CDCly): 173.5, 172.8, 133.4, 130.7, 109.6, 82.0, 76.2, 61.5, 44.3, 43.0, 41.4, 39.3, 38.0, 27.7,
25.4, 25.1, 14.3. IR (neat): 3 311.84, 3 213.3, 3 056.6, 2 983.5, 2 937.2, 1 728.1, 1 668.2, 1
194.7. HRMS: calculated for C;;H,,NOg ([M + H]%): 322.1654, found: 322.1653. For
C,7H,3NO; (321.4) calculated: 63.54% C, 7.21%H; found: 63.59% C, 7.30% H.

26: R (EtOAC) 0.40; [0]Z +17.2 (c 0.0181 g mlI™*, CHCI,). *H NMR: 5.99 (m, 2 H); 5.73 (bs,
1 H); 4.35 (dd, 1 H, J = 3.2, 7.0); 4.18 (m, 3 H); 3.56 (m, 1 H); 3.47 (m, 1 H); 3.32 (m, 1 H);
3.04 (dd, 1 H,J=1.7,6.3); 2.79 (d, 1 H, J = 5.9); 2.39 (m, 1 H); 2.14 (m, 1 H); 1.32(s, 3 H);
1.26 (s, 3 H); 1.26 (t, 3 H, J = 7.1). 3C NMR: 173.5, 172.8, 136.4, 129.2, 109.6, 78.5, 76.2,
61.5, 45.4, 41.3, 41.2, 39.0, 38.9, 27.3, 25.6, 25.3, 14.4. IR (neat): 3 307.9, 3 052.7, 2 981.6,
2 933.9, 1 731.8, 1 667.1, 1 058.7. HRMS: calculated for C,,H,,NO; ([M + H]"): 322.1654,
found: 322.1653. For C,,H,3NOg (321.4) calculated: 63.54% C, 7.21% H; found: 63.84% C,
7.41% H.

Ethyl (1R,6S,7S,85,9R,13S)-11,11-Dimethyl-5-0x0-10,12-dioxa-4-azatetracyclo-
[6.5.2.016.0%%3]pentadec-14-ene-7-carboxylate (27)

and Ethyl (1R,6R,7R,8S,9R,13S)-11,11-Dimethyl-5-o0x0-10,12-dioxa-4-azatetracyclo-
[6.5.2.016.0%13]pentadec-14-ene-7-carboxylate (28)

A solution of triene 24 (0.087 g, 0.27 mmol) in benzene (13 ml) was heated at reflux for
5 days. The solvent was evaporated, and the residue purified by column chromatography
(EtOAc) to provide pure 28 (0.017 g, 20%), pure 27 (0.022 g, 25%) and a mixture of both
isomers (0.035 g, 40%, 28 is prevailing component). The overall yield of the reaction was
85%. The ratio of cycloadducts (by integration of the 'H NMR spectrum of the crude mix-
ture) was 2 : 1 (28 : 27).

27: R (CHCI;-MeOH, 9 : 1) 0.56; [0] X +38.6 (c 0.0092 g mI™t, CHCL,). 'H NMR: 6.32 (t, 1 H,
1=75);6.10 (d, 1 H, J = 8.4); 5.83 (bs, 1 H); 4.16 (dd, 1 H, J = 8.1, 4.2); 4.09 (g, 2 H, J = 7.0);
3.82(d, 1 H,J=8.1); 3.62 (dd, 1 H, J = 10.2, 2.7); 3.54 (dd, 1 H, J = 12.3, 4.2); 3.36 (m, 1 H);
3.24 (d, 1 H, J = 10.2); 3.11 (m, 1 H); 2.02 (dt, 1 H, J = 13.3, 6.1); 1.84 (dd, 1 H, J = 13.1,
3.6); 1.53 (s, 3 H); 1.35 (s, 3 H); 1.25 (t, 3 H, J = 7.1). 3C NMR: 174.0, 173.0, 133.9, 132.5,
113.1, 78.9, 74.9, 60.6, 41.3, 41.2, 41.1, 38.7, 38.6, 26.9, 26.5, 24.6, 14.3. IR (neat): 3
306.3, 3 046.5, 2 928.2, 2 856.1, 1 731.9, 1 666.5, 1 175.7. HRMS: calculated for C,,H,,NOg
([M + H]"): 322.1654, found: 322.1637.
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28: R (CHCI;-MeOH, 9 : 1) 0.51; [0] 2 -29.6 (¢ 0.0100 g mI™, CHCI,). *H NMR: 6.23 (t, 1 H, J =
7.3); 6.01 (d, 1 H, J = 8.4); 5.80 (bs, 1 H); 4.31 (dd, 1 H, J = 2.8, 7.1); 4.22 (dd, 1 H, J = 3.8,
6.3); 410 (9, 2 H,1=7.1); 3.93 (d, 1 H, J = 7.2); 3.61 (dt, 1 H, J = 12.6, 3.8); 3.39 (m, 1 H); 3.10
(m, 2 H); 2.32 (m, 2 H); 1.33 (s, 3 H); 1.28 (s, 3 H); 1.25 (t, 3 H, J = 7.1). 13C NMR: 172.7,
171.0, 131.9, 129.7, 110.1, 83.0, 78.6, 60.9, 45.1, 43.5, 41.2, 39.4, 39.1, 28.4, 25.6, 25.4,
14.3. IR (neat): 3 310.5, 2 927.5, 2 855.7, 1 731.9, 1 666.9. HRMS: calculated for C,,H,,NO4
([M + HJ"): 322.1654, found: 322.1628. For C,,H,3,NO; (321.4) calculated: 63.54% C, 7.21% H;
found: 63.18% C, 7.13% H.

