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Abstract

A comparative study of the ligand (5–10) effect on the rhodium catalytic activity and selectivity in the homogeneous hydrogenation of �,�-
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nsaturated oxosteroids (1–4) is reported. The highest activity for C C reduction was observed with phosphite ligands, being diphosphite 10 the
ost active. Furthermore, the presence of phosphite 6 significantly enhances the chemo and �-diastereoselectivity for the hydrogenation reaction.
he �-methyl groups of the steroidal framework lead to a very high �-diastereoselectivity, even in the absence of phosphorous ligands. Substrate
is the paradigm presenting higher than 94% �-diastereoselectivity for any catalytic system studied.
The catalytic system formed from rhodium and the new diphosphite 10 also revealed a remarkable tendency for the C O reduction and a

oteworthy stability.
2005 Elsevier B.V. All rights reserved.
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. Introduction

In steroid chemistry metal–ammonia solutions have been
idely used for the reduction of conjugated enones and
ienones [1,2]. Heterogeneous catalysis has also been exten-
ively employed in steroid hydrogenation being palladium the
referred catalyst for the selective reduction of carbon–carbon
ouble bonds of �,�-unsaturated ketones [1]. Although the
omogeneous catalysts are quite effective for the hydrogenation
f steroidal double bonds, less information is available in the lit-
rature related to the reduction of �,�-unsaturated oxosteroids.
owever, tuning of the reduction selectivity through the design
f catalysts and reaction conditions makes homogeneous catal-
sis an attractive method. For instance, under these conditions
he reduction of �4-3-keto steroids gives mainly the 5�-isomer,
hile the heterogeneous catalysts produce essentially the 5�-

somer. This reversal of stereoselectivity can be of great utility
nd should be exploited in the synthesis of potential bioactive

∗ Corresponding author. Tel.: +351 239854474; fax: +351 239827703.
E-mail address: mmpereira@qui.uc.pt (M.M. Pereira).

molecules. The application of homogeneous reduction of unsat-
urated oxosteroids using rhodium catalysts prepared in situ was
described by Kollár et al. [3] where it was shown that the reac-
tion conditions and ligand structure have a remarkable influence
on the chemoselectivity and diastereoselectivity of the hydro-
genation reaction [3].

In this paper we present a systematic study on the selectivity
of the reduction of �,�-unsaturated oxosteroids 1–4 using in situ
rhodium catalysts containing P-ligands. Systematic variation of
the reaction conditions and ligands 5–10, allows a convenient
modulation of the chemo- and diastereoselectivity of the hydro-
genation, contributing thereby to a better understanding of the
reaction mechanism.

2. Experimental

2.1. Equipments and reagents

1H and 13C NMR spectra were recorded in CDCl3 solutions
on Bruker Avance 300 operating at 300.13 MHz for 1H and
75.47 MHz for 13C, Varian 400 spectrometer at 400.12 MHz for
381-1169/$ – see front matter © 2005 Elsevier B.V. All rights reserved.
oi:10.1016/j.molcata.2005.11.058
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1H and 100.62 MHz for 13C. TMS was used as internal refer-
ence. 1H assignments were made using 2D gCOSY and NOESY
(mixing time of 1 s) experiments, while 13C assignments were
made using 2D gHSQC experiments. GC and GC–MS exper-
iments were carried out on Agilent 6890 series equipped with
capillary Agilent HP5 columns with 30 and 0.5 m, respectively.

Phosphine ligands 9,9-dimethyl-4,5-bis(diphenylphosphino)
xanthene (7), 1,2-bis(diphenylphosphino)ethane (8) and triph-
enylphosphine (5) were purchased from Strem Chemicals and
Merck. Ligand 9 was prepared following reported proce-
dures [4], and ligand 10 [5] was prepared from 1,6-di-O-(t-
butyldiphenylsilyl)-2,5-anhydro-d-mannitol [6,7] by reaction
with 4,4′,6,6′-tetra-t-butyl-2,2′-bisphenoxyphosphorous chlo-
ride [4,8]. Tris-(o-tert-butylphenyl)phosphite (6) was prepared
according to described procedures [9].

[Rh2(�-Cl)2(cod)2] and [Rh2(�-OMe)2(cod)2] [10] were
synthesized accordingly to literature procedures.

