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bstract

The hydroformylation of �4- and �5-steroids, namely cholest-4-ene (1), 3�-acetoxycholest-4-ene (2), 3�-acetoxycholest-5-ene (3), and 3�-
cetoxypregn-5-en-20-one (4), was studied using rhodium catalysts modified with P-donor ligands containing electron withdrawing substituents,
uch as tris(o-tert-butylphenyl)phosphite, tris(o-trifluoromethylphenyl)phosphine and tris(p-trifluoromethylphenyl)phosphine. The effect of tem-
erature, pressure and ligand/Rh molar ratios on the regio- and stereoselectivity of the reaction were studied. Under the reaction conditions assayed,
nly the �4-steroids 1 and 2 are hydroformylated, producing the 4-formyl derivatives with 100 % regioselectivity and 70 and 60 % stereoselectivity
or the � isomer, respectively. �5-Steroids 3 and 4 either did not react or produced traces of products from the isomerization of the double bond.
mong the three catalysts used, only the Rh/tris(o-tert-butylphenyl)phosphite was able to catalyze the hydroformylation of �4-steroids. The two
ew formyl steroids obtained from 1, 4-formyl-5�-H-cholestane (6) and 4-formyl-5�-H-cholestane (7), were isolated as their acetal derivatives
nd fully characterized by 2D NMR techniques. The structure of the acetal arising from the minor aldehyde product of the reaction was further

orroborated by X-ray analysis. The mechanism of the reaction for the conversion of 3�-acetoxycholest-4-ene 2 into 7 was investigated, through the
ydroformylation of (1R)-(−)-myrtenyl acetate (5) as a cyclic allylic acetate model. The results show that the reaction does not take place through
n allylic intermediate, but that the major aldehyde obtained from 2 undergoes AcOH elimination followed by stereoselective hydrogenation of
he �,�-unsaturated aldehyde, leading to 7.

2007 Elsevier B.V. All rights reserved.

ne; 3�

t
t
v
h
s
g

eywords: Hydroformylation; Steroids; Cholest-4-ene; 3�-Acetoxycholest-4-e

. Introduction

Inhibition of the human steroid 5-�-reductase with conse-
uent suppression of the 5�-dihydrotestosterone biosynthesis
as become an important pharmacological strategy for the treat-
ent of prostatic cancer and other androgen dependent diseases
1]. Previous work on the steroid enzyme inhibitors [2,3] showed
hat the design of new compounds might involve the introduc-
ion of an electron withdrawing substituent into the 4-position of
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he steroid nucleus. In this context we have undertaken a study
o develop the synthesis of new 4-formyl steroids [4]. The rele-
ance of transition-metal catalysed reactions in steroid synthesis
as been recently reviewed by Kollár [5]. Classic formyl steroid
ynthesis involves several steps, namely the coupling of a triflate
roup with an olefin catalysed by palladium salts, followed by
zonolysis [6].

Hydroformylation is now a well-established process for
he direct introduction of formyl groups onto internal and

xternal double bonds, and its use as a potential method for
rganic synthetic application is progressively growing [7–10].
he introduction of formyl groups onto the internal double
ond of the steroid nucleus via non-modified cobalt cat-
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lyzed hydroformylation was reported in the fifties by Pike
11]. Later on, the hydroformylation and hydroesterification of
ess hindered 17-double bond in different steroidal substrates
as developed by Toros, using rhodium-phosphine [12] and
alladium-phosphine [13,14] modified catalysts. Recently our
roup reported the first efficient diastereoselective hydroformy-
ation of a �4-androstene derivative, using a rhodium-phosphite
atalyst, which allowed the one-step synthesis of a new 4�-
ormyl-androstane [4]. In spite of the potentialities of this
ynthetic methodology, little information is available about its
pplicability in the chemistry of steroids.

In this paper we extend our previous work in this area to
he investigation of the hydroformylation reaction of a different
roup of unsaturated steroids (cholestane and pregnane series).
e also study the hydroformylation reaction of the monoterpene

1R)-(−)-myrtenol, to evaluate the scope and limitations of the
hodium catalysed hydroformylation in this type of substrates.

ith these studies we also provide conclusive evidence for the
echanism of hydroformylation of �4-steroids containing a 3�-

cetoxy substituent.

. Experimental section

.1. General

1H and 13C NMR spectra were recorded in CDCl3 solutions
n Bruker 300 and 500 spectrometers, operating at 300.13 and
00.13 MHz, respectively for 1H and at 75.47 and 125.76 MHz
or 13C. 1H Assignments were made using 2D COSY and
OESY (mixing time of 800 ms) experiments, while 13C assign-
ents were made using 2D HSQC and HMBC experiments (long

ange C/H coupling constants were optimised to 7 Hz).
GC was carried out on Agilent-6890 and GC–MS was car-

ied out on HP-G1800A and HP-5973 mass selective detector
pparatus, equipped with capillary HP5 columns.

[Rh2(�–OMe)2(cod)2] [15] and tris(o-tert-butylphenyl)
hosphite [16] were synthesized by slightly modified procedures
ith respect to those described in the literature.

.2. Substrates

Cholest-4-en-3-one, 3�-hydroxypregn-5-en-20-one, 3�-hy-
roxycholest-5-ene and 1R-(−)-myrtenol were purchased from
ldrich.

