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be made. The literature contains some approaches to this linkage™®
and others can be imagined.” Therefore, we decided to test the
cyclization of ary] ether 4, which we expected to be available from
the coupling of the appropriate phenol and cyclohexenediol de-
rivative (see Scheme II).

Allylic alcohol 11b was prepared in seven steps from com-
mercially available m-methoxyphenethylamine (6). Birch re-
duction of phenethylamine 6, tosylation of the amino group of
the resulting nonconjugated dienol ether, and hydrolysis afforded
enone 7. N-Alkylation'® followed by reduction of the keto group
according to Luche’s procedure!! gave allylic alcohol 9. Cyclo-
hexenediol 11a was prepared by epoxidation and regioselective
isomerization!? of the resulting epoxy alcohol 10 with Ti(OiPr),,
according to the Sharpless protocol. Silylation of the less hindered
hydroxyl group of cis-diol 11a afforded the target monoprotected
diol 11b.

Alcohol 4b was obtained by Mitsunobu coupling'? of alcohol
11b with phenol 12!* followed by removal of the silyl protecting
group. This compound proved to be a suitable substrate for
radical-initiated cyclization.

When heated with Bu;SnH (0.035 M) and AIBN in benzene
in a sealed tube (130 °C), bromoaryl ether 4b underwent tandem
cyclization followed by elimination of the S-phenyl radical to
afford the tetracyclic styrene § (R = H) in 35% yield.!>!$

With ready access to tosylamide 8, we were now ready to
consider the completion of the morphine skeleton by closure of
ring IV. Of the methods available for the cleavage of sulfon-
amides, those which employ dissolving metal reducing conditions'’
seemed especially attractive for the task at hand. One could
imagine that the nitrogen radical (or anion) generated by reductive
detosylation of intermediate § might add to the 8-carbon of the
styrene moiety, affording dihydroisocodeine directly. In fact,
treatment of tosylamide 5 with Li/NH; in the presence of t-BuOH
(-78 °C) did afford (x)-dihydroisocodeine (2) in 85% yield (refer
to Scheme I). This unprecedented closure'® provides a remarkably
simple solution to the final bond connection required for the
morphine ring system.

(7) For previously reported methods of making this connection, see: (a)
Gates, M.; Woodward, R. B.; Newhall, W. F.; Kiinzli, R. J. Am. Chem. Soc.
1950, 72, 1141. Gates, M.; Tschudi, G. J. Am. Chem. Soc. 1952, 74, 1109.
(b) Toth, J. E.; Hamann, P. R.; Fuchs, P. L. J. Org. Chem. 1988, 53, 4694.

(8) For closures in model systems, see: (a) Broka, C. A,; Gerlits, J. F. J.
Org. Chem. 1988, 53, 2144. (b) Sdassi, H.; Revial, G.; Pfau, M.; d’Angelo,
J. Tetrahedron Lett. 1990, 31, 875. (c) Monkovic, I.; Wong, H. Can. J. Chem.
1976, 54, 883. Also see: Chandler, M.; Parsons, P. J. J. Chem. Soc., Chem.
Commun. 1984, 322,

(9) See, for example: Gagné, M. R,; Stern, C. L.; Marks, T. J. J. Am.
Chem. Soc. 1992, 114, 275 and references therein.

(10) Hendrickson, J. B.; Bergeron, R. Tetrahedron Lett. 1973, 3839.

(11) Gemal, A. L.; Luche, J-L. J. Am. Chem. Soc. 1981, 103, 5454.

(12) Morgans, D. J., Jr.; Sharpless, K. B.; Traynor, S. G. J. Am. Chem.
Soc. 1981, 103, 462.

(13) Mitsunobu, O. Synthesis 1981, 1.

(14) Phenol 12 was prepared in two steps by bromination? of commercially
available isovanillin and reaction of the resulting bromoisovanillin with diethyl
[(phenylthio)methyl]phosphonate.?

(15) A byproduct in the tributyltin hydride-initiated reaction, isolated in
11% yield, proved to be ketone 8. The formation of ketone 8 may be the result
of intramolecular hydrogen abstraction from the homoallylic position which
bears the hydroxyl group in radical r-1. The a-hydroxy radical could then
expel the adjacent phenoxide radical to give the conjugated dienol corre-
sponding to enone 8.