Solvents were obtained from commercial sources (Aldrich)
distilled and dried before use, according to standard procedures
[11].

2.2. General hydrogenation procedure

A stock solution of the desired rhodium precursor
(8.06 × 10−3 mmol) was prepared in a Schlenk vessel. Toluene
(10 ml) was added and then purged. The appropriate amounts
of substrate and ligand (see Tables 1–3) as well as a stirring
bar were introduced in the autoclave. The system was closed
and purged. The suitable volume of the rhodium precursor solu-
tion was introduced in the reactor through an inlet cannula. The
reactor was then pressurized with hydrogen. After reaching the
working temperature, stirring was initiated. The conversions and
selectivities were determined by gas chromatography.

2.2.1. Reduction of 4-androstene-3,17-dione 1
4-Androstene-3,17-dione 1 was submitted to catalytic

hydrogenation according to the general procedure described
above. The autoclave was charged with steroid 1 (200.13 mg,
0.70 mmol), ligand 6 (30.3 mg, 0.06 mmol), and [Rh2(�-
OMe)2(cod)2] (6.0 mg, 2.7 × 10−2 mmol). Twenty milliliter of
toluene was introduced in the autoclave via syringe and then

Table 1
Rhodium catalysed hydrogenation of steroid 1

Entry Ligand Conversion (%) Chemoselectivity (1 h) Diastereoselectivity
(1 h), 11:121 h 3 h 11 + 12 (%) Mixture of alcohols (%)

1 91
2 75b

3 84
4 85
5 76
6 98
7 68
8 87
9 87
1 90
1 87
1 56

R 3 mm

T
R

E

1
2
3
4
5
6
7

R

No P 58 96
a 43 93
c 16 28

5 53 76d

e 73 99
6 84 98

c 12 22
7 80 99
8 87 98

0 9 – 72
1 10 99 –
2 – 100

eaction conditions (unless otherwise stated): [Rh2(�-OMe)2(cod)2] (1.6 × 10−
a Solvent, CH3CN.
b 19% Unidentified products.
c [Rh2(�-Cl)2(cod)2] used as precursor.
d Precipitation of Rh metal observed in the reaction vessel.
e Reaction in the presence of Et3N.
f Reaction time, 3 h.

able 2
hodium catalysed hydrogenation of steroid 2
ntry Ligand Conversion (%) Products

1 h 3 h 1 (%)

No P 83 100 2
5 82 100a 32
6 90 100 35b

7 80 100 4
8 67 99 5
9 76 99 36
10 100 – 16

eaction conditions (unless otherwise stated): [Rh2(�-OMe)2(cod)2] (1.6 × 10−3 mm
a Precipitation of Rh metal was observed in the reaction vessel.
b 5% non-identified products.
9 71:29
6 63:37

16 67:33
15 68:32
24 73:27
2 80:20

32 60:40
13 63:37
13 64:36
10 63:37
13 58:42
44 80:20f

ol), substrate:P:Rh = 25:2.5:1, PH2 = 20 bar, T = 100 ◦C, solvent: toluene (2 ml).
(1 h) Diastereoselectivity
(1 h), 11:1211 + 12 (%) Alcohols (%)

90 8 76:24
65 3 60:40
59b 1b 76:24
89 7 61:39
84 11 72:28
59 5 58:42
73 11 67:33

ol), substrate:P:Rh = 25:2.5:1, PH2 = 20 bar, T = 100 ◦C, solvent: toluene (2 ml).
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Table 3
Rhodium catalysed hydrogenation of steroid 4

Entry Ligand Conversion (%) Chemoselectivity (1 h) Diastereoselectivity (1 h), 19:20

1 h 3 h 19 + 20 (%) Byproducts (%)

1 No P 37 73 99 1 98:2
2 5 45 85a 90 10 95:5
3 6 84 99 97 3 98:2
4 7 64 96 92 8 96:4
5 8 36 43 89 11 97:3
6 9 25 53 96 4 97:3
7 10 95 – 96 4 94:6

Reaction conditions (unless otherwise stated): [Rh2(�-OMe)2(cod)2] (1.6 × 10−3 mmol), substrate:P:Rh = 25:2.5:1, PH2 = 20 bar, T = 100 ◦C, solvent: toluene (10 ml).
a Precipitation of Rh metal observed in the reaction vessel.

pressurized to 20 bar H2 and heated to 100 ◦C. The reaction was
maintained during 3 h. After this time, the catalytic reaction was
stopped, the reactor was cooled and depressurized. Evapora-
tion of toluene afforded a crude that was submitted to silica gel
preparative column chromatography using CH2Cl2:AcOEt (9:1)
as eluent. The major fraction was evaporated and the solid prod-
uct recrystallized from petroleum ether yielding 114 mg (57%)
of 5�-H-androstan-3,17-dione 11.

