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Abstract: Starting from the 7R-bromide 5a, a regioselective
synthesis of (1R,3â)-3-hydroxycholestane-4,6-diene-1,25-diol
diacetate (2) is described. The preparative removal of
contaminating 5,7-diene 9 was accomplished by the forma-
tion of the corresponding Diels-Alder adduct 11. Acetylation
of the diacetate 2 followed by acid-catalyzed elimination and
rearrangement yielded styrene 13.

Kinetic control of chemical reactions on a preparative
scale can be problematic as the heat and mass control
effects can be significantly different than those observed
in the laboratory. Oftentimes, routes are selected so that
the thermodynamic product will be the desired product;
however, in these situations, impurities may be the result
of kinetic control.1 During the course of process develop-
ment studies on the synthesis of 7-dehydrocholesterol-
1R,25-diacetate (1),2 a synthesis of the contaminating 4,6-
diene isomer 2 was required for analytical method
development and validation. Analytical separation of
unsaturated sterols can be problematic,3 and the well-
known protection strategy of 5,7-dienes by the formation
of a Diels-Alder adduct4,5 was to be used to preparatively
separate the homoannular diene from the heteroannular

diene. A report has recently appeared which has used
this technique as a way to isolate and purify steroids
containing a 5,7-diene moiety from a fermentation.6 We
report here on the results from this investigation.

The heteroannular diene moiety is also found in many
important pharmaceuticals such as compactin and meva-
statin.7 For the bromination, dehydrohalogenation route
for the commercial synthesis of triacetate 10, from
cholesterol 1R,3â,25-triacetate (4), the heteroannular
diene 8 is typically observed as a byproduct.2 On a
manufacturing scale, the success of this approach for the
synthesis of 7-dehydrocholesterol 1R,3â,25-triacetate (10)
resides on the fact that the rate of elimination of the
7R-bromide 6a to form the 5,7-diene 10 is faster than
the rate of equilibration of the 7R-bromide 6a to the
7â-bromide 6b and that the 7R-bromide 6a is the major
isomer from the allylic bromination of triacetate 4.
However, because of the potential for a preequilibrium
between bromides 6a and 6b, it should be possible to
influence these reaction rates in such a way that the
4,6-diene 8 is the predominate product. In particular, if
the elimination was conducted under conditions in which
the 7R and 7â-bromides 6a and 6b would equilibrate,
then if the rate of elimination to the form the heteroan-
nular diene 8 was faster than the rate to form the
homoannular diene 10, then the 4,6-diene 8 should
predominate (Scheme 1).8

The substrate chosen for this study was the 7R bromide
5a in which the 3â-alcohol was protected as a TBDMS
ether and the 1R- and 25-hydroxyl groups were protected
as acetates. Ultimately, this protecting group strategy
would allow for a facile synthesis of (1R,3â)-3-hydroxy-
cholestane-5,7-diene-1,25-diol diacetate (1).2 Our hypoth-
esis was originally shown to be valid when a mixture of
crude bromination mixture of halides 7R- and 7â-bro-
mides 5a and 5b, which contained an approximate 10:1
ratio of 7R- and 7â-bromides 5a and 5b by 1H NMR
analysis was treated with tetrabutylammonium fluoride
in tetrahydrofuran at room temperature resulted in the
formation of ∼11% of the 4,6-diene diacetate 2 as in-
dicated by HPLC analysis. The approximate agreement
of the ratio of the dienes 2 and 1 to that of the starting
bromides 5a and 5b suggested that no equilibration
occurred under these conditions and the ratio of dienes
1 and 2 was reflective of the ratio of the starting halides
5a and 5b.

Because the rate of elimination of an allylic iodide
would be significantly faster than the rate of elimination
of an allylic bromide, the introduction of a soluble iodide
source such as tetrabutylammonium iodide should allow

* To whom correspondence should be addressed at Protein Data
Bank, Rutgers, The State University of New Jersey, 610 Taylor Road,
Piscataway, NJ 08854.

† Hoffmann-La Roche.
‡ Cornell University.
(1) Schwalbe, T.; Autze, V.; Hohman, M.; Stirner, W. Org. Proc. Res.

Dev. 2004, 8, 440-454.
(2) Uskokovı́c, M. R.; Barwid, T. A.; Iacobelli, J. A.; Baggiolini, E.

(Hoffmann-La Roche, Inc.) U.S. patent 3,993,675, 1976; Chem. Abstr.
1977, 86, 16846.