(16) Tris(trimethylsilyl)silane also converted bicyclic 4b to tetracyclic 5;
however, the yield of isolated product was only 20~30%. See: Chatgilialoglu,
C.; Griller, D.; Lesage, M. J. Org. Chem. 1989, 54, 2492,

(17) (a) Heathcock, C. H.; Smith, K. M.; Blumenkopf, T. A. J. Am.
Chem. Soc. 1986, 108, 5022. (b) Schultz, A. G.; McCloskey, P. J.; Court,
J. J. J. Am. Chem. Soc. 1987, 109, 6493.

(18) Reductive desulfonation of olefinic tosylamides does not generally
result in cyclization (see: Closson, W. D.; Ji, S.; Schulenberg, S. J. Am. Chem.
Soc. 1970, 92, 650). The Li/NH;/t-BuOH-induced detosylation of N-(5-
phenyl-4-pentenyl)-p-toluenesulfonamide affords 5-phenylpentan-1-amine (K.
A. Parker, D. Fokas, D. Lee, unpublished results); also note the example in
ref 17a. It is likely that the “trapping” of a reactive N-centered species during
the reductive detosylation of tetracycle 5 is rapid because of entropic factors.
(For the fate of 8,e-unsaturated aminyl radicals under various reaction con-
ditions, see: Newcomb, M.; Deeb, T. M.; Marquardt, D. J. Tetrahedron 1990,
46,2317.) A study of the mechanism and scope of this reaction is currently
underway in our laboratories.

Swern oxidation of dihydroisocodeine afforded (%)-dihydro-
codeinone (3)!° in 83% yield. When combined with the efficient
procedures for the conversion of dihydrocodeinone to codeine (1b)®
and the facile O-demethylation of codeine to morphine (1a),?'
Scheme I represents the formal total synthesis of (x)-codeine and
(£)-morphine.

This synthesis illustrates the versatility of radical cyclization
processes for the construction of multifunctional polycyclic com-
pounds. In particular, it demonstrates the power of this metho-
dology for “stitching” rings together to build convex ring systems.
In addition, it introduces a new and convenient method for the
joining of certain carbon-nitrogen bonds. It is potentially
amenable to chiral synthesis, a modification which is currently
being pursued in our laboratories.
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(19) This product had spectra which were identical to those of (-)-di-
hydrocodeinone obtained by hydrogenation and Swern oxidation of natural
codeine.
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Rearrangements of allylperoxyl radicals have been known since
the late 1950s,! yet the mechanism for this reaction is still open
to debate.’ Previous work has demonstrated that optically pure
trans-allylperoxyl radicals derived from methyl oleate rearrange
in a highly stereoselective process with minimal atmospheric
oxygen incorporation, suggesting a concerted 2,3 free-radical
pathway.”® However, recent theoretical investigations on al-
lylperoxyl radicals have failed to find a concerted transition state
for the rearrangement, but rather support a dissociative process
involving an allyl radical intermediate.” A mechanism consistent

(1) Schenck, G. D.; Neumuller, O. A.; Eisfeld, K. C. Angew. Chem. 1958,
, 595.
(2) Porter, N. A ; Kaplan, J. K,; Dussault, P. H. J. 4m. Chem. Soc. 1990,
112, 1266.
(3) Brill, W. F. J. Chem. Soc., Perkin Trans. 2 1984, 621.
(4) Brill, W. F. J. Am. Chem. Soc. 1965, 87, 3286.
(5) Porter, N.; Zuraw, P. J. Chem. Soc., Chem. Commun. 1985, 1472,
(6) (a) Beckwith, A. L.; Davies, A. G.; Davison, I. G. E.; Maccoll, A.;
Mruzek, M. H. J. Chem. Soc., Chem. Commun. 1988, 475. (b) Avila, D. V.;
Davies, A. G.; Davison, 1. G. E. J. Chem. Soc., Perkin Trans, 2 1988, 1847.
(c) Davies, A. G.; Kinart, W. J. J. Chem. Res. 1989, 22. (d) Dang, H.; Davies,
A. G.; Davison, 1. G. E.; Schiesser, C. H. J. Org. Chem. 1990, 55, 1432,
(7) Porter, N. A.; Sullivan Wujek, J. J. Org. Chem. 1987, 52, 5085.
(8) Dussault, P. H.; Porter, N. A. J. Am. Chem. Soc. 1988, 110, 6276.
(9) Boyd, S. L.; Boyd, R. J.; Shi, Z,; Barclay, R. C,; Porter, N. A. Sub-
mitted for publication.
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Table I. Composition of #0- and %O-Labeled Trans 9(R)- and 9(S)-Hydroperoxide 2a Formed from Methyl
(R)-11-Hydroperoxyoctadec-9(Z)-enoate (1a) as a Function of Solvent Viscosity

