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1,1,3,3,6-Pentamethyl-1,3-disilaindan-5-ol (2) is a key intermediate in the synthesis of new sila-
substituted gonadotropin releasing hormone receptor antagonists, such as 1. In order to produce suffi-
cient quantities of 1 for pharmacological and toxicological evaluation, an efficient synthesis of 2 has been
developed. (1,1,3,3,6-Pentamethyl-1,3-disilaindan-5-yl)methanal (11) was synthesized in a one-pot
procedure. CoBr2/Zn-catalyzed [2þ2þ2] cycloaddition of diyne 3 with the commercially available
monoalkyne 15 was achieved through a slow addition of 3 and CoBr2 to a mixture of 15 and zinc powder
in refluxing acetonitrile, giving rise to 5-(diethoxymethyl)-1,1,3,3,6-pentamethyl-1,3-disilaindane (14).
In-situ aqueous acidification yielded 11. Conversion to 2 was then achieved via a BaeyereVilliger oxi-
dation followed by hydrolysis under basic condition. This novel methodology is useful, not only for the
rapid, large-scale synthesis of 2, but also for the synthesis and development of new sila-substituted drugs
derived from 11.

� 2010 Elsevier Ltd. All rights reserved.
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1. Introduction

Synthesis and evaluation of sila-substituted drugs has attracted
considerable attention as a consequence of the unique biological
activities, physicochemical properties, and chemical reactivities of
sila-drugs when compared with their parent carbon compounds.1

Tacke and Daiss have synthesized, structurally characterized, and
biologically evaluated a large variety of sila-substituted drugs.
These include: selective noradrenaline reuptake inhibitors,2

a-amino acids and peptides as gonadotropin releasing hormone
receptor antagonists,3 muscarinic receptor antagonists,4 selective
s receptor antagonists,5 calcium channel antagonists,6 dopamine
receptor antagonists,7 and histamine H1 antagonists.8

Ina continuationof research into thediscoveryof sila-substituted
drugs,1 1,3-disilaindanes and 1,4-disila-1,2,3,4-tetrahydronaph-
thalenes have recently been prepared utilizing cobalt-catalyzed
[2þ2þ2] cycloaddition reactions.9 These molecular backbones have
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been used for the synthesis of sila-analogues of RXR-selective reti-
noid agonists,10 RAR-selective retinoid agonists,11 and gonadotropin
releasing hormone (GnRH) receptor antagonists.12

In order to elucidate the pharmacological properties of 1,
3-disilaindanes, such as 1, as gonadotropin releasing hormone
receptor antagonists,12,13 it was necessary to develop an efficient
methodology for the synthesis of the key intermediate 1,1,3,3,
6-pentamethyl-1,3-disilaindan-5-ol (2) (Scheme 1). However, re-
ports on large-scale syntheses utilizing cobalt-catalyzed [2þ2þ2]
cycloaddition reactions are rare.14 Herein, we describe an efficient
preparation of 2 utilizing a CoBr2/Zn-catalyzed [2þ2þ2] cycload-
dition reaction.
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2. Results and discussion

2.1. General considerations

Initially 2 was synthesized as described by Tacke et al.12b

(Scheme 2). Compound 2was obtained from 5 via a BaeyereVilliger
oxidation and subsequent hydrolysis. Compound 5 was in turn pre-
pared inmoderate yield from 3 and 4 via a cobalt-catalyzed [2þ2þ2]
cycloaddition reaction utilizing a stoichiometric amount of toxic and
pyrophoric dicobaltoctacarbonyl (Co2(CO)8) in refluxing p-xylene.
3

Si

Si

C4H9

O

5

Si

Si

OH

2

Si

Si

O C4H9

4

+

a) Co2(CO)8 (1 eq.), p -xylene, ref lux, 50%; b) CH3CO3H, CH3CO2H, 65oC, 64%;
c) NaOMe, MeOH, rt, 90%

b, ca

Scheme 2. Initial synthesis of compound 2.
Generally, the cobalt-mediated [2þ2þ2] cycloaddition reaction
required prolonged reaction times, affording complex mixtures,
which were difficult to purify. This lead to the use of impure 5 for
the subsequent step. Therefore, for the large-scale synthesis of 2,
a safe and efficient route to 1,3-disilaindanes was required.