.2.1. Cholest-4-ene (1)
A mixture of CF3COOH (14 mL), (CH3CO)2O (14 mL),

H3CN (14 mL) and NaBH4 (2.3 g, 59.7 mmol) were added to
n ice-cooled solution of cholest-4-ene-3-one (3.8 g, 9.9 mmol)
n CH2Cl2 (25 mL). After stirring for 5 h, aqueous NaHCO3
as added dropwise until the solution reached pH 7.0. The
ixture was extracted with CH2Cl2 and the organic layer
ashed with H2O and dried over MgSO4. The white solid

btained after evaporation of the solvent was recrystallized in
ichloromethane/hexane/ethanol (10:0.5:0.5) to afford the prod-
ct as a crystalline material (2.7 g, 74%); mp: 82–85 ◦C (Lit.,
17] 78–79 ◦C); EIMS: m/z = 370 (M+); 1H NMR, ppm: δ = 0.73

3
(
3
3

lysis A: Chemical 275 (2007) 121–129

s, 3H, 18-CH3), 0.91 (dd, J = 6.6, J = 1.4 Hz, 26-CH3), 0.96
d, J = 6.6 Hz, 27-CH3), 0.97 (s, 3H, 21-CH3), 1.06 (s, 3H, 19-
H3), 5.35 (m, 1H, 4-CH), 13C NMR: δ = 118.9 (C-4), 145.2

C-5); C27H46: calcd C 87.49, H 12.51; found C 87.62, H 12.38.

.2.2. 3β-Acetoxycholest-4-ene (2)
3-Hydroxycholest-4-ene was synthesized by cholest-4-en-

-one (300.0 mg, 0.8 mmol) reduction using NaBH4 (30.0 mg,
.8 mmol) in CH3OH (7 mL). The reaction was controlled by
LC using ethyl acetate/hexane (1:2) as eluent. After 1 h the

eaction was stopped, the methanol was evaporated and the crude
roduct taken up in dichloromethane (100 mL) and washed with
ater (three times). After drying with MgSO4 and filtration,

he complete evaporation of the solvent was done. A mixture
f �/� hydroxy isomers was obtained (74:26) after recrystal-
ization in ethanol (296.0 mg, 95% yield). mp: 122–125 ◦C; 1H
MR, ppm: δ = 0.68 (d, 3H, J = 1.7 Hz, CH3-18), 0.86 (dd, 6H,
= 6.6, J = 1.4 Hz, CH3-26 and CH3-27), 0.90 (d, 3H, J = 6.5 Hz,
H3-21), 1.05 (s, 3H, CH3-19), 4.07 (m, H, H-3�), 4.14 (m,
, H-3�), 5.27 (d, H, J = 1.4 Hz, H-4�), 5.45 (dd, H, J = 4.8,
= 1.4 Hz, H-4�). C27H46O: calcd C 83.87, H 11.99; found C
3.18, H 14.79.

The mixture of the �/� 3-hydroxycholest-4-ene (296.0 mg,
.8 mmol) obtained in the procedure described above, was dis-
olved in dry pyridine (0.5 mL, 12.0 mmol) and (CH3CO)2O
1.3 mL, 13.3 mmol). The reaction was monitored by TLC. After
he complete disappearance of starting material, the product was
ashed with an aqueous saturated solution of CuSO4, until no

olour change in the aqueous layer was observed, then it was also
ashed with 10% HCl (aq) and finally with a saturated solution
f NaHCO3. The organic layer was dried over MgSO4 and the
olvent evaporated under vacuum. The crude was recrystallized
four times) with dichloromethane/hexane (1:5) to afford the
rystalline 3�-acetoxycholest-4-ene (2) (159.5 mg, 49% yield).
IMS: m/z = 428 (M+); 1H NMR: δ = 0.68 (s, 3H, 18-CH3), 0.85

d, J = 6.5 Hz, 2× 3H, 26,27-CH3), 0.90 (d, J = 6.5 Hz, 3H, 21-
H3), 1.06 (s, 3H, 19-CH3), 2.05 (s, 3H, CH3COO), 5.22 (m,
× 1H, 3-CH and 4-CH); 13C NMR: δ = 70.9 (C-3), 118.8 (C-
), 149.7 (C-5), 170.9 (OCOCH3); C29H48O2: calcd C 81.25, H
1.29, found C 81.38, H 11.13.

.2.3. 3β-Acetoxycholest-5-ene (3)
Montmorillonite (12.0 g) and (CH3CO)2O (4.6 mL,

9.0 mmol) were added to a solution of 3�-hydroxycholest-5-
ne (2.0 g, 5.2 mmol) in CH2Cl2 (200 mL). After the complete
isappearance of starting material (monitored by TLC), the
ontmorillonite was removed by filtration and the resulting
ltrate was washed with a saturated solution of NaHCO3, until

he solution adjusted to pH 7.0. The organic layer was dried over
gSO4 and then evaporated. The crude product was recrys-

allized from dichloromethane/hexane/ethanol (10:0.5:0.5)
o afford the crystalline product (1.99 g, 90% yield); mp:
08–110 ◦C; EIMS: m/z = 428 (M+); 1H NMR: δ = 0.67 (s,

H, 18-CH3), 0.85 (d, J = 7.5 Hz, 2× 3H, 26,27-CH3), 0.91
d, J = 6.5 Hz, 3H, 21-CH3), 1.02 (s, 3H, 19-CH3), 2.04 (s,
H, CH3COO), 2.31 (d, J = 7.7 Hz, 2H, 4-CH2), 4.60 (m, 1H,
-CH), 5.37 (m, 1H, 6-CH); 13C NMR: δ = 122.6 (C-5), 139.6
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C-6), 170.5 (OCOCH3); C29H48O2: calcd C 81.25, H 11.29,
ound C 80.86, H 11.25.