1 - (mole fraction of

aliquot solvent cis 11-OOH 1a)° 160 (R)-2a® 160 (S)-2a 80 (R)-2a 180 (5)-2a
1 hexane 0.444 85.6 1.1 6.1 7.2
dodecane 0.461 90.3 1.2 43 4.2
octadecane 0.462 95.8 0.8 1.8 1.6
2 hexane 0.583 78.7 0.8 10.2 10.3
dodecane 0.592 84.9 1.8 7.1 6.2
octadecane 0.562 91.2 1.3 3.9 2.7
3 hexane 0.655 69.4 1.6 14.2 14.8
dodecane 0.661 82.1 2.3 7.7 7.9
octadecane 0.630 90.4 1.9 39 38

9Mole fraction of cis 11-hydroperoxide 1a as determined by HPLC-UYV detection. ®Percentage of 1%0- and *O-labeled trans 9(R)- and 9(S)-
hydroperoxide 2a calculated from the mole fraction of each enantiomer as determined by HPLC of perketal derivative and the mole fraction of '¢O-

and '%0-labeled 2a as determined by HPLC-CIMS.

with experiment and theory involves an allyl radical-dioxygen
solvent caged pair that collapses with stereocontrol. We report
here that optically pure cis-allylperoxyl radicals rearrange with
stereoselectivity and some incorporation of labeled oxygen, and
that these processes depend on solvent viscosity, observations that
are consistent with the caged pair mechanism.

Chiral perketals of cis-oleate hydroperoxides can be resolved
to optical purities of greater than 99% enantiomeric excess by the
use of reverse-phase chromatography'® (solvent: 2% tetra-
hydrofuran in acetonitrile). Thus, the perketal derivative 1b of
methyl (R)-11-hydroperoxyoctadec-9(Z)-enoate elutes before the
corresponding cis 11(S) diastereomer on reverse-phase chroma-
tography. Removal of the perketal with mild acid affords en-
antiomerically pure hydroperoxide, 1a.

OOR OOR

—_-(CHp,COOCH =<
H15C7)\l—/ o : H15C7M(CH2)7COOCH3 moZ7
2 3
OOR
a R=H
P
b re X Hlsc7J\4/\<CHz»coocns

T

Rearrangement of the cis 11(R)-hydroperoxide in hexane (n
= 0.27 cP, 40 °C) was initiated by 10 mol % di-zerz-butyl hy-
ponitrite and performed under an atmosphere of 99% pure '*O,
at 40 °C. Loss of 1a and formation of the rearrangement products
trans 9-hydroperoxide 2a and the corresponding trans 11-
hydroperoxide 4a were monitored by HPLC-UYV detection, and
hydroperoxide fractions were taken and converted to the perketals
by reaction with optically-pure 3.%!! Perketal analysis allows
determination of the configuration of the stereocenters of 1b, 2b,
and 4b.!>1 The rearrangement was also carried out under an
atmosphere of 180, in dodecane (n = 1.07 cP, 40 °C) and octa-
decane (n = 2.86 cP, 40 °C). Labeled oxygen incorporation
analysis was carried out by HPLC-CIMS by comparison of m/z
= 311 vs 313 (**0) ions of MH* — H,O for the hydroperoxides.

The rearrangement is stereoselective with the product, 2a, being
of the same configuration as the starting material and having
significant (but low, 6~7%) '*O incorporation. Product enantiomer
distribution and '30 incorporation for the rearranged hydroper-
oxide 2a formed in hexane, dodecane, and octadecane are pres-
ented in Table I as a function of the extent of rearrangement.
There is a significant viscosity dependence on labeled oxygen
incorporation and stereoselectivity for the rearrangement, higher

(10) The trans 9-hydroperoxide undergoes further rearrangement to the
trans 11-hydroperoxide. These studies have also been carried out on the trans
11-hydroperoxide, and we find results similar to those for the trans 9-hydro-
peroxide 2a.

(11) The configuration of both hydroperoxides was determined by reduc-
tion to the corresponding alcohol, conversion of the alcohol to the p-bromo-
benzoate, and measurement of the CD spectrum of the p-bromobenzoate.

