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Silicon-Mediated Inactivation of Diamine Oxidase
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The design, synthesis, and biologic evaluation of potential silicon-containing inhibitors of
diamine oxidases (siladiaminopropane 1, silaputrescine 2, and sila analogs of cadaverine 3,
4, and 5) are described. All compounds have been prepared independently. The common
feature in the reported syntheses is the way chosen to introduce the amine group relative to
silicon: the Gabriel-type approach to obtaining aminomethyl- and aminopropylsilanes and
the Mitsunobu-type approach to obtaining aminoethylsilanes. Among the synthesized silane
diamines, compounds 1 and 3 have been found to be time-dependent inhibitors of diamine
oxidases prepared from hog kidney and rat small intestine. These results extend and generalize
the concept of silicon-based inactivation of amine oxidases.  1996 Academic Press, Inc.

INTRODUCTION

It was recently reported that (aminoalkyl)trimethylsilanes and derivatives pro-
duce mechanism-based inactivation of the flavin-containing monoamine oxidases
(1–4); of the copper-containing bovine plasma amine oxidase (5), for which recent
studies have shown that the active-site cofactor is 2,4,5-trihydroxyphenylalanine
(TOPA) (6–8); and of semicarbazide-sensitive amine oxidase (9), an enzyme insen-
sitive to copper-chelating agents (10) and for which the cofactor (presumably con-
taining a carbonyl group) is unknown (11). With the exception of monoamine
oxidase (MAO, EC 1.4.3.4), the aforementioned oxidases belong to the same class
of enzymes (EC 1.4.3.6) according to the Nomenclature Committee of the Interna-
tional Union of Biochemistry and Molecular Biology (12) and are inhibited by
aminoguanidine, semicarbazide, or other hydrazines. However, the physiological
significance of these enzymes is unclear (13). This is due in large part to the
unavailability of selective inhibitors of these enzymes. We thus report our own
work on the design, synthesis, and biological evaluation of new potential irreversible
silicon-based inhibitors of diamine oxidase.

From the mechanism of copper-dependent amine oxidases (8),
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SCHEME 1. Proposed mechanism of oxidation of an amine by a TOPA-bound diamine oxidase.

(see Scheme 1), we expected that processing of the following silane diamines 1–5
(Fig. 1) by diamine oxidase might result formally in transaminative desilylation and
attachment of [R(CH3)2Si] to a nucleophilic residue of the active site (NuUE;
Schemes 2 and 3, path a) or in simple transamination (Schemes 2 and 3, path b)
which would produce E(TOPA)HN1 uCHSi(CH3)2R or E(TOPA)HN

1
uCHCH2

Si(CH3)2R, potential alkylating or silylated agents, respectively (1, 3).
Several analogs of putrescine, the prototype substrate of diamine oxidase (14),

have been prepared. Thus, siladiaminopropane 1, silaputrescine 2, and sila analogs
of cadaverine 3, 4, and 5 were synthesized (Fig. 1) and tested for their potential
inhibitor activity on various amine oxidases.

RESULTS AND DISCUSSION

Chemistry

All compounds were synthesized independently. Two general synthetic ap-
proaches were used: When the protected amine was one or three methylene units
away from the silicon atom, structures of type A or C (Fig. 2) were obtained through

FIGURE 1
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SCHEME 2. Possible mechanism of inactivation of a TOPA-bound diamine oxidase by silicon methyl-
amines.

SCHEME 3. Possible mechanism of inactivation of a TOPA-bound diamine oxidase by silicon ethyl-
amines.
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FIGURE 2

straightforward substitution of the proper a-halogenoalkylsilane with potassium
phthalimide, sodium azide, or di-tert-butyliminodicarboxylate, potassium salt (15);
however, when the protected amine was two methylene units away from the silicon
atom, structures of type B (Fig. 2) were prepared through a Mitsunobu-type ap-
proach (for review, see 16) from the proper hydroxyl precursor. Mild neutral
conditions were necessary in this case to avoid the well-known b-elimination reac-
tion of b-functional organosilanes (for a review of this principle, see 17).

The last step in the described syntheses was an acidic cleavage of the properly
protected diamines, removal under basic conditions affording the desired diamine
in very low yields (see synthesis of 2).

The synthesis of the symmetrical diamines 1 and 5 was performed as described
in Scheme 4. The volatile diamine obtained by catalytic hydrogenation of diazide
7a was difficult to purify (see also 18); to avoid this problem, the di-BOC derivative
was formed in situ by direct reaction of di-BOC-dicarbonate with the hydrogenation
mixture, subsequent acidic deprotection giving compound 1 as a crystalline salt, in
reasonable yield. A similar approach was used to prepare diamine 5 (in this case,
8b was obtained in two steps from 7b).