.2.4. 3β-Acetoxypregn-5-en-20-one (4)
3�-Acetoxypregn-5-en-20-one (4) was synthesized by reac-

ion of 3�-hydroxypregn-5-en-20-one (1.0 g, 3.2 mmol) in
ry pyridine (5 mL, 62.1 mmol) and (CH3CO)2O (3 mL,
1.7 mmol) using the procedure described above in Section
.2.2. The reaction was monitored by TLC. The resulting white
olid was recrystallized from dichloromethane/hexane/ethanol
10:0.5:0.5) to afford the crystalline product (0.97 g, 85%); mp:
46–148 ◦C (Lit., [18] 149–150 ◦C); EIMS: m/z = 358 (M+); 1H
MR: δ = 0.63 (s, 3H, 18-CH3), 1.02 (s, 3H, 19-CH3), 2.04

s, 3H, CH3COO), 2.13 (s, 3H, 21-CH3), 2.55 (t, J = 6 Hz,
H, 17-CH), 4.61 (m, 1H, 3-CH), 5.38 (m, 1H, 6-CH), 13C
MR: δ = 122.3 (C-5), 139.6 (C-6), 170.5 (OCOCH3), 209.6

C-20); C23H34O3: calcd C 77.05, H 9.56, found C 76.67,
9.53.

.2.5. (1R)-(−)-Myrtenyl acetate (5)
The (1R)-(−)-myrtenol (6.0 g, 38.5 mmol) was dissolved in

mixture of freshly dried pyridine (6 mL, 756.6 mmol) and
CH3CO)2O (9 mL, 386.2 mmol). The reaction evolution was
onitored by GC. After complete disappearance of the start-

ng materials, the work-up was done according to the procedure
escribed in the Section 2.2.2. The (1R)-(−)-myrtenyl acetate
as isolated by silica gel column preparative chromatography
sing dichloromethane as eluent. After evaporation of the sol-
ent the (1R)-(−)-myrtenyl acetate (5) was obtained as an oil
7.1 g, 93%).

The assignments obtained for most of the protons in the 1H
MR spectrum are in accordance with the assignments pub-

ished by Lee [19] on the characterization of the related structure
f myrtenol.

1H NMR: δ = 0.825 (s, 3H, 9-CH3), 1.18 (d, J = 8.6 Hz, 1H,
-CH2), 1.30 (s, 3H, 8-CH3), 2.04 (s, 3H, –OCH3), 2.06 (m, 1H,
-CH), 2.11 (dd, J = 1.4 and 5.6 Hz, 1H, 1-CH), 2.27 (dt, J = 2.5
nd 6.9 Hz, 2H, 4-CH2), 2.41 (d, J = 8.6 Hz, 1H, 7-CH2), 4.43
d, J = 7.1 Hz, 2H, CH2O).

.3. General hydroformylation procedure

The autoclave charged with the appropriate amounts of
hosphorus ligand and [Rh2(�-OMe)2(cod)2] was purged by
hree cycles of vacuum and syn-gas. Being the reactor in
acuum, toluene was introduced. Then, the reactor was pres-
urized with syn-gas at 40 bar at the working temperature
uring 45 min. After this incubation period, the pressure was
eleased and the substrate, dissolved in the minimum amount
f toluene, was introduced through the inlet cannula. Then,
he pressure was set to the desired value for the catalytic

xperiment. The conversion and selectivity along the reac-
ion were determined by gas chromatography analysis of
liquots from the reaction mixture. The same procedure was
sed for the deuteroformylation experiments, replacing H2 by
2.

1
(
2
(
1

lysis A: Chemical 275 (2007) 121–129 123

.3.1. 4β-Formyl-5β-H-cholestane (7)
This product was synthesized by catalytic hydro-

ormylation using the general procedure described above.
Rh2(�-OMe)2(cod)2] (2.2 × 10−2 mmol) and tris(o-tert-
utylphenyl)phosphite (5.4 × 10−2 mmol) were incubated
n toluene (4 mL). Then the autoclave was charged with
holest-4-ene 1 (0.4 g, 1.1 mmol) dissolved in toluene (2 mL).

hen the catalytic reaction was stopped, the reactor was
ooled and depressurised. After evaporation of the toluene, the
ixture of 4�-formyl-5�-H-cholestane (6) and 4�-formyl-5�-
-cholestane (7) were purified and isolated by silica gel column

hromatography using hexane as eluent (0.2 g, 70% yield). This
ixture was resubmitted to a column chromatography using

he same conditions and the major product of the reaction, 4�-
ormyl-5�-H-cholestane (7), was isolated (51.0 mg, 22% yield).

1H NMR: δ = 0.64 (s, 3H, 18-CH3), 0.85–0.89 (s, 6H, 26,27-
H3), 0.90 (s, 3H, 21-CH3), 0.93–1.00 and 1.80–1.85 (m, 2H,
-CH2), 0.97–1.40 (m, 2H, 22-CH2), 0.99 (s, 3H, 19-CH3),
.03–1.13 (m, 2× 1H, 14,17-CH), 1.04–1.09 and 1.40–1.46
m, 2H, 23-CH2), 1.06–1.26 (m, 2H, 24-CH2), 1.10–1.20 (m,
H, 11-CH2), 1.12–1.16 and 1.96–1.99 (m, 2H, 12-CH2),
.26–1.30 and 1.73–1.76 (m, 2H, 3-CH2), 1.26–1.34 (m, 1H,
-CH), 1.35–1.45 (m, 1H, 20-CH), 1.48–1.54 (m, 1H, 25-
H), 1.53–1.57 (m, 1H, 5-CH), 1.87–1.94 (m, 2H, 15-CH2),
.69–2.74 (m, 1H, 4-CH), 9.41 (d, J = 2.7 Hz, 1H, 4A-CHO).
3C NMR: δ = 12.0 (C-18), 18.7 (C-21), 20.9 (C-15), 22.5 (C-
6), 22.8 (C-27), 23.8 (C-11), 24.2 (C-19), 26.0 (C-23), 27.0
C-3), 28.0 (C-25), 35.5 (C-20), 36.2 (C-22), 36.9 (C-1), 39.5
C-24), 40.2 (C-12), 41.6 (C-9), 42.6 (C-5), 48.3 (C-4), 56.3
C-17), 56.5 (C-14), 205.7 (C-4A).

