LETTER

2863

Design for Morphine Alkaloids by Intramolecular Heck Strategy:
Chemoenzymatic Synthesis of 10-Hydroxy-14-epi-dihydrocodeinone via
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Abstract: Enzymatic dihydroxylation of [-bromoethylbenzene
provided a homochiral diene diol that served as starting material for
the synthesis of the complete morphinan skeleton via an intramolec-
ular Heck cyclization.
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Of the more than 20 total syntheses of morphine (1) or co-
deine (2) reported in the last 50 years, several used either
radical or Heck cyclizations for the construction of the
C-13 stereogenic center.! We have been pursuing Heck
cyclization strategies toward morphinans for some time to
address the construction of all contiguous stereogenic
centers in an enantiodivergent fashion. One such strategy
involves the construction of isoquinoline derivatives such
as 5 so that the configuration of the C-9 center (morphine
numbering) is set first with subsequent events defining
either the natural or the antipodal enantiomeric series. The
next center to be created is at C-13, whose configuration

depends on the stereochemistry of attachment of the aryl
residue at C-5. The C-14 center is controlled by hydro-
genation following the Heck reaction, and the C-6 config-
uration is adjustable by known oxidation-reduction
protocols.?

The homochiral diene diol 7 is an ideal starting material
because the configuration of each hydroxyl is easily
manipulated by Mitsunobu or other processes. Here we
report the implementation of the strategy described in
Scheme 1 and the synthesis of a complete morphine
skeleton via an intramolecular Heck cyclization and a
C-10-C-11 closure.

In 1992 Parker reported a radical cascade to codeine? ini-
tiated from an aryl halide to establish the C-13 stereogenic
center. During our 1998 investigation of a similar ap-
proach, we prepared the enantiomer of the title compound
from the C-9 diastereomer of the isoquinoline derivative
5.* The Heck cyclization has been successfully employed
for the construction of the C-13 center by Overman,’
Trost, Cheng,” and Hsin.® We have reported’ model

Stereochemical events controlled by configuration at C-9:
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studies that utilized Heck cyclization with isoquinoline
derivatives, such as 4, containing the complete rings C
and D of morphine as well as the C-9 stereogenic center.
Thus the Heck cyclization strategy represents a viable and
successful means toward the assembly of the morphine
skeleton in cases where the C-13 center is set relatively
early in the synthesis.

We have published an eight-step synthesis of isoquinoline
5! from the homochiral diol 7, available from B-bromo-
ethylbenzene by enzymatic oxidation.!' The generation of
5 was accomplished either by the Lewis acid mediated
closure of the bisbenzoate derived from 6 (ca. 4:1 mixture
at C-9) or by electrochemical generation of the acyl imin-
ium ion from the corresponding oxazolidinone.'?

Attachment of the aryl residue to 5 destined for the natural
enantiomeric series requires either a double Mitsunobu in-
version or the generation of a B-epoxide. The second
Mitsunobu reaction proved to be arduous because of the
large protective group at the C-6 oxygen, therefore the
epoxide route was chosen instead. To this end, diol 5 was
converted to the allylic oxirane 10 by a three-step se-
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quence consisting of tosylation of the distal alcohol,
Mitsunobu inversion of the allylic alcohol in 8,'* and
treatment of benzoate 9 with sodium methoxide in metha-
nol, as shown in Scheme 2. The dry potassium salt of
bromoguaiacol (7 equiv) in DME in the presence of 18-
crown-6 was used for the opening of oxirane 10, which set
the C-5 stereogenic center in alcohol 11. Protection of the
C-6 hydroxyl as the silyl ether 12 provided the key inter-
mediate for the Heck reaction leading to the pentacyclic
carbamate 13 in 74% yield. A diastereomer of this com-
pound was previously prepared by a similar cylization.”