MS-CI (PCI): m/z 288 (M+, 100%), 270 (81%), 252 (10%),
146 (9%); 1H NMR (400 MHz, ppm): δ = 0.82 (s, 3H, 18-
Me); 0.99 (s, 3H, 19-Me); 1.48 (m, 1H, 5-CH); 2.40 (dd, 1H,
J = 19.5 and 8.5 Hz, 4-CH2); 1.30 (m, 6-CH2); 1.21 (m, 7-
CH2); 1.86 (m, 7-CH2); 1.57 (m, 8-CH); 1.25 (m, 9-CH); 1.34,
1.60 (m, 11-CH2); 1.62 (m, 12-CH2); 1.30 (m, 15-CH2); 1.80
(dt, 3J = 12.0 and 4.0 Hz, 15-CH2); 1.99 (m, 16-CH2), 2.63
(t, J = 9.3 Hz, 16-CH2); 13C NMR: δ = 37.1 (C2), 212.5 (C3),
26.3 (C7), 20.4 (C8), 24.7 (C11), 35.8 (C12), 31.6 (C15), 42.2
(C16), 220.9 (C17), 22.6 (C18), 13.8 (C19). [�]D = +102.0◦
(c 1, CH2Cl2); mp: 130–132 ◦C, lit. [12] 132–133 ◦C; Anal.
calcd. For C19H28O2: C, 79.12; H, 9.78; Found C, 79.02;
H, 9.42.

2.2.2. Reduction of 1,4-androstadiene-3,17-dione 2
1,4-Androstadiene-3,17-dione 2 was submitted to catalytic

hydrogenation according to the general procedure described
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1H NMR (300 MHz, ppm): δ = 0.63 (s, 3H, 18-Me); 1.03 (s,
3H, 19-Me); 2.52 (t, J = 9.0 Hz, 1H, 17-CH); 1.19, 1.87 (m, 1-
CH2); 1.59 (m, 2-CH2); 4.60 (m, 1H, 3-CH); 2.30 (d, J = 4.8 Hz,
2H, 4-CH2); 5.38 (d, J = 5.1 Hz, 1H, 6-CH2); 1.47 (m, 7-CH2);
1.99 (td, J = 5.0 and 2.0 Hz, 7-CH2); 1.58 (m, 8-CH); 1.00 (m,
9-CH); 1.15 (m, 11-CH2); 1.46 (m, 12-CH2); 2.05 (m, 12-CH2);
2.13 (s, 3H, 21-Me); 2.03 (s, 3H, 3�-acetate methyl); 13C NMR:
δ = 36.95 (C1), 20.98 (C2), 73.80 (C3), 38.02 (C4), 139.60 (C5),
122.30 (C6), 31.1 (C7), 31.76 (C8), 49.82 (C9), 36.55 (C10),
27.68 (C11), 43.94 (C13), 36.94 (C15), 22.76 (C16), 63.64
(C17), 209.57 (C20), 31.54 (C21), 170.54 (3�-acetate carbonyl),
21.41 (3�-acetate methyl). [�]D = −4.17◦ (c 1, CH2Cl2); mp:
145–147 ◦C, lit. [13] 146–147 ◦C; Anal. calcd. For C23H34O3:
C, 77.05; H, 9.56; Found C, 77.66; H, 9.39.

3. Results and discussion

4-Androstene-3,17-dione 1, was selected as model substrate
to study the chemoselectivity and the diastereoselectivity of C C
versus C O reduction using a rhodium-modified catalyst. The
evaluation of the ligand structure effect on the catalytic reaction
was extended to the conjugated dienone 2 at ring A, as well as to
the conjugated enone 3 at ring B and also to the exocyclic enone
that contains an isolated �5-double bond, the �5,�16-20-ketone
4 (Fig. 1).
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n Section 2.2.1. Evaporation of toluene afforded a crude that
as submitted to silica gel preparative column chromatography
sing CH2Cl2:AcOEt (9:1) as eluent. The major fraction was
vaporated and the solid product crystallized from petroleum
ther yielding (53%) of 5�-H-androstan-3,17-dione 11. All the
haracterization data is in agreement with compound 11, previ-
usly described.