.3.2. Acetal synthesis (9, 10)
The mixture of aldehydes 6 and 7 (0.2 g, 0.6 mmol),

,2-dimethyl-1,3-propanediol (845.4 mg, 8.1 mmol) and p-
oluenesulfonic acid monohydrate (14.4 mg, 0.076 mmol) were
dded to toluene (60 mL). This solution was refluxed dur-
ng 10 h using a Dean-Stark apparatus. After the work-up,
he mixture of acetals 9 and 10 were obtained in 80%
ield (0.2 g, 0.5 mmol). Two products were isolated by sil-
ca gel column chromatography using hexane as eluent and
he remaining amount was isolated as a mixture of 9 and 10.
fter recrystallization with dichloromethane:hexane (1:5), 4�-

5-dimethyl-1,3-dioxan-2-yl)-5�-H-cholestane (9) (33.0 mg,
5%) and 4�-(5-dimethyl-1,3-dioxan-2-yl)-5�-H-cholestane
10), (21.6 mg, 15%) were obtained as crystalline products.

.3.2.1. 4α-(5-Dimethyl-1,3-dioxan-2-yl)-5α-H-cholestane
9). mp: 161–164 ◦C. [α]25

D = +15 (c 1, CHCl3) CIMS:
/z = 485 (M–H). 1H NMR: δ = 0.64 (s, 3H, 18-CH3), 0.70 (s,
H, CH3acetal), 0.79 (s, 3H, 19-CH3), 0.86 (d, J = 6.6 Hz, 2×
H, 26,27-CH3), 0.89 (d, J = 6.6 Hz, 3H, 21-CH3), 0.93–1.00
nd 1.80–1.85 (m, 2H, 1-CH2), 0.97–1.40 (m, 2H, 22-CH2),
.03–1.13 (m, 2× 1H, 14,17-CH), 1.04–1.09 and 1.40–1.46

m, 2H, 23-CH2), 1.06–1.26 (m, 2H, 24-CH2), 1.10–1.20 (m,
H, 11-CH2), 1.12–1.17 and 1.95–2.00 (m, 2H, 12-CH2), 1.16
s, 3H, CH3acetal), 1.26–1.30 (m, 2H, 3-CH2), 1.26–1.34 (m,
H, 9-CH), 1.35–1.45 (m, 1H, 20-CH), 1.48–1.54 (m, 1H,
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5-CH), 1.52–1.55 (m, 1H, 4-CH), 1.53–1.57 (m, 1H, 5-CH),
.87–1.94 (m, 2H, 15-CH2), 3.36 (d, J = 10.9 Hz, 2H, CH2acetal),
.42–3.59 (d, J = 10.9 Hz, 2H, CH2acetal), 4.49 (d, J = 2.2 Hz,
H, 4A-CH). 13C NMR: δ = 12.0 (C-18), 12.9 (C-19), 18.6
C-21), 20.9 (C-15), 21.8 (CH3acetal), 22.6 (CH3acetal), 22.8
C-26) and (C-27), 23.8 (C-11), 25.0 (C-3), 26.0 (C-23), 28.0
C-25), 35.8 (C-20), 36.1 (C-22), 38.4 (C-1), 39.5 (C-24),
0.1 (C-12), 40.8 (C-4), 46.8 (C-9), 54.5 (C-5), 56.2 (C-
7), 56.5 (C-14), 77.3 (2× CH2acetal), 102.3 (C-4A). X-ray
rystallography crystal data: C33H58O2, M = 486.79, mono-
linic, a = 15.7791(17) Å, b = 6.046(3) Å, c = 17.1855(15) Å,
= 107.888(8)◦, V = 1560.3(9) Å3, T = 293(2) K, space group
21, Z = 2, μ(Cu K�) = 0.463 mm−1, ρ = 1.036. Data collec-

ion: Enraf-Nonius Mach3, Cu K�, graphite monochromator,
ransparent crystal size (0.17 mm × 0.16 mm × 0.04 mm). Five
housand nine hundred and fourty-five reflections measured
n the θ range 2.70–72.5, −19 < h < 18, −7 < k < 7, 0 < l < 21,
f which 3188 unique (Rint = 0.038). �-Scan absorption
orrection with 0.988 and 0.920 maximum and minimum
ransmission factor. Structural analysis and refinement: all
188 unique reflections were used for direct methods struc-
ure determination (with program SHELX) and full matrix
east-squares refinement (with program SHELXL) with
nisotropic thermal parameters for all ordered non-H atoms
20]. Atoms C24, C25 and C27 were refined over two positions
ith isotropic thermal parameters. H atoms were placed at

alculated idealized positions and refined as riding atoms,
ata-to-parameter ratio 10. The final R (F2) was 0.0513 (for
> 2σ(I)) and wR(F2) was 0.1582 (for all reflections). CCDC
51606 [21] contains the supplementary crystallographic data
or this paper. These data can be obtained free of charge at
ttp://www.ccdc.cam.ac.uk/conts/retrieving.html [or from the
ambridge Crystallographic Data Centre, 12, Union Road,
ambridge CB2 1EZ, UK; fax: +44 1223/336 033 (internat.);
-mail: deposit@ccdc.cam.ac.uk]. The monocrystal diffraction
s presented in Fig. 1.
.3.2.2. 4β-(5-Dimethyl-1,3-dioxan-2-yl)-5β-H-cholestane
10). mp: 161–164 ◦C; [α]25