The intramolecular Heck cyclization required stoichio-
metric quantities of the palladium catalyst, otherwise low
conversions were observed. These cyclizations should
probably be conducted in the presence of Pd(dppf) cata-
lyst and an equivalent amount of the free ligand as this
combination has proven superior to other protocols in
Suzuki and related coupling methods.'*

The DIBAL-H reduction of the carbamate provided the
N-methylamino alcohol 14, which was subjected to hy-
drogenation over Adams catalyst to 16 under conditions
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Scheme 2 Reaction conditions: (a) TsCl, pyridine, DMAP (45% based on recycled 5); (b) BzOH, PPh;, DEAD, THF (79%); (c) MeONa/
MeOH, THF (68%); (d) Potassium 2-bromo-6-methoxyphenoxide, DME, 18-C-6, A (80%, or 63% over two steps); () TBSOTT, (i-Pr),NEt,
CH,Cl, (74%); (f) Pd(PPh;),, Proton Sponge™, PhMe, A (74%); (g) DIBAL-H, CH,CI, (69%); (h) H,, PtO,, AcOH (64%); (i) TBAF, THF-
H,0, (77-86%}; (j) (COCl),, DMSO-Et;N-CH,CI, (not isolated); (k) CF;SO;H (30% over two steps).
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Scheme 3  Reaction conditions:(a) -BuOK, PhCOPh, C¢Hg, reflux; (b) CrO;, H,SO,; (c) Hg(OAc),, MeOH then 3 N AcOH, KBr (quant.);
(d) NaBH,, KOH, H,0 (88%); (e) B,Hs, THF then NaOH, H,0, (82%); (f) TsCl, pyridine; (g) KOAc, H,O-DMF, reflux (52%); (h) H,, PtO,,

EtOH; (i) (COCI),, DMSO-ELN; (j) CrO;, H,SO,.

reported for the saturation of isoneopine-type compounds
to the correct configuration of the C-14 center.'> Similar-
ly, the free alcohol 15 obtained from 14 upon desilylation
with TBAF was hydrogenated to 17, identical to the ma-
terial obtained by deprotection of silyl ether 16. Contrary
to the expected stereochemical outcome, both routes
provided 16 with the a-configuration at C-14.

The final step requires the closure of the C-10-C-11 bond
to complete the morphine skeleton and this strategy has
not often been used. It was employed by Evans!® with a
compound that did not contain the fully elaborated benzo-
furan subunit. The only three approaches to morphine via
a C-10-C-11 closure late in the synthesis on intermediates
possessing the benzofuran ring system are those reported
by Schultz,'” Ogasawara,'® and by our group.'

A double Swern oxidation of 17 furnished the ketoalde-
hyde 18, which was cyclized with trifluoromethane-
sulfonic acid to the complete morphinan skeleton 19. To
confirm the absolute stereochemistry as well as the out-
come of the hydrogenation step, the known 10-hydroxydi-
hydrocodeinone (21) was prepared according to literature
methods either by oxidation of dihydrocodeinone (22) to
10-hydroxydihydrocodeinone or by oxidation of 10-hy-
droxydihydrocodeine (20), as shown in Scheme 3.%° Com-
parison of spectral properties of 19 and 21 clearly
indicated that the two compounds were isomeric. As we
suspected that the two compounds differed only in the
configuration at C-14, we prepared a standard of 19 from
thebaine 23. (—)-Thebaine was converted by known proce-
dures to isoneopine (24),2'*> which was elaborated to the
bistosylate 25 by a hydroboration and oxidation proce-

dure,” then tosylation. Elimination and displacement of
the tosylates led to 26, which was converted to the C-14
epimer of dihydrocodeinone (27).2* The benzylic position
was oxidized according to Rapoport’s protocol? to 19.

Comparison of spectral (‘H NMR and '3C NMR) and
chromatographic properties of 19 and 21 confirmed that
the hydrogenation of both 14 and 15 proceeded anti to the
C-6 substituent.”® This outcome is probably a function of
the more conformationally flexible system relative to the
fully elaborated phenathrene skeleton present in neopine
or neopinone.