(1R,2R,6S,7S,8R,12R)-1-(2-Azidoethyl)-4,4-dimethyl-3,5,10-trioxatetracyclo-
[5.5.2.02%.0812tetradec-13-ene-9,11-dione (29)

and (1R,2R,6S,7S,8S,12S)-1-(2-Azidoethyl)-4,4-dimethyl-3,5,10-trioxatetracyclo-
[5.5.2.02%.0812tetradec-13-ene-9,11-dione (30)

To a solution of diene 22 (0.212 g, 0.96 mmol) in benzene (7 ml), maleic anhydride (0.099 g,
1.0 mmol, 1.05 equiv.) was added. The reaction mixture was stirred under argon atmosphere
at room temperature for 68 h, and the reaction progress was monitored by TLC. The ben-
zene was evaporated under reduced pressure, and the resulting oil was purified by column
chromatography (hexanes-EtOAc, 80 : 20) to yield the expected cycloadducts: 29 as a white
solid (0.051 g, 17%) and 30 as a yellow oil (0.121 g, 39%). The ratio of cycloadducts (by in-
tegration of the *H NMR spectrum of the crude mixture) was 1.6 : 1 (30 : 29). The reaction
was also carried out at reflux temperature with similar results.

29: R; (hexanes-EtOAc, 70 : 30) 0.33; m.p. 116-117 °C; [a]® +2.3 (c 0.0104 g mI™}, CHCI,).
1H NMR: 6.18 (dd, 1 H, J = 8.3, 6.2); 5.91 (d, 1 H, ] = 8.4); 4.33 (dd, 1 H, J = 7.2, 3.3); 4.20
(d, 1 H,J=7.1); 3.67 (m, 2 H); 3.48 (m, 1 H); 3.10 (m, 2 H); 2.39 (m, 2 H); 1.31 and 1.29 (s,
6 H). 13C NMR: 171.0, 169.9, 134.5, 129.8, 110.4, 78.24, 77.2, 47.3, 43.1, 42.2, 36.2, 30.0,
25.3, 25.0. IR (KBr): 2979.0, 2 105.0, 1 846.9, 1 776.1. HRMS: calculated for C;5H;gN;O; ([M +
H]"): 320.1246, found: 320.1244.

30: Ry (hexanes-EtOAc, 70 : 30) 0.55; [a]2 + 44.5 (c 0.0121 g mI™}, CHCL,). *H NMR: 6.26
(dd, 1 H, J=8.3, 6.5); 6.04 (d, 1 H, J = 8.3); 4.19 (dd, 1 H, J = 8.2, 3.9); 4.01 (d, 1 H, J = 8.3);
3.6 (m, 3 H); 3.42 (m, 2 H); 2.32 (m, 2 H); 1.48 (s, 3 H); 1.35 (s, 3 H). 13C NMR: 173.2,
172.1, 136.2, 131.7, 113.1, 76.6, 74.4, 47.5, 43.6, 41.9, 39.9, 37.0, 32.0, 26.5, 24.4. IR (KBr):
2 986.0, 2 095.8, 1 841.6, 1 770.4. HRMS: calculated for C;cH;gN;O ([M + H]%): 320.1246,
found: 320.1235.