(3) Shan, H.; Wilson, W. K. Steroids 2002, 67, 917-923.
(4) For reactions of homoannular dienes with 4-phenyl-1,2,4-tria-

zoline-3,5-dione, see: (a) Murakami, N.; Sugimoto, M.; Moriat, M.;
Akiyama, S. I.; Kobayashi, M. Bioorg. Med. Chem. Lett. 2000, 10,
2521-2524. (b) Batta, A. K.; Salen, G.; Tint, S. G.; Honda, A.; Shefer,
S. Steroids 1997, 62, 700-702. (c) Jenkins, G. N.; Ribbons, D. W.;
Widdowson, D. A.; Slawin, A. M. Z.; Williams, D. J. J. Chem. Soc.,
Perkin Trans. 1 1995, 2647-2655. (d) Tachibana, Y.; Yokoyama, S.;
Tsuiji, M. Bull. Chem. Soc. Jpn. 1989, 62, 2599-2603. (e) Keana, J.
F. W.; Guzikowski, A. P.; Ward, D. D.; Morat, C.; Van Nice, F. L. J.
Org. Chem. 1983, 48, 2654-2660. (f) Brynjolffssen, J.; Emke, A.;
Hands, D.; Midgley, J. M.; Whalley, W. B. J. Chem. Soc., Chem.
Commun. 1975, 633-633. (g) Kaneko, L.; Sujimoto, A.; Eguchi, Y.;
Yamada, S.; Ishikama, M.: Susuki, S.; Suda, T. Tetrahedron 1974,
30, 2701-2705. (h) Gilani, S. H.; Triggle, D. J. J. Org. Chem. 1966,
31, 2397-2398.

(5) For reactions of homoannular dienes with maleic anhydride,
see: (a) Bondarenko-Gheorghiu, L. G.; Lorenc, L. B.; Mihailovic, M.
LJ. J. Serb. Chem. Soc. 2000, 65, 147-156. (b) Rickard, C. E. F.;
LeQesne, P. W. J. Org. Chem. 1998, 63, 1736-1736. (c) Kircher, H.
W.; Roesenstein, F. U. Lipids 1975, 517-523. (d) Bingham, K. D.;
Meakins, G. D.; Wicha, J. J. Chem. Soc. C 1969, 671-673.

(6) Schwartz, M. M. (Roche Vitamins, Inc.) U.S. Patent 6,399,796,
2002.

(7) Reddy, P. P.; Yen, K.-F.; Uang, B.-J. J. Org. Chem. 2002, 67,
1034-1035.

(8) Carey, F. A.; Sundberg, R. J. Advanced Organic Chemistry Part
A: Structure and Mechanisms, 4th ed.; Kluwer Academic/Plenum
Publishers: New York, 2000; pp 220-222.

10.1021/jo048556i CCC: $27.50 © 2004 American Chemical Society
J. Org. Chem. 2004, 69, 8529-8532 8529Published on Web 11/02/2004



for the in situ preparation of a constant concentration of
this reactive species. Because bromide ion would also be
solubilized by the presence of the phase-transfer catalyst,
equilibration of halides 5a and 5b would also occur
during the course of the elimination. When the 7R-bro-
mide 5a was treated with tetrabutylammonium iodide
in xylenes in the presence of sym-collidine at 60 °C,
broadening of the HPLC peak for the 7R-bromide 5a was
seen, and this observation is due to either the presence
of significant amounts of the 7â-bromide 5b or the
presence of the corresponding 7R- and 7â-iodides. After
this epimerization at C-7 to yield an unknown mixture
of 7R- and 7â-halides 5a and 5b, the mixture was heated
to 100 °C. HPLC analysis revealed it to contain an
approximate 6:1 mixture of the TBDMS-protected 4,6-
diene diacetate 7 and TBDMS-protected 5,7-diene diac-
etate 9. Under these conditions, the relative rates of
equilibration of the halides versus elimination have been
influenced in such a way that the equilibration of the
halides is now competitive with the rate of elimination.

As anticipated, typical separation techniques such as
chromatography or crystallization failed for this mixture
of dienes. Because of this, the required separation was
based on the fact that the 5,7-diene 9 is a reactive diene

in a Diels-Alder sense whereas the 4,6-diene 7 would
not react with dienophiles.6 4-Phenyl-1,2,4-triazoline-3,5-
dione readily reacted with the 5,7-diene 9 to form the
Diels-Alder adduct 11, whereas the 4,6-diene 7 remained
unchanged.4,5 Because of the significant differences in the
polarity of these compounds, they were readily separated
by crystallization (Scheme 2).

The kinetics and aromatization of the acid-catalyzed
elimination of anthranyl derivatives has recently been
described,9 and the in the Roche 1R,25-dihydroxycholes-
terol-based synthesis of calcitriol,10 the separation of
1R,3â,25-triacetoxycholesta-5,7-diene (10) from the 4,6-
diene triacetate 8 was achieved by the acid-catalyzed
elimination of triacetate 8 to yield either triene 12 or the
aromatized monoacetate 13.2 In the presence of p-
toluenesulfonic acid in dioxane at 70 °C, the triacetate 8
was consumed very rapidly to yield a component which
was assigned as the 2,4,6-triene diacetate 12. Upon
further reaction, the triene diacetate 12 disappeared and
the aromatized monoacetate 13 appeared. The structure

(9) Pirincciogula, N.; Jia, Z. S.; Thibblin, A. J. Chem. Soc., Perkin
Trans. 2 2001, 2271-2275.
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Dev. 2004, 8, 769-776 and references therein.