D = +17 (c 1, CHCl3); CIMS:
/z = 485 (M–H). 1H NMR: δ = 0.64 (s, 3H, 18-CH3), 0.70 (s,

p
P
C
C

Fig. 1. Diagram of acetal 9 [31]. Displacement ellip
lysis A: Chemical 275 (2007) 121–129

H, CH3acetal), 0.86 (d, J = 6.6 Hz, 2× 3H, 26,27-CH3), 0.89 (s,
H, 21-CH3), 0.93–1.00 and 1.80–1.85 (m, 2H, 1-CH2), 0.94
s, 3H, 19-CH3), 1.03–1.13 (m, 2× 1H, 14,17-CH), 1.10–1.20
m, 2H, 11-CH2), 1.12–1.16 and 1.96–1.99 (m, 2H, 12-CH2),
.16 (s, 3H, CH3acetal), 1.26–1.34 (m, 1H, 9-CH), 1.52–1.55
nd 1.63–1.67 (m, 2H, 3-CH2), 1.87–1.94 (m, 2H, 15-CH2),
.03–2.08 (m, 1H, 4-CH), 3.36 (d, J = 11 Hz, 2H, CH2acetal),
.44–3.60 (d, J = 11 Hz, 2H, CH2acetal), 4.53 (d, J = 1.2 Hz,
H, 4A-CH). 13C NMR: δ = 21.8 (CH3acetal), 22.6 (CH3acetal),
2.8 (C-26) and (C-27), 25.0 (C-3), 35.8 (C-21), 36.1 (C-23),
7.6 (C-4), 38.4 (C-1), 39.5 (C-25), 40.1 (C-12), 46.8 (C-9),
4.5 (C-5), 56.2 (C-17), 56.5 (C-14), 77.3 (CH2acetal), 77.4
CH2acetal), 102.1 (C-4A). C33H58O2: calcd C 81.42, H 12.01,
ound C 81.11, H 11.96.

. Results and discussion

.1. Synthesis of substrates

The substrates investigated are shown in Scheme 1. Cholest-
-ene (1) was prepared in 74% overall yield by reduc-
ion of cholest-4-ene-3-one with NaBH4 in CF3COOH/
CH3CO)2O/CH3CN [4]. 3-Hydroxycholest-4-ene was syn-
hesised by reduction of cholest-4-ene-3-one with NaBH4 in
H3OH. 3�-Acetoxycholest-4-ene (2), 3�-acetoxypregn-5-en-
0-one (4) and (1R)-(−)-myrtenyl acetate (5) were synthesized
n 49%, 85% and 93% yield, respectively, from the correspond-
ng alcohols by acetylation with acetic anhydride in the presence
f pyridine. 3�-Acetoxycholest-5-ene (3) was synthesized in
0% yield from 3�-hydroxycholest-5-ene by acetylation with
CH3CO)2O catalysed by montmorillonite [4].

.2. Catalytic reactions

The hydroformylation catalysts were prepared in situ
y reaction of [Rh2(�-OMe)2(cod)2] with the appropriate

hosphorous ligand, namely tris(o-tert-butylphenyl)phosphite,
(OPh*)3; tris(o-trifluoromethylphenyl)phosphine, P(o-CF3-
6H4)3; and tris(p-trifluoromethylphenyl)phosphine, P(p-CF3-
6H4)3, under 40 bar of CO/H2 (1:1) and at 100 ◦C. After 45 min

soids are drawn at the 50% probability level.

http://www.ccdc.cam.ac.uk/conts/retrieving.html
mailto:deposit@ccdc.cam.ac.uk
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f incubation, the pressure was released and the substrate was
ntroduced in the autoclave. Then, the selected reaction con-
itions were set. This procedure provides reproducible results,
hile the direct use of a mixture of the substrate with the catalytic
recursor mixture did not.

Table 1 collects selected results on the hydroformylation of
ubstrates 1, 2, 3 and 4. The reaction products are shown in
cheme 2.

In the case of substrate 1, the best results were achieved with
h/P(OPh*)3 at 100 ◦C, 20 bar CO/H2 pressure and L/Rh = 2.5

Table 1, entry 1). This system was able to promote the hydro-
ormylation of substrate 1 yielding two isomeric aldehydes,

and 7 in ratio ca. 30/70. Therefore, the reaction proceeds
ith complete regioselectivity at position 4 of the steroidal
ackbone, without any quaternary aldehyde formation, in good
greement with Keulemans role [22,23]. The major product 7

rises from the approach of the catalyst through the � face.
his result parallels that previously observed with related sub-
trate 17-�-acetoxyandrost-4-ene [4]. The stereochemistry of

1
p

able 1
ydroformylation of steroids 1, 2, 3 and 4 catalyzed by Rh/P-donor ligandsa

ntry Substrateb Ligand T (◦C) P (bar) L

1 1 P(OPh*)3 100 20 2
2 1 P(OPh*)3 100 40 2
3 1 P(OPh*)3 110 20 2
4 1 P(OPh*)3 120 20 2
5 1 P(o-CF3C6H4)3 100 20 2
6 1 P(p-CF3C6H4)3 80 20 2
7 2 P(OPh*)3 100 20 2
8 3 P(OPh*)3 100 20 2
9 3 P(p-CF3C6H4)3 80 20 2

10 3 P(o-CF3C6H4)3 80 20 5
11 3 P(o-CF3C6H4)3 100 100 5
12 4 P(OPh*)3 100 20 5

a Reaction conditions: 2.2 × 10−2 mmol of Rh as [Rh2(�-OMe)2(cod)2] and 1.08 m
b Ligand to Rh molar ratio.
c Percentage of substrate converted.
d Chemoselectivity calculated as percentage of aldehydes in the total amount of co
e Aldehyde ratio obtained by NMR.
f 7/6.
g 7/8.
h Only isomerised products.
.

he reaction can be rationalized considering the partially folded
tructure of rings A and B of the steroidal backbone. In this
tructure the double bond is further away from the steric influ-
nce of the methyl substituent on C-10. Furthermore, the folded
ackbone prevents the approach of the catalyst from the �
ace.