General Procedure for the Staudinger Reduction®® Followed by Esterification

To a solution of compound 29 (0.083 g, 0.26 mmol) in tetrahydrofuran (3 ml) were added
triphenylphosphine (0.072 g, 0.27 mmol, 1.05 equiv.) and water (5 pl, 0.52 mmol, 2 equiv.).
The reaction mixture was heated to approximately 60 °C for 54 h (monitored by TLC) (a white
precipitate forms during the reaction). The solvent was evaporated under reduced pressure,
and the residue treated with a cold solution of diazomethane in ether (3 ml). (During the
reaction the initially insoluble residue dissolves.) After stirring at room temperature for
30 min, more diazomethane solution (3 ml) was added, and stirring was continued for 17 h.
Methanol (1 ml) was added and solvents were removed under reduced pressure.
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Methyl (1R,6R,7R,8S,9R,135)-11,11-Dimethyl-5-ox0-10,12-dioxa-4-azatetracyclo-
[6.5.2.016.0%%3]pentadec-14-ene-7-carboxylate (31)

Compound 29 (0.083 g, 0.26 mmol) was reduced and converted to the corresponding ester
according to the general procedure described above. The residue was purified by column
chromatography (EtOAc-hexanes, 3 : 1, with 0.5% Et3N). Product 31 was obtained as a
white crystalline material (0.050 g, 63%); m.p. 172-173 °C; R (EtOAc) 0.39; [0]Z +19.9
(c 0.0122 g mI™%, CHCI,). *H NMR: 6.16 (bs, 1 H); 5.99 (m, 2 H); 4.34 (dd, 1 H, J = 7.2, 3.3);
4.18 (d, 1 H, J=7.2); 3.71 (s, 3 H); 3.56 (m, 1 H); 3.47 (m, 1 H); 3.30 (m, 1 H); 3.04 (dd, 1 H,
1=6.2,1.5); 277 (d, 1 H, J = 6.0); 2.37 (m, 1 H); 2.14 (m, 1 H); 1.32 and 1.26 (s, 6 H). *C NMR:
174.0, 172.8, 136.4, 129.2, 109.5, 78.4, 76.1, 52.7, 45.5, 41.1, 38.9, 38.7, 27.2, 25.6, 25.3.
IR (KBr): 3 416.7, 3 224.8, 1 744.6, 1 648.2, 1 195.2. HRMS: calculated for C,5H,,NOg
([M + HJ"): 308.1498, found: 308.1496. For C,4H,;NO; (307.3) calculated: 62.53% C,
6.89% H; found: 62.84% C, 6.80% H.

Methyl (1R,6S,7S,85,9R,13S)-11,11-Dimethyl-5-0x0-10,12-dioxa-4-azatetracyclo-
[6.5.2.016.0%%3]pentadec-14-ene-7-carboxylate (32)

Compound 30 (0.48 g, 1.5 mmol) was reduced and converted to the corresponding ester as
described above. The residue was purified by column chromatography (5% Et;N in EtOAc).
Product 32 was obtained as a white crystalline material (0.31 g, 70%); m.p. 173-174 °C; R,
(EtOAC) 0.18; [a]2 +48.6 (c 0.0107 g mI™, CHCI;). 'H NMR: 6.34 (t, 1 H, I = 7.2); 6.11 (d,
1 H,J=8.4); 6.01 (bs, 1 H); 4.15 (dd, 1 H, J = 8.0, 4.3); 3.82 (d, 1 H, J = 8.1); 3.64 (s, 3 H);
3.56 (m, 1 H); 3.36 (m, 1 H); 3.24 (d, 1 H, J = 10.2); 3.09 (m, 2 H); 2.03 (m, 2 H); 1.85 (m, 1 H);
1.52 and 1.34 (s, 6 H). 13C NMR: 174.6, 172.8, 134.0, 132.4, 113.0, 78.8, 75.0, 51.9, 41.4,
41.1, 41.0, 38.6, 29.9, 26.9, 26.5, 24.6. IR (KBr): 3 354.1, 3 060.3, 2 931.0, 1 736.9, 1 660.5,
1 208.0. HRMS: calculated for C;qH,,NOg ([M + H]"): 308.1498, found: 308.1497. For
C,5H,1NO; (307.3) calculated: 62.53% C, 6.89% H; found: 62.65% C, 6.88% H.