.2.3. Reduction of 3β-acetoxypregna-5,16-dien-20-one 4
3�-Acetoxypregna-5,16-dien-20-one 4 was submitted to cat-

lytic hydrogenation according to the procedure described in
ection 2.2.1. After evaporation of toluene the crude was puri-
ed by silica gel preparative column chromatography using
H2Cl2:AcOEt (9:1) as eluent. The major fraction was evap-
rated and the solid product crystallized from petroleum
ther yielding 80.1 mg (86%) of 3�-acetoxy-17�-H-pregn-5-
ne 19.
In order to study the effect of ligand in the selectivity of the
eaction we selected monophosphine 5 and monophosphite 6
igands, as well as diphosphines 7 and 8 and diphosphites 9 and
0 (Fig. 2). Ligands 5, 7 and 8 are commercially available, 6 [9]
nd 9 [4] were prepared following reported procedures. Ligand
0 was prepared [5] from 1,6-di-o-(t-butyldiphenylsilyl)-2,5-
nhydro-(d)-mannitol [6,7] by reaction with 4,4′,6,6′-tetra-t-
utyl-2,2′-bisphenoxyphosphorous chloride [4,8] (Scheme 1).

In a typical hydrogenation reaction the selected substrate
1–4), the desired phosphorous ligand (5–10) and the toluene
olution of rhodium precursor were introduced in the autoclave.
he autoclave was then pressurized with H2 and the tempera-

ure raised to working temperature. The reaction was maintained
ith stirring at constant pressure for 3 h.
The effect of ligand structure 5–10 on the activity, chemos-

lectivity and diastereoselectivity of the reduction of 4-
ndrostene-3,17-dione 1 is presented in Table 1.
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Fig. 1. Substrate structures.

Fig. 2. Ligand structures.

The product mixtures were analysed and the compounds
11–16 were identified, Scheme 2.

The catalytic activity is significantly dependent on the struc-
ture of the ligands coordinated to the rhodium and also on

Scheme 1.

the catalytic precursor. The use of [Rh2(�-Cl)2(cod)2] instead
of [Rh2(�-OMe)2(cod)2] strongly reduces the catalytic activity
(Table 1, entries 3 and 7). An influence of the solvent was also
observed, toluene affords 58% conversion after 1 h of reaction
(Table 1, entry 1) while acetonitrile decreases the activity to 43%
(Table 1, entry 2).

If the catalytic reaction is done in the presence of Et3N a
significant increase in the catalytic activity is observed (Table 1,
entry 5). It is well documented that in the hydrogenation of C C
and C O bonds with rhodium homogeneous catalysts two dif-
ferent mechanisms, involving the Rh(III) dihydride (hard Lewis
acid) or Rh(I) monohydride (soft Lewis acid) active species can
be involved [14–16] being the monohydrides the most active
ones [17]. The presence of Et3N in the reaction medium or of
the strong base MeO− in the catalytic precursor, may shift the
equilibrium to the Rh(I) species and, consequently, the catalytic
system becomes more active.

Furthermore, the catalytic activity is also increased by the
presence of phosphite 6 and diphosphines 7 and 8 (Table 1,
entries 6, 8 and 9) compared to blank (Table 1, entry 1). Among
the reactions performed with phosphite ligands, the highest cat-
alytic activity for this steroidal internal double bond reduction
was reached with the new diphosphite 10, 99% conversion after
1 h (Table 1, entry 11).
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Scheme 2.

Fig. 3. The chemoselectivity and diastereoselectivity for the C C hydrogena-
tion of steroid 1 (1 h).