To summmarize, the synthesis of pentacyclic morphinan
derivative 19 via the late-stage C-10-C-11 ring closure
was accomplished in eight steps from the isoquinoline
derivative 5 or 14 steps from the diene diol 7.

Selected Experimental Procedures
7R-(2-Bromo-6-methoxy-phenoxy)-8R-hydroxy-
1,5,6,7,8,9,10,10b-octahydro-oxazolo[4,3-a]isoquinolin-3-one
amn

A solution of epoxide 10 (0.036 g, 0.17 mmol) in anhyd DME (9
mL) was transferred into a flask containing anhyd potassium 2-bro-
mo-6-methoxyphenoxide (0.220 g, 0.91 mmol, 5.4 equiv) under an
argon atmosphere. After complete dissolution of phenoxide, 18-
crown-6 ether (small spatula tip) was added and the reaction mix-
ture was heated to reflux under argon atmosphere for 5 d, with one
addition of extra phenoxide (0.1 g, 2.5 equiv) after 4 d of heating.
The resulting purple reaction mixture was then cooled to r.t., and
solvent was removed under reduced pressure. The residue was
taken up in Et,0 (110 mL) and 5 wt% aq NaOH (5 mL). After
separation of the phases, the organic phase was washed with 5 wt%
aq NaOH (5 x 5 mL). The combined aqueous phases were back-
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extracted with Et,O (4 x 30 mL) then all organic layers were com-
bined, washed with H,O (5 mL), brine (5§ mL), and dried over anhyd
MgSO,. The drying agent was then filtered, and solvents were re-
moved under reduced pressure. The crude product was purified by
column chromatography (silica; hexane-EtOAc, 2:8 then 1:9) to
yield 0.057 g (80%) of an oil. Compound 11: R, = 0.34 (EtOAc);
[a]p?” +20.21 (¢ 0.0100 g/mL, CHCl;). 'H NMR (300 MHz,
CDCly): 8 =7.14(dd, 1 H,J,=7.5Hz, J,=1.8 Hz), 6.93 (t, l H,
J=84Hz),6.87(dd, 1 H,J;=84Hz, J,=18 Hz), 4.68 (d, 1 H,
J=42Hz),4.53 (t, 1 H, J=8.1 Hz), 4.30 (m, 1 H), 4.20 (m, 1 H),
4.05(t, 1H,J=8.1Hz),3.97(dd, 1 H, J, = 13.2 Hz, J, = 6.0 Hz),
3.86 (s,3H),3.03(ddd, l H, J;, =162 Hz, J, =132 Hz, J; =45
Hz),2.62 (m, 1 H), 2.24 (m, 2 H), 2.02 (m, 2 H), 1.90 (m, 1 H), 1.80
(m, 1 H). 3C NMR (75 MHz, CDCl,): § = 157.3, 153.2, 145.0,
131.4, 127.9, 125.4, 125.0, 117.7, 111.9, 83.6, 69.6, 67.4, 55.9,
55.0, 38.1, 26.5, 26.4, 22.3. IR (neat): v = 3430.6, 2928.4, 1738.5,
1732.6, 767.6, 731.5 cm™!. HRMS: m/z caled for C,gH, NBrO;
[M + HJ*: 409.0525; found: 409.0596. Anal. Calcd: C, 52.70; H,
4.91. Found: C, 52.86; H, 5.10.