(1R,8S,9R,13S)-1-(2-Azidoethyl)-11,11-dimethyl-10,12-dioxatetracyclo-
[6.5.2.0%7.0% 3|pentadeca-2,4,6,14-tetraene-3,6-diol (33)

and (1R,2S,7S,8S,9R,13S)-1-(2-Azidoethyl)-11,11-dimethyl-10,12-dioxotetracyclo-
[6.5.2.0%7.0% 3]pentadeca-4,14-diene-3,6-dione (34)

To a solution of diene 22 (0.12 g, 0.53 mmol) in benzene (3 ml) was added freshly sublimed
1,4-benzoquinone (0.058 g, 0.47 mmol, 1.1 equiv.) and the reaction mixture was stirred at
room temperature for 3 days. A black precipitate formed during reaction. The reaction mix-
ture was evaporated, and the residue was purified by preparative TLC (hexanes-EtOAc, 9 : 1;
3 elutions). The aromatized product 33 was isolated (0.013 g, 7.6%) along with the expected
cycloadduct 34 (0.015 g, 8.6%).

33: Rp (hexanes-EtOAc, 60 : 40) 0.27. H NMR: 6.50 (d, 1 H, J = 8.7); 6.48 (t, 1 H, J = 7.5);
6.39 (d, 1 H, 1 =8.7); 6.21 (dd, 1 H, J = 7.8, 1.2); 4.48 (m, 1 H); 4.28 (dd, 1 H, J = 7.2, 3.3);
4.08 (d, 1 H,J=6.9); 3.81 (m, 1 H); 3.61 (m, 1 H); 2.71 (m, 2 H); 1.38 (s, 3 H); 1.26 (s, 3 H).
13C NMR: 146.2, 145.1, 135.7, 132.6, 129.6, 127.9, 115.9, 114.8, 112.4, 82.0, 79.3, 50.0,
49.7, 38.3, 31.2, 29.1, 25.7. IR (neat): 3 426.3, 2 977.8, 2 930.1, 2 094.5, 1 642.0. HRMS: cal-
culated for C;,H,oN;0, ([M + H]"): 330.1454, found: 330.1476.

34: Rp (hexanes-EtOAc, 70 : 30) 0.35. 1H NMR: 6.69 (d, 1 H, J = 10.5); 6.65 (d, 1 H, J =
10.5); 6.19 (t, 1 H, J = 8.1); 6.20 (dd, 1 H, J = 8.3, 8.1); 5.91 (d, 1 H, J = 7.8); 4.15 (dd, 1 H, ] =

Collect. Czech. Chem. Commun. (Vol. 66) (2001)



Intramolecular Diels-Alder Cycloadditions 1277

8.1, 3.9); 3.90 (d, 1 H, J =8.7); 3.68 (m, 1 H); 4.50 (m, 2 H); 3.42 (d, 1 H, J = 8.7); 2.16 (m, 1 H);
1.86 (m, 1 H); 1.35 (s, 3 H); 1.25 (s, 3 H). 3C NMR: 143.2, 141.9, 136.2, 132.1, 112.5, 78.0,
74.5, 47.7, 44.9, 43.5, 40.8, 33.7, 29.7, 26.4, 24.4. IR (neat): 2 982.9, 2 928.3, 2 097.0,
1688.3, 1 682.8, 1 606.9.

(1R,2R,75,8S,9R,13S)-1-(2-Azidoethyl)-11,11-dimethyl-10,12-dioxatetracyclo-
[6.5.2.2.0%7.0%3pentadeca-4,14-diene-3,6-diol (35)