The effects of the reaction parameters on the selectivity of the
atalytic reaction were investigated. Thus, an increase of pres-
ure to 40 bar, (Table 1, entry 2), slightly increases the isomer
atio 7/6, but the chemoselectivity decreased, mainly due to the
nexpected formation of non-reactive isomeric products. Keep-
ng the pressure at 20 bar and raising the temperature (Table 1,
ntries 3 and 4), the diastereoselectivity decreased. Furthermore,
t 120 ◦C a low conversion (51%) was obtained as consequence
f catalyst decomposition. At temperatures below 100 ◦C almost
o conversion was observed.
We have also investigated the hydroformylation of substrate
by using Rh/trifluoromethylarylphosphine catalysts. In princi-
le, the tris(o-trifluoromethylphenyl)phosphine combines both

/Rh Conversionc (%) Time (h) Che.d (%) Iso.e

.5 77 67 78 70/30f

.5 74 48 49 76/24f

.5 71 66 76 62/38f

.5 51 50 65 50/50f

<5 48 – –
13 48 9 76/24f

.5 96 72 98 60/40g

.5 18h 72 – –
<5h 48 – –
<5h 48 – –
<5h 48 – –

16h 48 – –

mol of substrate in 6 mL toluene.

nverted olefin.
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-acidic character and a cone angle bigger than 200◦ [24,25],
hich a priori could mimic the properties of the bulky phos-
hite we have used in this study. However, the results with
his ligand were disappointing, since no aldehyde formation
as observed (Table 1, entry 5). The electronically comparable

ris(p-trifluoromethylphenyl)phosphine ligand produced some
onversion into aldehydes (Table 1, entry 6), but its activity
s significantly worse than that achieved by the bulky phos-
hite. These results are consistent with the lower rates recently
eported for the hydroformylation of 1-hexene with rhodium
atalysts modified with fluorinated phosphines, when compared
ith triphenylphosphite [26]. Therefore, the bulky phosphite

atalyst revealed to be considerably more active and selective
han �-acid phosphines in promoting the hydroformylation of
his type of steroidal substrates.

The crude reaction was purified by chromatography (silica-
el, hexane) and a mixture of aldehydes 6 and 7, resulting
rom the hydroformylation of steroid 1, was isolated in 70%
ield. Using the same chromatographic conditions, the alde-
yde mixture was rechromatographed and pure aldehyde 7 was
solated with 22% yield. In all the other chromatographic frac-
ions a mixture of 6 and 7 was obtained. However, aldehyde

could not be isolated through this method, likely because
f the poor chromatographic behaviour of aldehydes, asso-
iated by the fact of being the minor product. In order to
vercome these purification problems, the mixture of the two
iastereoisomeric aldehydes 6 and 7 was derivatized into the

orresponding acetals using 2,2-dimethyl-1,3-propanediol and
-toluenesulfonic acid monohydrate as catalyst (Scheme 2).
fter work-up, followed by chromatographic separation and

ecrystallization the acetals 9 and 10 were isolated in 55% and

w
t
r
a

.

5% yield, respectively. The other fractions were isolated as a
ixture of 9 and 10.
The hydroformylation of acetoxy substrate 2 was studied

nder the optimized reaction conditions achieved for substrate 1.
ldehyde 7 was again the major product of the hydroformylation
f the acetoxy substrate 2 (Table 1, entry 7). The stereoselectivity
f the reaction was very close to that of substrate 1 (Scheme 2).
hese results are very similar to our previous observation in the
ase of the 3�,17�-diacetoxyandrost-4-ene [4]. There, we pro-
osed two possible mechanisms for this type of reaction. One
ould involve the formation of a �3-allylic intermediate with

bstraction of the acetoxy group [27] and the other the elimina-
ion of acetic acid after hydroformylation. In the case of substrate
, we have characterized in the reaction mixture the acetoxyalde-
yde 8, which strongly suggest two reactions paths, as shown in
cheme 3.

Thus, the minor product 8, containing trans acetoxy and
ormyl groups arises from the � face hydroformylation is sta-
le in the reaction media, while the aldehyde arising from the �
ace reaction contains an acidic hydrogen trans to the acetoxy
roup that readily eliminates as AcOH to form the �3-4-formyl
teroid. This �,�-unsaturated aldehyde is hydrogenated through
he � face by the Rh catalyst, with complete stereoselectivity,
ielding 7. As expected, MS of the isotopically labelled aldehyde
, obtained by deuteroformylation of 2, shows a M + 4 molecu-
ar peak. Attempts to analyze the stereochemistry of the labeled
ompound, in order to corroborate the proposed mechanism,

ere unsuccessful. Elimination of AcOH from the products of

he hydroformylation of the allylic acetates has been previously
eported for glucals [28]. In the case of linear substrates, such
s allylic esters, the elimination of AcOH from the branched
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ldehyde is responsible for the unusually high regioselectiv-
ty observed in some cases in the hydroformylation of these
ubstrates [29].