(12) Gonella, N. C,; Nakanishi, K.; Martin, V. S.; Sharpless, K. B. J. Am.
Chem. Soc. 1982, 104, 3775.

(13) We also find significantly greater loss of stereochemistry in the 11-
cis-allylperoxyl rearrangement at 40 °C compared to that at room tempera-
ture, a result which is consistent with pair escape successfully competing with
pair collapse.
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solvent viscosity giving rise to higher stereoselectivity and lower
oxygen incorporation in the rearrangement products. Data
presented in Table I are for product 2a while similar trends are
observed for the rearrangement product 4a (e.g., for aliquot 1,
hexane, the ratio 2a/4a is 1.13 and the ratio of (S)-4a/(R)-4a
is 9.75).

The simplest explanation for these oxygen-labeling and ste-
reochemical studies as a function of solvent viscosity is a rear-
rangement that proceeds by an allyl radical-dioxygen caged pair.
The proposed mechanism, presented in Scheme I, involves an
intermediate allyl radical-triplet dioxygen caged pair which can
either undergo coupling with stereochemical control or escape by
diffusion and reaction with oxygen with loss of stereochemistry.'*
Allyl radicals that diffuse into solution incorporate '*O, with
racemization of configuration at the stereocenter of 2a, evidence
for a planar allyl radical intermediate that has escaped the initial
solvent cage. As solvent viscosity is increased, the diffusional rate
constant, kp, decreases, resulting in a decrease in escape product
and an increase in cage product. As a consequence, in viscous
solvents, less atmospheric oxygen incorporation is observed for
the rearrangement. The peroxyl products that are formed in the
solvent cage are apparently formed with a high degree of ste-
reoselectivity. Thus, the decrease in escape product in viscous
solvents correlates directly with an increase in cage product that
is formed with high stereoselectivity. From the enantiomeric excess
determined for '6O-labeled 2a in each solvent, a caged product
averaged retention of configuration of 97% enantiomeric excess
can be calculated when half the starting 1a is consumed (Table
I, aliquot 2: 98%, hexane; 95.8%, dodecane; 97.2%, octadecane).

In light of the results in the allylperoxyl rearrangement, we
examined the dienyl hydroperoxides derived from methyl linoleate.
A dissociative mechanism proceeding by an intermediate penta-
dienyl radical has been supported by experiment,'>!6 and it was

(14) Competing stereoselective concerted and fragmentation mechanisms
would also be consistent with the data. This would require, however, that
fragmentation be retarded by viscous solvents.

(15) (a) Porter, N. A. Acc. Chem. Res. 1986, 19, 262. (b) Porter, N. A;
Wujek, D. G. J. Am. Chem. Soc. 1984, 106, 2626. (c) Chan, H. W. S,; Levett,
G.; Matthew, J. A. Chem. Phys. Lipids 1979, 24, 245.

(16) Bascetta, E.; Gunstone, F. D.; Walton, J. C. J. Chem. Soc., Perkin
Trans. 2 1983, 603.
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our intent to determine if the dienylperoxyl rearrangement
mechanism also involved a radical caged pair. Cage effect studies
investigating 80 incorporation as a function of solvent viscosity
demonstrate '*0 incorporation approaching 100% in hexane and
slightly decreased incorporation of atmospheric oxygen in octa-
decane. This implies a much smaller cage effect with pair escape
dominating pair collapse and gives supportive evidence that, in
contrast to the allyl radical, the pentadienyl radical reacts with
molec7ullsar oxygen more slowly than the diffusion-controlled
rate.!”

Both theoretical investigations® and cage effect studies point
to a dissociative mechanism for the allylperoxyl rearrangement.
Solvent viscosity studies have previously been used to provide
evidence for caged radical pair intermediates,'®?® and a radi-
cal-dioxygen pair should have reactivity similar to that of a caged
radical pair since the collapse of both pairs occurs at or near the
diffusion-controlled rate. In contrast to pairs of radicals that
couple with loss of stereochemistry in isotropic media, collapse
of the radical-dioxygen pair apparently occurs in solution with
high stereoselectivity. These results demonstrate the importance
of solvent viscosity on peroxyl radical rearrangements and suggest
that viscosity effects might affect peroxyl radical rearrangements
in biological systems of high microviscosity such as lipid bilayers.
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Recently, there has been new interest in the syntheses of
phosphinoboranes, R,PBR’,,! but only limited chemistry of these
species has been examined. We have previously found that
tmpB(C1l)PH, (tmp = 2,2,6,6-tetramethylpiperidino), in combi-
nation with H,PLi or ¢-BuLi, forms a diphosphadiboretane,
(tmpBPH),,> and we assume dehydrohalogenation proceeds
through a transient boraphosphene, tmpB=PH. Our interest here

t University of New Mexico.

tUniversitat M{inchen.