To a solution of diene 22 (0.076 g, 0.34 mmol) in benzene (5 ml) was added freshly sub-
limed 1,4-benzoquinone (0.038 g, 0.34 mmol, 1.1 equiv.), and the reaction mixture was
heated to reflux for 18 h under argon atmosphere. The resulting dark brown mixture con-
taining a black precipitate was concentrated, and the residue was dissolved in 5 mlofal:1
mixture of methylene chloride and methanol. Ceric(lll) chloride heptahydrate (0.129 g,
1 equiv.) was added and, after 5 min at ambient temperature, sodium borohydride (0.013 g,
1 equiv.) was added in one portion. After stirring for an additional 30 min at ambient tem-
perature, pH was adjusted to neutral with dilute hydrochloric acid. Water (10 ml) was
added, and the mixture was extracted with ether (4 x 15 ml). The organic phase was dried
over anhydrous magnesium sulfate, filtered, and concentrated under reduced pressure. The
residue was purified by column chromatography (hexanes-EtOAc, 1 : 1). Product 35 was
obtained as an oil (0.028 g, 25%, containing a trace of aromatized product). R (hexanes-EtOAc,
1:1)0.3.H NMR: 6.47 (m, 2 H); 6.12 (t, 1 H, J = 7.5); 5.87 (d, 1 H, J = 7.8); 4.26 (m, 2 H);
4.03 (d, 1 H,J=7.2); 3.57 (m, 2 H); 2.87 (m, 1 H); 2.59 (d, 1 H, J = 8.7); 2.25 (m, 1 H); 2.05 (m,
1 H); 1.91 (dd, 1 H, J = 11.1, 3.9); 1.68 (dd, 1 H, J = 10.8, 4.2); 1.33 (s, 3 H); 1.27 (s, 3 H). 1*C NMR:
136.6, 136.3, 132.2, 128.2, 109.0, 81.3, 79.7, 65.2, 61.9, 48.0, 46.0, 43.0, 41.1, 31.4, 30.9,
29.7, 29.6. IR (neat): 3 358.8, 3 052.97, 2 978.7, 2 924.1, 2 855.0, 2 096.7, 1 661, 1 208.3,
1 066.3. HRMS: calculated for C;;H,,N;0, ([M + H]"): 334.1767, found: 334.1742.

N-[2-(2,2-Dimethyl-(3aR,7aS)-dihydrobenzo[1,3]dioxol-4-yl)ethyl]acetamide (36)

Compound 22 (0.25 g, 1.1 mmol) in thioacetic acid (0.4 ml, 4.4 mmol, 4 equiv.) was stirred
at 0 °C for 1 h, and then allowed to warm to room temperature. Stirring was continued for
17 h, then the mixture was concentrated and the residue purified by column chromatogra-
phy (EtOAc). Product 36 was obtained as yellow oil (0.12 g, 46%). Ry (EtOAc) 0.33. IH NMR:
6.21(bs, 1 H); 5.96 (m, 1 H); 5.80 (m, 2 H); 4.72 (dd, 1 H, J = 8.7, 3.3); 452 (d, 1 H, J = 8.7);
3.45 (m, 2 H); 2.48 (m, 1 H); 2.36 (m, 1 H); 1.96 (s, 3 H); 1.41 (s, 6 H). 23C NMR: 170.0,
134.5, 123.8, 123.7, 121.0, 104.9, 72.9, 71.5, 37.7, 37.1, 26.7, 24.7, 23.1. IR (neat): 3 298.4,
3 087.9, 2 985.7, 2 935.0, 1 651.5, 1 557, 1 434.3.

(1R,2R,7R,8S,9R,13S)-N-[2-(11,11-Dimethyl-3,6-dioxo-10,12-dioxatetracyclo-
[6.5.2.0%7.08°]pentadeca-4,14-diene-1-yl)ethyl]acetamide (37)

and (1R,2S,7S,8S,9R,13S)-N-[2-(11,11-Dimethyl-3,6-dioxo-10,12-dioxatetracyclo-
[6.5.2.0%7.08°]pentadeca-4,14-diene-1-yl)ethyl]acetamide (38)

To a stirred solution of 36 (0.048 g, 0.2 mmol) in benzene (7 ml) was added 1,4-benzo-
quinone (0.033 g, 0.3 mmol, 1.5 equiv.). The reaction mixture was stirred at ambient tem-
perature for 4 days (with monitoring by TLC). After removal of the solvent under reduced
pressure, the residue was purified by column chromatography (EtOAc). The isolated
compound (0.047 g) was shown by *H NMR to be a mixture of the two isomers 37 and 38 (ca
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2 : 1). Further attempt to separate the isomers by column chromatography (hexanes-acetone, 2 : 1)
was unsuccessful. Partial H NMR of the mixture (signals belonging to the exo adduct 38 are
in italics): 6.60 (s, 2 H); 6.65 (s, 2 H); 6.28 (bs, 1 H); 6.19 (dd, 1 H, J = 6.3, 8.1); 6.09 (t, 1 H, J =
8.1); 5.99 (bs, 1 H); 591 (d, 1 H,J =8.1); 5.73 (d, 1 H, J = 8.4); 1.98 (s, 3 H); 1.97 (s, 3 H);
1.51 and 1.35 (s, 6 H); 1.30 and 1.28 (s, 6 H). HRMS: calculated for C;qH,,NOg ([M + H]"):
346.1654, found: 346.1618.