Several approaches to the desired silaputrescine 2 were tried, as described in
Scheme 5. The key intermediate, ester 9, was prepared in 83% yield from chloro-
(chloromethyl)dimethylsilane and tert-butyl acetate following a published procedure
(19). In the first approach, the diphthalimido derivative 11 could be obtained in
three steps: reduction of ester 9 to the corresponding alcohol derivative with lithium
aluminum hydride, transformation of the alcohol to monophathlimide derivative
10 by the Mitsunobu procedure, and finally introduction of the second phthalimido
group using the Gabriel approach. The highly insoluble 11 could not be efficiently
deprotected to the desired diamine 2, neither by refluxing in concentrated HCl
nor by treatment with methylhydrazine, where only traces of 2 could be detected

SCHEME 4
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SCHEME 5

(instability of 2 under basic conditions). Alternatively, to overcome the solubility
problem of 11, the monophthalimido-containing azide derivative 12 was prepared;
hydrogenation of the latter did not give the desired 1-[2-(N-phthalimido)ethyl]-
aminomethyldimethylsilane but resulted in the undesired cyclic derivative 13 (spec-
troscopic data in accordance with its structure; see Experimental Procedures). Sila-
putrescine 2 was successfully obtained by refluxing compound 13 in concentrated
HCl. Finally, a more straightforward approach gave diamine 2 in better overall
yield: the tetra-BOC-diamine 15 was prepared using chemical procedures similar
to those used to obtain diphthalimido derivative 11, di-tert-butyliminodicarboxylate
replacing phthalimide in the Mitsunobu- and Gabriel (potassium salt)-type reac-
tions. Deprotection of 15 under mild acidic conditions afforded the desired silapu-
trescine, dihydrochloride 2 in 77% yield.

The asymmetric silacadaverine 3 was synthesized according to Scheme 6. The
propyl side chain was attached to the silicon atom by condensation of the Grignard
reagent derived from 3-benzyloxy-1-chloropropane and chloro(chloromethyl)di-
methylsilane. Stepwise introduction of a BOC-protected amine moiety afforded
compound 18. Deprotection to alcohol 19 and Mitsunobu reaction with phthalimide
gave the bis-protected diamine 20, subsequently transformed to the desired diamine
dihydrochloride 3 (refluxing in concentrated HCl).

Synthesis of the symmetrical silacadaverine 4 is described in Scheme 7. The
unsaturated bis-BOC-protected amine 23 was prepared according to the procedure
used for the obtention of compound 14 (Scheme 5). Epoxidation of vinylsilane 23
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SCHEME 6

gave epoxide 24 in very good yield (95%). Selective conversion of a-epoxysilanes
to b-hydroxysilanes is known to occur with lithium aluminum hydride (20), but
only traces of 25 could be detected with this reagent due to the reactivity of the
bis-BOC-protected amine (loss of one BOC group in one identified byproduct).
Alcohol 25 was obtained in an acceptable yield with the attenuated reducing agent,
tri(tert-butoxy)lithium aluminum hydride. Silacadaverine 4 was obtained as its dihy-
drochloride salt in 72% yield by deprotection of the tetra-BOC diamine 26 in HCl/
diethyl ether.

Biochemistry

Compounds 1–5 were tested as potential time-dependent inhibitors of diamine
oxidases prepared from hog kidney and rat small intestine. At concentrations as

SCHEME 7
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high as 10 mM, 2, 4, and 5 did not produce any enzyme inactivation. In addition,
it was checked that 2, 4, and 5 were neither reversible inhibitors nor substrates of
the enzymes when tested at 1 mM. On the contrary, incubation of either enzyme
with 1 or 3 resulted in time-dependent loss of diamine oxidase activity which
followed first-order kinetics. Loss of activity was related to inhibitor concentration.
By plotting the time of half-inactivation (t1/2) as a function of the reciprocal of
inhibitor concentration (1/I) according to the method of Kitz and Wilson (21), a
straight line was obtained. Except in the case of the inactivation of rat small intestine
diamine oxidase by 3, the line did not pass through the origin but intercepted the
positive y axis, demonstrating a saturation effect which involves the enzyme active
site in the inhibitory process. Kinetic constants for the time-dependent inhibition
of the enzymes, i.e., the apparent dissociation constant (KI) and the times of half-
inactivation to infinite concentration of inhibitor (t1/2), could be extrapolated from
such Kitz and Wilson replots (see Table 1).