In conclusion, the presence of product 8, which preserves the
cetoxy group in the hydroformylation of substrate 2, observed
nly in the 1H NMR spectrum of the reaction mixture, with a
ypical –OCOCH3 peak at δ = 2.05 and the aldehydic proton
t δ = 9.40 ppm (40%), allows discarding the allylic path for
he formation of the aldehyde 7 from this substrate. In order
o further corroborate this hypothesis, we have investigated the
ydroformylation of (1R)-(−)-myrtenyl acetate (5). The allylic
cetate could in principle form an allylic intermediate, which
ould lead to the linear aldehyde without the acetoxy group. On

he other hand, the non allylic route would produce the aldehyde
1, Scheme 4, assuming the attack of the catalyst through the
ess hindered face of the double bond. This aldehyde should
ot eliminate AcOH. Thus, using similar reaction conditions
o those used for substrate 2, complete conversion of (1R)-
−)-myrtenyl acetate (5) was obtained after 48 h of reaction,
ielding the acetoxyformyl product 11 with 71% selectivity.
his demonstrates again that the allylic path does not proceed

ith this substrate and, therefore, neither with the steroid 2. Fur-

hermore, a second acetoxyformyl product 12 (28% by GC and
MR analysis) was detected in the reaction mixture (Scheme 4).

Scheme 4.

o
C
s
h
m
p
i
h
w

.

The mixture of aldehydes was fully characterized by 2D
MR spectra. The major product 11 of the hydroformylation
f (1R)-(−)-myrtenyl acetate arise from the catalyst approach
hrough the less hindered face of the substrate, with the expected
egioselectivity for position 2, without quaternary aldehydes
ormation [22,23]. The minor product 12 is formed by the
ydroformylation of isomerized double bond arising from �-
limination of the alkyl complex. Also for this isomerized
lkene, the reaction proceeds through the face opposite to the iso-
ropylidene bridge. It can not be discarded that at least part of the
ldehyde 11 is produced from the isomerized alkene, Scheme 4,
ut the fact that aldehydes 11 and 12 are the only products of the
eaction, indicates that both alkenes react exclusively through
he face trans to the isopropylidene bridge. It is interesting to
otice that in the hydroformylation of (1R)-(−)-myrtenol (13),
alck et al. have observed the formation of the cyclic hemiacetal
4 arising from the hydroxylaldehyde with the formyl group cis
o isopropylidene bridge and to the hydroxymethyl substituent
Scheme 5) [30].

In principle, this would indicate that reaction takes place
hrough the most hindered face of the ring, contrary to our
bservation, and also an unusual trans addition of the H and
HO group to the double bond. Kalck et al. suggested that the

tereochemistry could be explained by racemization of the alde-
yde through the enol formation during the chromatographic
anipulation or to a kinetic control of the hydroformylation

rocess leading to the most unstable aldehyde. From our results,

t seems clear that both substrates, 5 and 13, form the alde-
yde with the formyl group trans to the isopropylidene bridge,
ith the expected cis addition of the formyl group and hydro-

Scheme 5.
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Table 2
13C and 1H NMR data for aldehydes 11 and 12

11 12

13C 1H 13C 1H

C1 40.3 2.02–2.08 38.6 1.98–2.00
C2 39.8 2.65–2.70 42.5 2.37–2.41
C3 44.4 2.65–2.70 17.2 1.45–1.52 and

2.51–2.59
C4 26.6 2.14–2.16 49.4 2.90–2.94
C5 42.2 2.02–2.08 41.0 2.37–2.41
C7 32.0 0.75 (d, J = 10.2 Hz),

1.99–2.04
28.6 0.87–0.89 and

2.25–2.32
CH3-8 23.0 1.23 28.3 1.25
CH3-9 27.3 1.01 23.1 1.06
CHO 202.2 9.64 (d, J = 1.1 Hz) 203.6 9.66
CO2CH3 171.1 – 171.1 –
CO2CH3 20.9 2.04 21.0 2.05
CH2O 67.8 4.08–4.16 68.4 4.06 (d, J = 7.8

Hz)
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en atom. Then, in the case of the (1R)-(−)-myrtenol an
pimerization equilibrium shifted to the trans isopropylidene
somer by the formation of the hemiacetal is the most plausible
xplanation.

All attempts to perform the hydroformylation of the 3�-
cetoxy-�5-steroids, 3 and 4, were unsuccessful, regardless
f the co-catalyst and the reaction conditions used (Table 1,
ntries 8–12 show some characteristic results). For all these
eactions, only small amounts of isomerised olefinic products
ave been obtained, along with the unreacted starting materi-
ls, as confirmed by GC/MS with the presence of two mass
eaks at 428 and 358, respectively. The hydroformylation reac-
ion probably failed due to major steric hindrance between the

5 double bond in the B-ring and the catalyst, when compared
o that of the �4 double bond, as was recently proposed by
ollár.[5].

.3. Characterization of products

The hydroformylation reaction of substrate 1 gave two
roducts, 4�-formyl-5�-H-cholestane (6) and 4�-formyl-5�-H-
holestane (7), being the last the major product (Scheme 2),
dentified by GC–MS by the presence of mass peaks at 401
M + H)+ and by 1H NMR spectrum by typical aldehydic protons
t δ 9.41 and 9.43 ppm.

The analysis of the 1H and 13C NMR spectra of the iso-
ated aldehyde 4�-formyl-5�-H-cholestane (7), assisted by 2D
MR experiments (COSY, HSQC, HMBC and NOESY spec-

ra), allows the assignment of most of their proton and carbon
esonances and also of the stereochemistry of the product. The
ssignments of the majority of 1H and 13C resonances are pre-
ented in Section 2.3.1.