10-tert-Butyldimethylsilyloxy-6-methoxy-(1S,9R,10R,14S)-
8,16,18-dioxaazapentacyclo[11.7.0.0'°.0%7.0'418]icosa-
2(7),3,5,12-tetraene-17-one (13)

Aryl bromide 12 (0.068 g, 0.13 mmol) was dissolved in anhyd tol-
uene (11 mL), to which was added Pd(PPh;), (0.180 g, 0.16 mmol,
1.2 equiv) and Proton Sponge™ (0.042 g, 0.19 mmol, 1.5 equiv).
The solution was degassed with an argon stream for 30 min and then
heated to reflux for 21 h (the originally bright yellow solution
turned dark brown). Additional catalyst (0.018 g, 0.1 equiv) was
added and reaction mixture was refluxed for 2 h. After the mixture
was cooled to r.t., Et,0 (100 mL) was added, then the solution was
filtered through a Celite bed and washed with 1 M HCI (5 X 5 mL),
sat. NaHCO; (5 mL), H,O (5 mL), brine (5§ mL), and dried over an-
hyd MgSO,. Filtration and evaporation with silica followed by col-
umn chromatography (silica; hexane—-EtOAc, 70:30) gave
compound 13 as a yellowish oil (0.042 g, 74%). R, = 0.45 (hexane—
EtOAc, 50:50); [a]p® +15.65 (¢ = 0.0100 g/mL, CHCI5). 'H NMR
(300 MHz, CDCl;): $=6.85(t, 1 H, J=8.1 Hz), 6.78 (dd, | H, J, =
7.8 Hz, J, = 0.9 Hz), 6.66 (dd, 1 H, J, =7.2 Hz, J, = 1.5 Hz), 5.49
(m, 1 H),4.79 (brt, 1 H,J=9.0 Hz), 4.61 (t, | H, J=8.7 Hz), 4.39
(d, 1 H,J=4.5Hz),4.25(dd, 1 H, J, =8.4 Hz, J, =4.2 Hz), 4.00 (t,
1 H,J=284Hz),3.87 (s,3H),3.74 (ddd, 1 H,J, =129 Hz, J, =
10.2 Hz, J; = 8.1 Hz), 3.38 (ddd, 1 H, J, = 12.6 Hz, J, = 10.1 Hz,
J; =17.5 Hz), 2.33-1.99 (m, 4 H), 0.88 (s, 9 H), 0.10 (s, 3 H), 0.04
(s,3H). BCNMR (75 MHz, CDCl,): § = 157.5, 146.9, 145.2, 136.4,
132.8,122.2,121.9,117.0, 111.7,91.3, 69.1, 67.2, 56.0, 54.6, 48.0,
36.8, 33.3, 29.9, 25.9, 18.2, 4.6, -4.9. IR (neat): v = 3055.4,
2952.5, 1760.5, 836.6, 778.6, 735.1 cm™'. HRMS: m/z calcd for
C,,H3NSiOs [M + H]*: 444.2206; found: 444.2226.

14-epi-10-Hydroxydihydrocodeinone (19)

Neat trifluoromethanesulfonic acid (400 pL) was added to a cooled
crude keto aldehyde 18 (ca. 9 mg) in CHCl;, and the resulting bright
red solution was stirred at r.t. under argon for 30 min, diluted with
CHCI; (6 mL), and then cooled to ca. -5 °C. Ice chips were added,
and the red coloration changed to yellow. The two layers were vig-
orously mixed for a few minutes. After separation, the aqueous lay-
er was cooled and the pH adjusted to 14 by the addition of 1 M KOH
(ca. 5.5 mL). Extraction with CHCl; (7 X 4 mL), drying over
Na,SO,, and evaporation gave a crude product purified by prepara-
tive TLC to give the morphinan 19 (3 mg, 30%). '"H NMR (300
MHz, CDCl;): 6 =6.95 (d, 1 H, J=8.4 Hz), 6.80 (d, 1 H, 8.4 Hz),
5.03 (s, 1 H),4.79 (s, 1 H),3.91 (s,3H),3.03 (brd, 1 H, /J=2.4 Hz),
2.81-2.67 (m, 1 H), 2.62-2.27 (5 H), 2.55 (s, 3 H), 1.94 (m, 1 H),
1.82 (brd, 1 H, J = 10.5 Hz). 3C NMR (75 MHz, CDCl,): 207.4,
144.2, 133.6, 130.7, 127.3, 120.2, 114.6, 92.8, 67.9, 63.4, 56.7,
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47.0, 45.6, 43.7, 39.3, 35.9, 32.1, 29.9. HRMS: m/z caled for
C,sH,,NO, [M — H*: 316.1549; found: 316.1544.