The relative chemoselectivities for C C reductions of all the
catalytic systems studied are presented in Fig. 3. The highest
chemoselectivity was achieved using monophosphite 6 as ligand
(Table 1, entry 6). In striking contrast, diphosphite 10 besides
the highest activity in the reduction of C C bond (Table 1, entry
11), also shows great activity in the reduction of the C O groups
(Table 1, entry 12) being especially significant the reduction of
the conjugated carbonyl at C3. It should be emphasized that
the catalytic system formed in the presence of ligand 10, after
longer reaction times (16 h), leads mainly to the reduction of
the carbonyl groups (82%). This mixture of products obtained
was characterized by NMR and GC–MS and is presented in
Scheme 2. In spite of the different reactivity of 11 and 12, both
suffer further reduction mainly of the carbonyl at C3, leading
to the preferential formation of the thermodynamically more
stable equatorial alcohols 13 (40%) presenting 1H NMR peak at
δ = 3.55 (m, 3-CH) with diaxial 3Ja,a couplings and 13C NMR at
δ = 71.4 (C3), and 14 (27%) with 1H NMR peak at δ = 3.59 (m, 3-
CH) with diaxial 3Ja,a couplings and 13C NMR at δ = 70.9 (C3).
Together with the equatorial alcohols, smaller amounts of axial
alcohols 15 (15%) showing 1H NMR broad signal at δ = 4.05,
(bt, 3-CH) due to the lack of diaxial 3Ja,a couplings and 13C
NMR peak at δ = 66.7 (C3), and 16 (11%) with 1H NMR at
δ = 3.98, (bt, 3-CH) broad signal due to the lack of diaxial 3Ja,a

couplings, 13C NMR δ = 66.1, were also observed.
In summary, for substrate 1, phosphite 6 yields the highest

c
i
u

The stability of the catalytic system rhodium-ligand 10 was
also evaluated. A yellow coloured solution, typical of homo-
geneous catalytic species, was observed when the reactor was
opened to the air after 16 h of reaction. Subsequent addition of
more steroid 1 (20 mg) to this reaction mixture, maintaining the
previously described experimental conditions, allowed further
C C reduction with activity and selectivity identical to the one
presented in Table 1 (entry 11). Similar experiments were per-
formed using ligand 6 but an extensive destruction of the catalyst
to metallic rhodium was observed after 16 h of reaction, yielding
isomeric alcohols (52%). These results emphasize that ligand 10
produces particularly stable homogeneous catalytic species even
in the presence of air.

The NOESY spectrum of the isolated major product did not
show any cross peaks between �-19 methyl group and H-5 pro-
ton, indicating that the two groups are on different faces of the
steroidal plane, consequently the H-5 is in the �-face of steroid
framework.

Diastereoselectivity for the reduction of the C C bond on
substrate 1 is presented in Fig. 3. For all the reactions per-
formed, even in the absence of phosphorous ligands, the prefer-
ential formation of the 5�-isomer 11 was observed, pointing out
the involvement of homogeneous catalytically active rhodium
species [3,18–21].

The catalytic system using phosphite 6 resulted in the high-
est diastereoselectivity in the C C reduction. The diphosphite
1
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hemoselectivity in the reduction of the �4 double bond remain-
ng the carbonyl groups at the C3 and C17 positions almost
naffected after 3 h of reaction.
0 showed a particular behaviour also in this context, since 5-�
nd 5-� isomers 11 and 12, present different reactivity for the
arbonyl reduction at C3 (Table 1, entry 12). The diastereoselec-
ivity increases along the reaction due to the preferential 3-keto
roup reduction of the �-isomer 12 (Table 1, entries 11 and 12),
onsequently the ratio 11:12 changes for longer reaction times.

Temperature dependence of the diastereoselectivity (50, 65
nd 100 ◦C) was tested and no significant effect was observed.

Similar catalytic reaction conditions have been applied to the
ydrogenation of androsta-1,4-diene-3,17-dione 2 possessing a
onjugated dienone structure, Scheme 3, and catalytic results
re presented in Table 2.

As previously observed, the catalytic activity is dependent
n the ligand structure, being the highest activity observed for
igand 10 (Table 2, entry 7). For all the ligands studied, an
lmost complete conversion of the dienone 2 into the final satu-
ated ketones 11 and 12 was obtained through the intermediate
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Scheme 3.

�,�-unsaturated ketone 1. This result is explained by the easier
approach of the catalytically active species to the sterically less
hindered �1 double bond.