Recently, Tacke et al. reported a simple, efficient catalytic
system for [2þ2þ2] cycloaddition reactions, namely cobalt(II)
iodide (CoI2) and zinc powder in acetonitrile. This was used to
synthesize 1,3-disilaindanes and 1,4-disila-1,2,3,4-tetrahy-
dronapthalenes.9a,d,e,10d,e,11b They demonstrated the preparation
of compound 6 from 7b via conventional oxidation (Scheme 3,
method A).10d We envisaged that compound 7a could poten-
tially be used in an analogous fashion as an intermediate in the
synthesis of 2. However, the monoalkyne 9 is not commercially
available, so alternative methodologies were considered.

Tacke et al. also reported the synthesis of 10 (by oxidation of 12a
with MnO2), which is a potential precursor of 2 (Scheme 3, method
B).9e However, method C (Scheme 3) seemed to be most attractive
for the rapid assembly of 2, as 11 can be obtained from 14 without
the need for an oxidation reaction. In addition, this intermediate
could be prepared via a cobalt-catalyzed [2þ2þ2] cycloaddition
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Scheme 3. Synthetic rou
reaction of 3 and commercially available 15. Accordingly, we
investigated the synthesis of 2 according to method C.
2.2. Synthesis of compound 14 utilizing a cobalt-catalyzed
[2D2D2] cycloaddition reaction

To synthesize compound 14, cobalt-catalyzed [2þ2þ2]
cycloaddition reactions of dialkyne 3 with the commercially avail-
able monoalkyne 15 were investigated under various reaction
conditions with different catalytic systems (Table 1). To ensure that
the reaction mixtures remained safe, a solution of the cobalt cata-
lyst was added dropwise to the mixture of 3,15, and zinc to prevent
a violent reflux occurring as a result of the strongly exothermic
cycloaddition reaction9a,14 (in run 8, a mixture of the cobalt catalyst
and 3 was added dropwise; in run 11, a ruthenium catalyst was
employed without zinc as a co-catalyst).

As Table 1 shows, the [2þ2þ2] cycloaddition reaction of 3 with
15 in the presence of a catalytic amount of CoI2/Zn in refluxing
acetonitrile afforded 14 in good yield (run 1). This was readily
converted into 11 via conventional acid hydrolysis. Interestingly,
the yield of 14 was significantly better than those reported for the
syntheses of 7b and 12.9b,9e,10d Use of solvents, such as THF or ac-
etone did not yield the desired product (runs 2 and 3), and re-
actions at lower reaction temperature (runs 4 and 5) resulted in
a lower yield of 14 or no reaction at all. It is interesting to note that
CoBr2/Zn and CoCl2/Zn catalysis also afforded 14 in refluxing ace-
tonitrile (runs 6 and 7). Use of the CoBr2/Zn system resulted in
a very similar yield of 14 to that obtained with CoI2/Zn. Because
CoBr2 is less expensive andmore readily available than CoI2, it is the
more suitable catalyst for the synthesis of 14 via a cobalt-catalyzed
[2þ2þ2] cycloaddition reaction. In contrast to these results, the
cycloaddition reaction did not proceed in the presence of other
metal catalysts (runs 9e11).

It has been reported that side reactions can lead to cyclic poly-
mers of diyne and/or monoalkyne as by-products in [2þ2þ2] cy-
cloaddition reactions, which significantly affects the yield of the
desired product. In the synthesis of 1,3-disilaindanes and 1,4-disila-
1,2,3,4-tetrahydronaphthalenes utilizing cobalt-catalyzed [2þ2þ2]
cycloaddition reactions, Tacke et al. reported by-products resulting
from a dimerization or trimerization of 3.9a To suppress the for-
mation of such by-products, a solution of 3 and CoBr2 in acetonitrile
was added slowly to a refluxing solution of monoalkyne 15 and zinc
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Table 1
Investigation of the cobalt-catalyzed [2þ2þ2] cycloaddition reaction of 3 with 15a

3

+

OEt

15

EtO
Si

Si

14

OEt

OEt
Cat.

Solvent
Temp.