RESULTS AND DISCUSSION

B-Functionalized ethylbenzenes have been shown to be good substrates for
toluene dioxygenase overexpressed in the recombinant organism E. coli
JM109 (pDTG601), developed by Gibson®®. The absolute stereochemistry of
the diols derived from (2-bromoethyl)benzene?®, 1-bromo-2-(2-bromo-
ethyl)benzene?!, and (2-azidoethyl)benzenel?, isolated in yields of 0.1-0.5 g I*
from the whole-cell fermentations, has been established. These compounds
have been used previously in our approaches to morphine?? through radi-
cal, cationic, and Heck-type cyclizations?3, as well as the aforementioned
Diels-Alder cycloadditions tethered through one of the hydroxy groups.

We chose to study cycloadditions where a nitrogen-linked tether would
deliver the dienophile and to compare the stereoselectivity of the intra-
molecular process with an analogous intermolecular cycloaddition. To this
end, (2-azidoethyl)benzene was converted to the cis diol with E. coli IM109
(pDTG601) in 10-1 fermentor (3 g I'Y) and immediately protected as an
acetonide, as shown in Scheme 5. Aware of the propensity of diene diols
acetonides to dimerize via Diels-Alder cycloadditions?*, we quickly sub-
jected the azide to the Staudinger protocol and converted the resulting
amine to either fumaroyl or maleoyl amide in 59% and 26% yield, respec-
tively. Heating 23 or 24 in benzene at reflux for 1 or 5 days led to a mixture
of cycloadducts 25 and 26 in 75%, and 27 and 28 in 85% total yield.

Separation of isomers was difficult because of the small R; difference (e.g.,
0.06 for 25 and 26); nevertheless, analytical samples of pure isomers were
obtained along with mixtures of both isomers with various ratios. The
ratios of 25 to 26 and 27 to 28 in crude mixtures were determined from
1H NMR spectra to be approximately 1.3 : 1 and 1 : 2, respectively. The trienes
were stored at low temperature to avoid cycloadditions. Even so, after 30 days
at =30 °C and under Ar atmosphere, triene 23 showed noticeable contamina-
tion by cycloaddition products in the NMR spectrum. Triene 23 (in CDCl,)
readily underwent cycloaddition at room temperature within a few days.

The relative stereochemistry of adducts 25 and 26 were determined by
means of 2D-NMR techniques. For example, the assignment of the *H NMR
spectrum of 25 was straightforward from the DQCOSY experiment (Fig. 1).

Collect. Czech. Chem. Commun. (Vol. 66) (2001)



Intramolecular Diels-Alder Cycloadditions 1279

NOEs to the protons at 4.03 and 4.24 ppm identified the acetonide methyl
cis to them as 1.26. It is the other methyl at 1.30 which displays NOEs with
the protons in the olefinic bridge, thus establishing that the acetonide ring
is exo.

A large coupling constant (12.3) between the signals 3.43 and 1.91 indi-
cates that the piperidone ring has a chair conformation and that these pro-
tons are axial. The protons at 1.91, 4.03 and 2.73 display large NOEs,
comparable in intensity with the one between 4.03 and 4.24, indicating

RO,

RO

21 R=H
o[

22 R= C(CHjy),

(iii, iv) || G

0]

Ou.. O,

>< CO,Et >< EtO,C

o" o
23 24

™ \ v

(i) E. coli IM109 (pDTG601); (ii) DMP/TsOH,; (iii) PhgP/THF/H,0; (iv) DCC/ ethyl fumaric or
ethyl maleic acid; (v) benzene/ A

SCHEME 5
Synthesis of trienes 23 and 24 and their cyclooadditions
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that 2.73 is endo on the bicyclooctene ring and axial on the piperidone
ring. The proton at 2.97 does not display NOEs with 4.03 or 4.24, but in-
stead with 6.30, a proof that it is exo. The couplings over 4 bonds of 5.95
with 4.03 and 2.73 and of 6.30 with 4.24 are consistent with structure.
Adducts 25 and 27 are clearly the result of exo cyclization, preferred in
intramolecular cases, whereas 26 and 28 result from the endo process.