SCHEME 1. Synthesis of the Heteroannular Diene 2

SCHEME 2. Diels-Alder Reaction of Diene 9
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of styrene 13 was confirmed by 1H NMR, 13C NMR, and
IR analysis (Scheme 3).11

The 19-norcholestatriene12 and the 19-norcholesta-
tetrane12b,13 substructures are found in many natural
products, and a possible synthesis of these compounds
would be from appropriately substituted heteroannular
dienes. As the separation of the mixture of isomeric
dienes was accomplished by a Diels-Alder reaction,
reaction of a mixture of dienes with a polymer-bound
dienophile should allow for the separation of these
isomers and the preparation of combinatorial libraries
of heteroannular dienes.14 Subsequent elaboration would
yield either 19-norcholestatetrane or 19-norcholestatriene
derivatives. Hydrolysis of the [4 + 2] adducts when, for
example, maleic anhydride is used as a dienophile and
subsequent removal by basic extraction may be an
alternative way to separate libraries of homoannular and
heteroannular dienes.

In summary, the synthesis of (1R,3â)-3-hydroxycholes-
tane-4,6-diene-1,25-diol diacetate (2) from a 5,7-diene

precursor 5a was achieved by kinetic control of the
equilibration and the elimination. In a laboratory flask,
the kinetics for the desired and undesired reactions were
sufficiently different that this apparatus was suitable for
the synthesis of diacetate 7. One approach to reduce or
eliminate the formation of the undesired 5,7-diene 9 could
involve the evaluation of this chemistry in a two stage
microreactor1 in which precise control of the temperature
and the residence time should allow for yield improve-
ments of the kinetic product, the 4,6-diene diacetate 7.

Experimental Section

Preparation of (1r,3â)-3-[[(1,1-Dimethylethyl)dimethyl-
silyl]oxy]cholestane-4,6-diene-1,25-diol Diacetate (Ro 25-
1342) (7). The 7R-bromide, Ro 25-0650 (5a) (27.80 g, 40.0 mmol),
10.6 mL (80.2 mmol) of sym-collidine, 0.78 mL (2.1 mmol) of
tetrabutylammonium iodide, and 640 mL of xylenes were
combined and heated to 60 °C for 2 h. The reaction was heated
to 100 °C and held overnight at this temperature. By area %
HPLC, the reaction contained 68% of the 4,6-TBDMS-diene
diacetate 7, 10.5% of the 5,7-TBDMS-diene diacetate 9, and 4.5%
of the starting alkene (1R,3â)-3-[[(1,1-dimethylethyl)dimethyl-
silyl]oxy]cholestan-5-ene-1,25-diol (Ro 25-0649) (3) in a ratio of
15:2.3:1 of 7:9:3 respectively. After an aqueous workup with
ethyl acetate as the extracting solvent, acetonitrile was used as
a fractional crystallization solvent. A white solid (2.53 g) was
obtained which contained by HPLC, 80% of the 4,6-diene 7, and
20% of the 5,7-diene 9.

Acetone (20 mL) was added, and the batch was cooled to 0
°C. 4-Phenyl-1,2,4-triazoline-3,5-dione was added until, by HPLC,
there was none of the 5,7-diene 10 present. Acetone was removed
under vacuum, and 20 mL of acetonitrile was added. The slurry
was cooled to less than 0 °C. The batch was filtered, and the
solid was air-dried. There was obtained 0.51 g of the 4,6-diene
diacetate 7 as a white solid. By HPLC, the purity was greater
than 99.5%. The 4,6-diene diacetate 7 had: mp 90-92 °C; [R]RT

) -26.67 (1.0, CHCl3); UV (CHCl3) λmax ) 250 nm (ε ) 24 404);
1H NMR (CDCl3) δ 0.023 (s, 3H) 0.034 (s, 3H), 0.68 (s, 3H), 0.85
(s, 9H), 1.01 (s, 3H), 1.37 (s, 6H), 1.92 (s, 3H), 1.98 (s, 3H), 2.24-
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SCHEME 3. Synthesis and Acid-Catalyzed Dehydration of 4,6-Diene Triacetate 8
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2.26 (m, 1H), 4.34 (m, 1H), 4.95 (m, 1H), 5.35 (m, 1H), H-4),
5.59 (m, 1H, JH6-JH7 ) 9.97 Hz), 5.92 (m, 1H, JH6-JH7 ) 9.97
Hz); 13C NMR (CDCl3) δ -4.5, 12.0, 18.3, 18.5, 19.1, 20.4, 20.5,
21.0, 22.5, 23.8, 25.9, 26.1, 28.2, 32.7, 35.7, 36.2, 37.2, 38.2, 39.8,
41.1, 43.5, 44.6, 54.2, 56.1, 65.7, 75.0, 82.5, 126.5, 128.2, 131.1,
140.2, 170.4, 170.7; IR (KBr) (cm-1) 2949 (m), 1738 (s), 1368 (m),
1243 (s). Anal. Calcd for C37H62O5Si: C, 72.26; H, 10.16. Found:
C, 72.27; H, 10.47.