Si

Si

Run Cat. Solvent Conditions Time Yield of 14

1 CoI2 (0.05 equiv),
Zn (0.1 equiv)

CH3CN Reflux 2 h 70%

2 CoI2 (0.05 equiv),
Zn (0.1 equiv)

THF Reflux 6 h No reaction

3 CoI2 (0.05 equiv),
Zn (0.1 equiv)

Acetone Reflux 2 h Complex
mixture

4 CoI2 (0.05 equiv),
Zn (0.1 equiv)

CH3CN rt 6 h No reaction

5 CoI2 (0.05 equiv),
Zn (0.1 equiv)

CH3CN 50 �C 2 h 50%

6 CoCl2 (0.05 equiv),
Zn (0.1 equiv)

CH3CN Reflux 4 h 50%

7 CoBr2 (0.05 equiv),
Zn (0.1 equiv)

CH3CN Reflux 2 h 70%

8b CoBr2 (0.05 equiv),
Zn (0.1 equiv)

CH3CN Reflux 2 h 87%

9 Co(acac)2 (0.05 equiv),
Zn (0.1 equiv)

CH3CN Reflux 6 h No reaction

10 Co(OAc)2 (0.05 equiv),
Zn (0.1 equiv)

CH3CN Reflux 6 h No reaction

11 Cp*RuCl(cod)c,d

(0.05 equiv)
CH3CN Reflux 6 h Tracee

a Compounds [3]¼0.5 M, [15]¼0.4 M, [Cat.]¼0.02 M.
b Slow addition of 3 into the reaction mixture.
c Cp*¼pentamethylcyclopentadienyl.
d See Ref. 15.
e By-products were not detected.
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Scheme 5. Scaled-up synthesis of 2.
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powder in acetonitrile.16 As we expected, this slow addition im-
proved the yield of 14 and significant polymer formation was not
detected (run 8).

2.3. Synthesis of compound 2 from 11

It is well known that the BaeyereVilliger oxidation reaction17 of
aryl aldehydes affords the corresponding phenols and carboxylic
acids. Compound 11 (prepared from 14) was treated with formic
acid (10 equiv) and aqueous 30% hydrogen peroxide (8 equiv) in
toluene18 to afford a mixture of 16 and 17 in varying ratios
depending on the reaction temperature (Scheme 4). It has been
found that 16 is formed in good yield under mild reaction condi-
tions and in lower yield at higher temperatures. This is due to
a significant formation of carboxylic acid 17. The crude formic acid
ester 16 obtained was then subjected to hydrolysis under basic
conditions to afford 2 in 65% overall yield (for two steps).
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Scheme 4. Conversion of 11 into 2.
2.4. Large-scale synthesis of 2

We have found that the scale-up of the CoBr2/Zn-catalyzed
[2þ2þ2] cycloaddition reaction of 3 (162.6 g, 901 mmol) with 15
(192.3 g, 1.35 mol) can be performed safely utilizing the slow ad-
dition method, as in the small-scale synthesis described above,
affording 14.19 Compound 11 (110.4 g, 444 mmol) was obtained
efficiently via in situ hydrolysis with hydrochloric acid.20 The
BaeyereVilliger oxidation reaction of 11 (107.4 g, 432 mmol), under
the previously described reaction conditions, was scaled-up with-
out problems. The resultant crude formic ester 16 was
hydrolyzed with an aqueous NaOH solution to afford 2 (76.9 g,
325 mmol) in 75% yield over two steps. Thus, a large-scale synthesis
of 2 has been achieved with high efficiency (Scheme 5).
3. Conclusions

An efficient, large-scale synthesis of 5-(diethoxymethyl)-
1,1,3,3,6-pentamethyl-1,3-disilaindane (14) utilizing a CoBr2/Zn-
catalyzed [2þ2þ2] cycloaddition reaction has successfully been
achieved. We have found that CoBr2/Zn in acetonitrile is a useful
catalytic system for the [2þ2þ2] cycloaddition reaction of diyne 3
and monoalkyne 15. The formation of polymeric by-products is
suppressed when a solution of 3 and CoBr2 is added slowly to
a refluxing mixture of 15 and zinc powder in acetonitrile, thus
affording a higher yield of 14. The BaeyereVilliger oxidation reac-
tion of 11 (readily obtained from 14) under mild reaction conditions
and the subsequent hydrolysis of formic ester 16 yielded 2 with
high efficiency. This practical synthetic method is useful not only
for the preparation of larger amounts of GnRH antagonists of the
formula type 1 but also for the synthesis and development of fur-
ther sila-substituted drugs derived from 11.
4. Experimental section