Acknowledgment

The authors are grateful to the following agencies for support of this
work: National Science Foundation (support of the PhD dissertation
work of J.Z. at the University of Florida), Natural Sciences and En-
gineering Research Council (NSERC) of Canada, Brock University,
Canada Foundation for Innovation (CFI), Research Corporation,
TDC Research Foundation, and TDC Research, Inc. The support
from the National Institutes of Health, DHHS (postdoctoral
fellowship for J.Z.) is gratefully acknowledged. We also thank Dr.
John D. Lloyd (NIDDK, NIH) for mass spectral measurements of
compounds 14 through 19.

References and Notes

(1) For reviews of morphine syntheses, see: (a) Zezula, J.;
Hudlicky, T. Synlett 2005, 388. (b) Taber, D. F.; Neubert, T.
D.; Schlecht, M. F. In Strategies and Tactics in Organic
Synthesis, Vol. 5; Harmata, M., Ed.; Academic Press:
Oxford, 2004, 353-389. (c) Blakemore, P. R.; White, J. D.
Chem. Commun. 2002, 1159. (d) Novak, B. H.; Hudlicky,
T.; Reed, J. W.; Mulzer, J.; Trauner, D. Curr. Org. Chem.
2000, 4, 343. (e) Hudlicky, T.; Butora, G.; Fearnley, S. P.;
Gum, A. G.; Stabile, M. R. A Historical Perspective of
Morphine Syntheses, In Studies in Natural Product
Chemistry, Vol. 18; Atta-ur-Rahman, Ed.; Elsevier:
Amsterdam, 1996, 43—154. (f) Organic Synthesis
Highlights IT, Waldmann, H., Ed.; VCH: Weinheim, 1995,
407. (g) Maier, M. Organic Synthesis Highlights II,
Waldmann, H., Ed.; VCH: Weinheim, 1995, 357-369.

(2) (a) Taber, D. F.; Neubert, T. D.; Rheingold, A. L. J. Am.
Chem. Soc. 2002, 124, 12416. (b) Taber, D. F.; Neubert, T.
D.; Schlecht, M. F. In Strategies and Tactics in Organic
Synthesis, Vol. 5; Harmata, M., Ed.; Academic Press:
Oxford, 2004, 353-389.

(3) (a) Parker, K. A.; Fokas, D. J. Am. Chem. Soc. 1992, 114,
9688. (b) Parker, K. A.; Fokas, D. J. Org. Chem. 1994, 59,
3927. (c) Parker, K. A.; Fokas, D. J. Org. Chem. 1994, 59,
3933. (d) Parker, K. A.; Fokas, D. J. Org. Chem. 2006, 71,
449,

(4) (a) Butora, G.; Hudlicky, T.; Fearnley, S. P.; Gum, A. G.;
Stabile, M. R.; Abboud, K. A. Tetrahedron Lett. 1996, 37,
8155. (b) Butora, G.; Hudlicky, T.; Fearnley, S. P.; Stabile,
M. R.; Gum, A. G.; Gonzalez, D. Synthesis 1998, 665.

(5) (a)Hong, C.Y.;Kado,N.; Overman, L. E. J. Am. Chem. Soc.
1993, 115, 11028. (b) Heerding, D. A.; Hong, C. Y.; Kado,
N.; Look, G. C.; Overman, L. E. J. Org. Chem. 1993, 58,
6947.

(6) (a) Trost, B. M.; Tang, W. J. Am. Chem. Soc. 2002, 124,
14542. (b) Trost, B. M.; Toste, F. D. J. Am. Chem. Soc.
2000, /22, 11262. (c) Trost, B. M.; Tang, W. Angew. Chem.
Int. Ed. 2002, 41, 2795. (d) Trost, B. M.; Tang, W.; Toste, F.
D. J. Am. Chem. Soc. 2005, 127, 14785.