(1) Power, P. P. Angew. Chem., Int. Ed. Engl. 1990, 29, 449.

(2) (a) Kolle, P.; Linti, G.; N6th, H.; Polborn, K. J. Organomet. Chem.
1988, 355, 7. (b) Kdlle, P.; Noth, H.; Paine, R. T. Chem. Ber. 1986, 119,
2681. (c) Kdlle, P.; Linti, G.; Noth, H.; Wood, G. L.; Narula, C. K.; Paine,
R. T. Chem. Ber. 1988, 121,871, (d) Dou, D.; Westerhausen, M.; Wood, G.
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was to determine whether diborylphosphanes (A)? undergo deh-
ydrohalogenation with formation of boraphosphenes
(R,N),BP=B(NR’,) and, via dimerization, synthetically useful
diphosphadiboretanes (B).

The equimolar reaction of tmpB(Cl)P(H)B(N-i-Bu,), (1) and
t-BuLi in hexane produces the anticipated diphosphadiboretane,

(i-Bu,N),BPB(tmp)P[B(N-i-Bu,),]B(tmp) (2).* On the other
hand, combination of tmpB(Cl)P(H)B(N-i-Pr,), (3) and #-BuLi

(1:1) leads to [tmpB(H)]PB(N-i-Pr,)N(i-Pr)C(CH,), (4)°
(Scheme I), which with Fe,(CO), (1:1) gives a yellow, crystalline
complex, Fe(CO),4 (5).° Spectroscopic data’ indicate that 4
is not a diphosphadiboretane and that its general structure is not
affected by metal complexation. Therefore, the molecular
structure of § was determined in order to elucidate the nature of
4% The structure (Figure 1) reveals a novel, planar, asymmetric,
four-membered azacarbaphosphaboretane ring with Fe(CO), and
tmpBH fragments as exo substituents on the phosphorus atom.

The structure of 4 does not preclude formation of a bora-
phosphene during this reaction. However, if produced, it does
not dimerize as does the transient boraphosphene formed from
1. Instead, the P=B(1) bond apparently undergoes intramolecular

(3) Dou, D.; Wood, G. L.; Duesler, E. N.; Paine, R, T.; Néth, H. Inorg.
Chem. 1992, 31, 1695.

(4) A hexane solution of 1 (18.1 mmol, 8.8 g) was cooled to -78 °C, and
t-BuLi (10.7 mL, 1.7 M) was added dropwise. The mixture was stirred at
-78 °C (2 h) and at 23 °C (16 h) and then filtered, and the solvent was
vacuum evaporated. The residue deposited yellow crystalline solid (5.0 g, 61%)
2, mp 167-169 °C.

(5) Addition of t-BuLi (1.2 mL, 1.7 M) to a cooled (=78 °C) hexane
solution of 3 (0.9 g, 2.1 mmol), followed by stirring at =78 °C (2 h) and 23
°C (24 h), resulted in a cloudy, yellow solution that was filtered, and the
solvent was removed by vacuum evaporation. The residue crystallized upon
standing (23 °C). Two recrystallizations from cold hexane gave white solid
4 (0.50 g, 61%), mp 87-89 °C.

(6) A sample of 4 (0.60 g, 1.5 mmol) in 50 mL of hexane was combined
with Fe,(CO), (0.56 g, 1.5 mmol) and stirred (3 days). Solvent and volatiles
were removed by vacuum evaporation, and the residue was extracted with
hexane (25 mL). The extract was filtered, concentrated, and cooled to -10
°C, and brown crystals of § (0.4 g, 47%) were collected; mp 154-156 °C.

(7) Characterization data for 2, 4, and § (microanalysis, MS, IR, and 3P,
1B, 13C, and 'H NMR) are provided in the supplementary material.

(8) Selected crystal data for 8, C,sH,B,N;O,PFe: orthorhombic, Pbca
witha=18.373 (3) A, b= 17845 (4) A, c = 19.172(3) A, Z = 8, Ry = 0.088
and R, = 0.063.
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