The isolated 4�-(5-dimethyl-1,3-dioxan-2-yl)-5-�-H-chole-
tane (9) and 4�-(5-dimethyl-1,3-dioxan-2-yl)-5-�-H-chole-
tane (10), were also fully characterized by 2D NMR spec-
ra and allows the assignments of their proton and carbon
esonances described in Section 2.3.2. The 4�-(5-dimethyl-1,3-
ioxan-2-yl)-5-�-H-cholestane (9) was also characterized by
-ray structural analysis.
The molecular structure of acetal 9, obtained through X-
ay analysis of the monocrystal diffraction is shown in Fig. 1
21,31]. The structure shows that rings A, B and C are all
rans-fused with normal slightly flattened chair conformations,
ypical of a 5�-epimer. The substituent C-4A atom is bonded

w
T
o

Fig. 2. Main connectivities found in the HMBC and NOE cro
he assignments obtained are in accordance with the assignments obtained by
ee [19] for the carbons C1, C5, C6, C7, C8 and C9 and respective protons.

o C-4 in an equatorial position. The C(4A)–C(4)–C(5) and
(4)–C(5)–C(6) angles are 113.5(2)◦ and 113.8(2)◦, respec-

ively. The 5-membered ring adopts a conformation close
o half-chair with C-20 bonding to C-17 in an equatorial
osition. The molecule has fully extended, all-trans side
hain, with the terminal atoms disordered over two positions
ith roughly 50% occupation each. The six-membered ring
(4A)–O1–C(4B)–C(4C)–C(4D)–O2 adopts a slightly distorted
hair conformation. The least-squares plane of this ring makes
n angle of 63◦ with the least squares plane of all the carbon
toms of rings A, B, C and D.

It was not possible to separate aldehydes 11 and 12 aris-
ng from the hydroformylation of (1R)-(−)-myrtenyl acetate
. Their characterization was carried out by GC–MS and 1H
nd 13C NMR spectra of the mixture, assisted by 2D NMR
xperiments (COSY, HMBC, HSQC, DEPT-135 and NOESY)
llowing the assignments of most of their proton and carbon res-
nances, shown in Table 2, and also the stereochemistry of the
roducts.
The main connectivities found in HMBC and HSQC spectra
ere important to determine de regioselectivity of the products.
herefore for the aldehyde 11 there is evidence of correlation
f the aldehydic signal CHO with that of C-3 (δ = 44.4) and

ss peaks observed in the NOESY spectra of 11 and 12.
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lso with the protons CH2OAc and the carbons C-2 (δ = 39.8)
nd C-3 (δ = 44.4) (Fig. 2). On the other hand aldehyde 12 shows
orrelations of the formyl signal CHO with that of C-4 (δ = 49.4)
nd one of the proton CH2OAc with the carbons C-3 (δ = 17.2)
nd C-2 (δ = 42.5). With these observations it was possible to
etermine the regioselectivity of 11 with the formyl group in
osition 3 and aldehyde 12 with CHO in position 4, Fig. 2.

The intense NOE cross peaks observed in NOESY spec-
rum were important to determine the stereochemistry of the
wo aldehydes, 3-formyl and 4-formyl myrtenyl acetate 11 and
2 (Fig. 2). For aldehyde 11 intense NOE cross peaks were
bserved between CHO group and H-2 indicating close prox-
mity. NOE cross peaks were also observed with CH2OAc, H-3
nd CH3-8 (methylenic bridge) indicating that they are on the
ame �-face. These observations were important to conclude
hat the formyl group was bonded to the less hindered �-face,
rans to the methyl acetoxy group. For aldehyde 12 similar inter-
ctions were observed. There is also evidence of intense NOE
ross peaks between CHO and the H-2, being the methylenic
ridge and the CH2OAc on the same �-face, and as it would
e expected the aldehyde is bonded to the less hindered �-face
Fig. 2).

. Conclusion

This paper shows that catalytic hydroformylation using Rh-
ris(o-tert-butylphenyl)phosphite is a useful synthetic strategy
o produce 4-formyl derivatives from the �4-steroids, with
0–70% �-diastereoselectivity, yielding the 4�-formyl-5�-H-
holestane (7). The derivatization of these new formyl steroids
and 7 to the corresponding acetals 9 and 10, allows an easier

urification and full characterization by 2D NMR and X-ray
nalysis of 4�-(5-dimethyl-1,3-dioxan-2-yl)-5�-H-cholestane
9). None of catalysts assayed were effective to promote the
ydroformylation of �5-steroids.

Finally, it has been shown that one of the cis acetoxyformyl
tereoisomers of the �4-3�-acetoxy undergoes sequential
cOH elimination and subsequent hydrogenation to yield the
-formyl derivative. As expected, the trans acetoxy stereoiso-
er is stable under the reaction conditions. This mechanism was

orroborated by the products obtained from the hydroformyla-
ion of (1R)-(−)-myrtenyl acetate where no AcOH elimination
as observed, demonstrating that the allylic path is not involved.
rom these observations we have strong evidence that the hydro-
ormylation reactions of acetoxy steroids do not take place
hrough an allylic intermediate, but undergo AcOH elimination
ollowed by stereoselective hydrogenation of �,�-unsaturated
ldehyde.
Our results also demonstrate that the hydroformylation
eaction of (1R)-(−)-myrtenyl acetate proceeds with 100%
iastereoselectivity, through the face opposite to the isopropyli-
ene brigde.
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