(7) Liou, J.-P.; Cheng, C.-Y. Tetrahedron Lett. 2000, 41, 915.

(8) Hsin, L.-W.; Chang, L.-T.; Chen, C.-W.; Hsu, C.-H.; Chen,
H.-W. Tetrahedron 2005, 61, 513.

(9) (a) Frey, D. A.; Duan, C.; Hudlicky, T. Org. Lett. 1999, 1,
2085. (b) Frey, D. A.; Duan, C.; Ghiviriga, I.; Hudlicky, T.
Coll. Czech. Chem. Commun. 2000, 65, 561.

(10) Botari, P.; Endoma, M. A.; Hudlicky, T.; Ghiviriga, L.;
Abboud, K. A. Coll. Czech. Chem. Commun. 1999, 64, 203.

(11) Stabile, M. R.; Hudlicky, T.; Meisels, M. L. Tetrahedron:
Asymmetry 1995, 6, 537.



LETTER Chemoenzymatic Synthesis of 10-Hydroxy-14-epi-dihydrocodeinone 2867
(12) For synthesis of octahydroisoquinolines by electrochemical (20) (a) Rapoport, H.; Stevenson, G. H. J. Am. Chem. Soc. 1954,
cyclizations, see: Endoma, M. A.; Butora, G.; Claeboe, C. 76, 1796. (b) Rapoport, H.; Nauman, R.; Bissell, E. R.;
D.; Hudlicky, T. Tetrahedron Lett. 1997, 38, 8833. Bonner, R. M. J. Org. Chem. 1950, 15, 1103. (c)
(13) For the conversion of 5 into 15, see: Zezula, J. PhD Thesis; Stereochemistry of C-10 hydroxyl: Rapoport, H.;
University of Florida: USA, 2003. Masamune, S. J. Am. Chem. Soc. 1955, 77, 4330.
(14) Ghosh, S.; Kinney, W. A.; Gauthier, D. A.; Lawson, E. C.; (21) Barber, R. B.; Rapoport, H. J. Med. Chem. 1976, 19, 1175.
Hudlicky, T.; Maryanoff, B. E. Can. J. Chem. 2006, 84, 555. (22) Wunderly, S. W.; Brochmann-Hanssen, E. J. Org. Chem.
(15) Okuda, S.; Yamaguchi, S.; Tsuda, K. Chem. Pharm. Bull. 1977, 42, 4277.
1965, 13, 1092. (23) Takeda, M.; Inoue, H.; Kugita, H. Tetrahedron 1969, 25,
(16) (a) Evans, D. A.; Mitch, C. H. Tetrahedron Lett. 1982, 23, 1839.
285. (b) Evans, D. A.; Mitch, C. H.; Thomas, R. C.; (24) (a) Kugita, H.; Takeda, M.; Inoue, H. Tetrahedron 1969, 25,
Zimmerman, D. M.; Robey, R. L. J. Am. Chem. Soc. 1980, 1851. (b) Kugita, H.; Takeda, M.; Inoue, H. J. Med. Chem.
102, 5955. 1970, 13, 973.
(17) Schultz, A. G.; Lucci, R. D.; Napier, J. J.; Kinoshita, H.; (25) Itis likely that the hydrogenation of neopine-type

(18)

19)

Ravichandran, R.; Shannon, P.; Yee, Y. K. J. Org. Chem.
1985, 50, 217.

Nagata, H.; Miyazawa, N.; Ogasawara, K. Chem. Commun.
2001, 1094.

For the description of model studies see ref. 1a.

compounds only proceeds to the natural configuration at C-
14 in systems containing the full phenanthrene core, which
is not the case with 14 or 15. The scarcity of material
precluded us from performing the C-10—~C-11 closure prior
to hydrogenation.
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