4.1. General

All reactions were carried out under an argon atmosphere.
Reaction workup was carried out without specific precautions
against oxygen or moisture unless otherwise stated. CoBr2 (WAKO
Pure Chemical Industries, Ltd.; purity>97%) and Zn powder (WAKO
Pure Chemical Industries, Ltd.; purity 99.9%, 75e150 mm) were re-
agent grade and used without further purification. Melting points
were measured on a Yanaco MP-500D apparatus. 1H, 13C, and 29Si
NMR spectra were measured on a JEOL JMM-AL400 (1H NMR
measurements), a Bruker Avance 600 (13C NMR measurements), or
a Bruker Avance 400 (29Si NMR measurements) NMR spectrometer
using CDCl3 as the solvent. Thin layer chromatography (TLC)
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analyses were carried out using precoated TLC plates (silica gel 60
F254, E. Merck) or basic TLC plates (NH silica gel, Fuji Sylisia
Chemical Ltd.). Column chromatography was carried out using
silica gel 60 (0.063e0.200 mesh, E. Merck), basic silica gel (Chro-
matorex, NH, 100e200 mesh, Fuji Sylisia Chemical Ltd.), or pre-
packed Purif-Pack columns (silica gel, Moritex Corporation).

4.2. Syntheses

4.2.1. (1,1,3,3,6-Pentamethyl-1,3-disilaindan-5-yl)methanal (11). A
solution of 3 (5.00 g, 27.7 mmol) and CoBr2 (152 mg, 695 mmol) in
acetonitrile (40 mL) was added dropwise over a period of 1.5 h to
a stirred, refluxing mixture of 15 (5.91 g, 41.6 mmol), zinc powder
(181 mg, 2.77 mmol), and acetonitrile (10 mL). The reaction
mixture was stirred under reflux for 30 min and then cooled to
room temperature. Subsequently, 1 N hydrochloric acid (50 mL)
was added, and the reaction mixture was stirred at room tem-
perature for 30 min. The resultant mixture was extracted with
ethyl acetate (100 mL), the aqueous layer was separated and
extracted with ethyl acetate (50 mL), and the combined organic
layers were washed sequentially with water (50 mL) and aqueous
10% NaCl solution (50 mL). The combined organic extracts were
dried over MgSO4 and concentrated in vacuo. The residue was
purified by column chromatography on silica gel (silica gel
(Moritex Corporation), 100 g; eluent, hexane/ethyl acetate (100/
0 to 97/3 (v/v))) to afford 11 (6.00 g, 24.1 mmol) in 87% yield as
a light yellow solid. Recrystallization from absolute ethanol gave
an analytically pure product. Mp 62e63 �C. 1H NMR (400 MHz,
CDCl3) d 0.01 (s, 2H), 0.31 (s, 6H), 0.32 (s, 6H), 2.69 (s, 3H), 7.44
(s, 1H), 7.95 (s, 1H), 10.32 (s, 1H). 13C NMR (150 MHz, CDCl3)
d �3.02, �0.28 (2C), �0.00 (2C), 19.37, 133.62, 134.56, 134.70,
139.56, 147.57, 157.64, 193.18. 29Si NMR (79.5 MHz, CDCl3) d 8.70,
8.68. For the crystal structure analysis of 11, see Supplementary
data. Anal. Calcd for C13H20OSi2$0.1H2O21: C, 62.39; H, 8.14.
Found: C, 62.14; H, 7.92.