The relative chemoselectivities observed for the hydrogena-
tion of steroid 2 shows that the hydrogenation of �1 double
bond is followed by the �4 double bond reduction at differ-
ent rates, but none of the catalytic systems studied allowed a
selective �1 reduction. However, the overall results emphasize
that a regioselective reduction of the �1 or �4 can be achieved
by the appropriate design of ligand structure and homogeneous
catalytic reaction conditions.

The highest diastereoselectivity in the reduction of dienone
2 was achieved for reactions performed in the absence of phos-
phorous ligands (Table 2, entry 1) as well as in the presence of
the bulky phosphite 6 (Table 2, entry 3). Due to the simulta-
neous presence of �1 and �4 double bonds, ring A is slightly
bent out of the plane of ring B. Therefore, since both faces of
steroid 2 have similar steric hindrance, the diastereoselectivity
decreases when the �1 and �4 reduction activities are compa-
rable (Table 2, entries 2 and 6).

To evaluate the effect of substrate structure on the activity,
chemo- and diastereoselectivity of the catalytic homogeneous
hydrogenation reactions, these studies were extended to the con-
jugated enone located at ring B, 3�-hydroxycholest-5-en-7-one
3, Scheme 4.

In the presence of ligands 5, 7, 8 and 9 all the catalytic reduc-
tions of steroid 3 gave conversions lower than 10% (3 h). These
results are in agreement with previous reports [3,13,14,22,23]
that point out the sterical hindrance of steroidal �5 double
bonds under different homogeneous catalytic reactions. Again,
the highest activity was achieved with ligands 6 and 10; but only
50% and 60% conversion was obtained, respectively (6 h). After
solvent evaporation the crude, without further purification, was
analysed by 1H NMR, 13C NMR and GC–MS. The mixture of
isomers 17 and 18 was identified as the main products, showing
one peak at δ = 212.33 attributed to the saturated C(7) carbonyl
group and one signal at m/z = 402 (M+) in the MS-EI.

The study on the activity and selectivity of the homogeneous
hydrogenation catalytic processes described above for the endo-
cyclic enones 1–3, was further extended to 3�-acetoxypregna-
5,16-dien-20-one 4 containing an exocyclic carbonyl group.
Ligand 6, under the previously mentioned catalytic reaction con-
ditions, allowed a high conversion in a very short reaction time
(88% in 5 min), emphasizing the easier approach of the catalyt-
ically active species to the less hindered �16 double bond of
substrate 4. Thus, for comparative purpose, the reduction was
performed with a five-fold dilution of the catalyst solution. The
results are summarized in Table 3. The main diastereoisomer
obtained was isolated and identified by 2D NMR techniques
COSY, HSQC and NOESY as being the ketone 19, Scheme 5.

eme 4
Sch
 .
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Scheme 5.

The highest conversion was obtained with diphosphite 10
(Table 3, entry 7). All the catalytic systems presented almost
complete chemoselectivity for the C C bond of the exo-
cyclic enone system. In this case, the angular 18-methyl group
at C13 together with 17-acyl group led to a very high �-
diastereoselectivity (98%) due to the preferred �-side approach
of the catalyst.

From the overall results described it is possible to infer
that depending on the reaction conditions and ligand structure
the Rh(I) monohydride or Rh(III) dihydride can be involved
in the catalytic cycle [17]. The different activities obtained
with [Rh2(�-OMe)2(cod)2] and [Rh2(�-Cl)2(cod)2] precursors
(Table 1, entries 1, 3, 6 and 7) and also the significant influence
of the addition of Et3N (Table 1, entry 5) suggest that the bases
−OMe or Et3N are able to move equilibrium (1) towards the
Rh(I) monohydride [14] species which possesses higher activi-
ties [17,24–26].

[H2RhIIISmLn]+ + B → HRhISmLn + BH (1)

Obviously, the acidity of the Rh(III) dihydride depends on
the type and number of ligands coordinated to the metal. The
presence of �-acid ligands (phosphite) favours the Rh(I) mono-
hydride species [27,28] while triphenylphosphine and the basic
alkyldiphosphines stabilize the Rh(III) dihydride complex.

4
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C C hydrogenation was observed with phosphite ligands, being
diphosphite 10 the most active. Furthermore, this ligand 10 leads
to the formation of a stable catalytic system which reveals a
remarkable activity for oxo-group reduction.

Studies on the reduction of carbonyl groups with rhodium
homogeneous catalytic systems modified with phosphite ligands
are currently underway.
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