To compare this selectivity with an intermolecular case we subjected
acetonide 22 to maleic anhydride in refluxing benzene and isolated adducts
29 and 30 in 1 : 1.6 ratio, indicating an exo preference in this case also
(Scheme 6). Their stereochemistry was also confirmed by 2D-NMR tech-
nigues. A noteworthy difference in the *H NMR spectra of both adducts 29
and 30 is the extent of the separation of the singlets of the acetonide
methyl groups. In the case of the exo product 32, these singlets are 0.14 ppm
apart and in the case of endo product 31 the separation is only 0.02 ppm.
The spectra of 27 and 28 exhibit similar separation of the corresponding
singlets for the acetonide methyl groups.

The anhydrides were converted to the amides 31 and 32 in a two-step se-
guence involving Staudinger reduction!® of the azide, with concomitant
cyclization to the lactam and esterification of the free acid with diazome-
thane. These esters were shown to have identical stereochemistry with the
ethyl esters 28 and 27.

1.91 NH
1728
> 430 (W
126 O””“'.az.o ) W \\
. 2 .
25.1 4.03 130.7 “r595( 2.73 o

6.30| 2.97

133.4

131
25.4

Fic. 1
NMR assignment of 25
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Banwell has carried out cycloadditions on similar diene systems (e.g., the
dienediol derived from toluene), with 1,4-benzoquinone®® (refluxing ben-
zene) or with maleic anhydride® (in methylene chloride at 0-18 °C) as
dienophiles. He observed a different outcome from ours; in both cases he
reported a single isomer resulting from the endo process (55 and 68%
yields, respectively). We have attempted the reaction of diene 22 with
1,4-benzoquinone using Banwell’s conditions, but the reactions produced
complex mixtures; however, we isolated in low yields aromatized
hydroquinone product 33 along with expected cycloadduct 34. To prevent
aromatization, we attempted to reduce the crude reaction mixture follow-
ing cycloaddition under Luche conditions. The reduction product 35 was
isolated in low vyield.

O,

o

o}
A
] o
=
29 o

l (i), (iii) i (i, (iii)
NH
UL
o
32

(i) benzene/ r.t. or A; (ii) PPhs/THF/H,0; (iii) CH2N2

CO,Me

SCHEME 6
Intermolecular cycloaddition of diene 22
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Because we suspected side reactions such as 1,3-dipolar cycloaddition of
the azide moiety, we reduced the azide 22 to acetamide 36, which was then
used for cycloaddition with 1,4-benzoquinone, (Scheme 7). The isolated
product appeared as a single spot on TLC; however, the TH NMR spectrum
showed that it is actually a mixture of both isomers 37 and 38 with a ratio
of ca 2 : 1. In this case, the endo cycloadduct 37 predominated, in contrast
to our observations of the cycloaddition with maleic anhydride. Further at-
tempts to separate these compounds were not successful.

Compounds 25-28, and 31 and 32 are unique in two regards. First, the
isoquinoline skeleton is functionalized at all but one carbon atom, and it is
easy to envision, for example, an oxidative cleavage of the bridge in 32 to

N3
o @) On.
¢ &

0. @, (i)
Ao —

O\
22
N}
><O”" (i) ><0'~- ()
O\\" O\\\'
22 36
(i) 1,4-benzoquinone; (ii) CeClz-7 HoO/NaBHy; (iii) CH3COSH 38 O

SCHEME 7
Cycloadditions of diene 22 with 1,4-benzoquinone
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provide an interesting scaffold (i.e. 39) for parallel synthesis as shown in
Scheme 8. Second, adduct 25 offers an interesting possibility for a fragmen-
tation approach to morphine via a further cycloaddition as shown. The
morphinan skeleton 42 could, in principle, be obtained by fragmentation
and dehydration of adduct 41. One can further imagine subjecting
compound 42 to recently described microbial oxidation for the direct conver-
sion of an aromatic ring to catechol?®. These somewhat speculative endeavors
form the focus of our current research and will be reported in due course.

32

NH
O
o™ CO,Et
25

HO.,
‘ NH

HO™
42

SCHEME 8
Projections for future research
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