4.2.2. 1,1,3,3,6-Pentamethyl-1,3-disilaindan-5-ol (2). Aqueous 30%
hydrogen peroxide solution (146 mL) was added dropwise at room
temperature to a stirred mixture of 11 (44.5 g, 179 mmol), formic
acid (83.8 g, 1.82 mol), and toluene (445 mL) over a period of
30 min. The reaction mixture was stirred at 30 �C for 20 h and then
cooled to room temperature. The organic layer was separated, and
the aqueous layer was extracted with toluene (220 mL). The com-
bined organic extracts were washed sequentially with water
(2�220 mL), aqueous 10% Na2SO3 solution (2�220 mL), and aque-
ous 10% NaCl solution (220 mL). Aqueous 8 N NaOH solution
(45 mL) was then added to the organic layer, and the resulting
mixture was stirred at room temperature for 30 min. The organic
layer was separated, washed sequentially with water (2�45 mL)
and aqueous 10% NaCl solution (45 mL), dried over MgSO4, and
concentrated in vacuo. The residue was purified by column chro-
matography on silica gel (basic silica gel (Chromatorex), 450 g; el-
uent, hexane/ethyl acetate (100/0 to 90/10 (v/v))) to afford 2
(27.4 g) in 65% yield as a pale yellow solid. Recrystallization form
hexane gave an analytically pure product. Mp 93e94 �C. 1H NMR
(400 MHz, CDCl3) d �0.06 (s, 2H), 0.26 (s, 12H), 2.27 (s, 3H), 4.69 (s,
1H), 6.94 (s, 1H), 7.32 (s, 1H). 13C NMR (150 MHz, CDCl3) d �3.06,
�0.27 (2C), �0.00 (2C), 116.69, 124.08, 133.87, 140.86, 149.35,
153.99. 29Si NMR (79.5 MHz, CDCl3) d 8.43, 8.00. For the crystal
structure analysis of 2, see Supplementary data. Anal. Calcd for
C12H20OSi2: C, 60.95; H, 8.53. Found: C, 60.67; H, 8.53.

4.2.3. Large-scale synthesis of (1,1,3,3,6-pentamethyl-1,3-disilaindan-
5-yl)methanal (11). A solution of 3 (162.6 g, 901 mmol) and CoBr2
(5.10 g, 23.3 mmol) in acetonitrile (1.36 L) was added dropwise over
1.5 h to a stirred, refluxing mixture of 15 (192.3 g, 1.35 mol), zinc
powder (6.20 g, 94.8 mmol), and acetonitrile (340 mL). The re-
action mixture was stirred under reflux for 30 min and then cooled
to room temperature. Subsequently, 2 N hydrochloric acid (820 mL)
was added, and the resulting mixture was stirred at room tem-
perature for 1 h. The reaction mixture was extracted with ethyl
acetate (2.5 L), the organic layer was separated and washed se-
quentially with water (1 L) and brine (1 L), dried over MgSO4, and
concentrated in vacuo. The residue was purified by column chro-
matography on silica gel (silica gel 60 (E. Merck), 1.7 kg; eluent,
hexane/ethyl acetate (100/0 to 97/3 (v/v))) to afford 11 (110.4 g) in
49% yield as a light yellow solid. All spectral and analytical data
were identical with those reported above.

4.2.4. Large-scale synthesis of 1,1,3,3,6-pentamethyl-1,3-disilaindan-
5-ol (2). Aqueous 30% hydrogen peroxide solution (352 mL) was
added dropwise at room temperature to an ice-cold stirred solution
of 11 (107.4 g, 432 mmol), formic acid (202 g, 4.39 mol), and tolu-
ene (1.08 L) over a period of 30 min. The reaction mixture was
stirred at room temperature for 24 h. The organic layer was sepa-
rated, and the aqueous layer was extracted with toluene (220 mL).
The combined organic extracts were washed sequentially with
water (600 mL), aqueous 10% Na2SO3 solution (600 mL), and brine
(600 mL). Aqueous 8 N NaOH solution (110 mL) was then added to
the organic layer, and the resulting mixture was stirred at room
temperature for 1 h. The resultant mixture was acidified with a 6 N
hydrochloric acid, the organic layer was separated, washed se-
quentially with water (2�200 mL) and brine (200 mL), dried over
MgSO4, and concentrated in vacuo. The residue was purified by
column chromatography on silica gel (basic silica gel (Chromato-
rex), 1.0 kg; eluent, hexane/ethyl acetate (100/0 to 90/10 (v/v))) to
afford 2 (76.9 g) in 75% yield as a pale yellow solid. All spectral and
analytical data were identical with those reported above.
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