Preparation of (1r,3â)-3-Hydroxycholestan-4,6-diene-
1,25-diol Diacetate (Ro 25-1343) (2). To a solution of 0.66 g
(1.07 mmol) of the TBDMS 4,6-diene diacetate 7 in 10 mL of
tetrahydrofuran was added 1.01 g (3.9 mmol) of tetrabutylam-
monium fluoride trihydrate. After the mixture was stirred for 1
h at room temperature, the reaction was complete. After an
extractive aqueous workup with ethyl acetate, the organic layer
was treated with Florosil and the solvents were removed under
vacuum. There was obtained 0.61 g of a yellow oil. The material
was chromatographed on silica gel using a mixture of 50%
toluene and 50% ethyl acetate as the eluent. There was obtained
0.46 g (85.9%) of the 4,6-diene diacetate 2 as a colorless oil. A
sample of the oil was treated with hexanes and Ro 25-1343 (2)
solidified as a white solid. Ro 25-1343 (2) had: mp (94) 96-98
°C; [R]RT ) -34.27 (0.29, CHCl3); UV (CH3CN) λmax ) 239.6 (ε
) 23,043); 1H NMR (CDCl3) δ 0.72 (s, 3H), 0.90 (d, 3H,), 1.06 (s,
3H), 1.42 (s, 6H), 1.97 (s, 3H), 2.02 (s, 3H), 2.40 (m, 1H), 4.40
(m, 1H), 5.00 (d, 1H), 5.48 (d, 1H), 5.66 (d, 1H); 13C NMR (CDCl3)
δ 12.0, 18.5, 19.2, 20.4, 21.0, 22.5, 23.8, 26.1, 28.2, 32.5, 35.7,
36.2, 37.2, 38.3, 39.8, 41.1, 43.5, 44.5, 54.1, 56.1, 65.1, 74.7, 82.6,
125.3, 128.0, 131.8, 141.4, 170.5, 170.7; IR (KBr) (cm-1) 3446
(b), 2944 (s), 1736 (s), 1668 (w), 1617 (w), 1368 (m), 1245 (s).
Anal. Calcd for C31H48O5: C, 74.36; H, 9.66. Found: C, 74.29;
H, 9.61.

Preparation of 1-Methyl-25-(acetyloxy)-19-norcholesta-
6-tetraene (Ro 25-2410) (13). To 6.69 g (6.2 mmol) of (1R,3â)-
cholesta-5,7-diene-1,3,25-triol triacetate (10) which contained

approximately 10% of the 4,6-diene triacetate 8 by HPLC in 52.9
mL of anhydrous dioxane was added 0.613 g of p-toluenesulfonic
acid monohydrate.2 The batch was heated to 70 °C for 30 min.
When the 4,6-diene triacetate 8 was the starting material, the
reaction after 4 h and 25 min at 70 °C contained by HPLC
approximately 72% of tetraene 13. Ethyl acetate was added and
was followed by an extractive workup. A total of 6.88 g of a
residue was successively chromatographed using mixtures of
90% toluene and ethyl acetate and 95% toluene and 5% ethyl
acetate as the eluents. There was obtained 0.10 g of tetraene
13. The spectral properties of the tetraene 13 were in agreement
with those obtained from a pure sample of the 4,6-diene
triacetate 8. The tetraene 13 had: 1H NMR (CDCl3) δ 0.72 (s,
3H), 0.95 (d, 3H), 1.43 (s, 6H), 1.98 (s, 3H), 2.55 (s, 3H), 2.49
(m, 1H), 5.93 (d, 1H), 6.42 (d, 1H), 6.86-7.04 (m, 4H); 13C NMR
(CDCl3) δ 11.8, 18.5, 20.5, 22.5, 24.4, 25.0, 26.1, 26.9, 28.7, 29.8,
35.8, 36.2, 39.0, 40.4, 41.2, 46.0, 54.1, 56.4, 82.5, 125.2, 126.0,
128.8, 132.3, 132.7, 135.2, 136.0, 136.8, 170.5; IR (neat) (cm-1)
2947 (s), 1721 (s), 1269 (s), 909 (s), 734 (s).
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