Further studies on diamine oxidases by 1 and 3 showed protective effects of
putrescine, a substrate of the enzymes. This confirms that the inactivation takes
place in the active site. Furthermore, addition of 2-mercaptoethanol (5 mM) to the
preincubation medium did not modify inactivation rates. These results, as well as
the absence of a lag time before the onset of inhibition, rule out the possibility that
the species responsible for inactivation were released from the enzyme active site
(22). Incubation of hog kidney diamine oxidase with 1 mM 1 for 40 min at 378C
resulted in 75% inactivation of the enzyme. Prolonged (24 h) dialysis at 48C of
the inactivated enzyme produced a partial regeneration (20%) of enzyme activity,
suggesting that covalent linkage of the inhibitor to the enzyme, if any, is slowly
reversible. Qualitatively similar results were observed for compound 3.

Discussion

Our results demonstrate that the silane diamines 1 and 3 are mechanism-based
inhibitors of diamine oxidases from hog kidney and rat small intestine. However, it
is noteworthy that compounds 2, 4, and 5 do not produce time-dependent inhibition.
Compound 4 was expected to produce inactivation of diamine oxidase through
pathways shown in Scheme 3; furthermore, there are precedents for amine oxidase

TABLE 1
Kinetic Constants of Diamine Oxidase Irreversible Inhibitors

Hog kidney diamine Rat small intestine
oxidase diamine oxidase

Compound K1 (mM) t1/2 (min) K1 (mM) t1/2 (min)

1 3.0 6 0.6 0.6 6 0.1 1.8 6 0.5 0.5 6 0.1
3 13 6 6 1.8 6 1.1 No saturation kinetics

(t1/2 5 6.7 min at 5 mM)
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inhibition by (aminoethyl)trimethylsilanes or analogs (1, 9). Two possible reasons
may explain the lack of activity of 4: either the dimethylsilane group in the b-
position of the amine produces a steric hindrance which impairs any binding to the
enzyme or the pathways in Scheme 3 are not compatible with the enzyme mecha-
nism. The fact that 4 is neither a reversible inhibitor nor a substrate for the two
enzymes (at least up to 1 mM) would favor the first alternative. If the steric hindrance
of the dimethylsilane moiety in the b-position of the amine is the cause of the lack
of activity of 4, then compound 2, which is asymmetrical, may be oriented as 4 in
the active site. The absence of activity of 5 could also be explained by steric
hindrance (two dimethylsilyl groups in the structure).

That the inactivation of diamine oxidases by 1 appears to be slowly reversible
upon prolonged dialysis would favor path b, and even b1 (Scheme 2) by analogy
with the mechanisms demonstrated by Banik and Silverman (3) for the inactivation
of bovine MAO-B by (aminomethyl)trimethylsilane. The inactivation of diamine
oxidases by 3 could be similar to that produced by 1 if the compound interacts as
a Schiff base with the cofactor on the aminomethyl side. If the Schiff base is formed
between the cofactor and the less basic (23) aminopropyl side of 3, a radical
mechanism might be involved, in analogy with the mechanism proposed for the
inactivation of bovine MAO-B by (aminopropyl)trimethylsilane. A radical mecha-
nism has been recently suggested for the plasma amine oxidase catalysis (24).
Additional work will be required to further clarify the nature of interaction of
silane diamines with diamine oxidases.

In conclusion, our results show that it is possible to design silane diamines which
produce inactivation of diamine oxidases from two different sources. In this respect,
our results extend and generalize the concept of silicon-based inactivation of
amine oxidases.

EXPERIMENTAL PROCEDURES

Material and General

Anhydrous solvents were obtained as follows: diethyl ether and tetrahydrofuran
were distilled from sodium/benzophenone; dimethylformamide and diisopropyla-
mine were distilled from calcium hydride. All the following commercially available
reagents were used as obtained. 1,3-Bis(chloromethyl)tetramethyldisiloxane and
vinyldimethylchlorosilane were purchased from Petrarch Systems; bis(chloro-
methyl)dimethylsilane, chloro(chloromethyl)dimethylsilane, sodium azide, di-tert-
butyldicarbonate, and diethylazodicarboxylate from Aldrich; lithium aluminum hy-
dride, platinum oxide, and diisopropylazodicarboxylate from Janssen Chimica; di-
tert-butyliminodicarboxylate and 10% palladium on activated charcoal from Fluka;
tert-butyl acetate, butyllithium, phthalimide, potassium phthalimide, lithium alumi-
num tri(tert-butoxy)hydride, and triphenylphosphine from Merck–Schuchardt.

Thin-layer chromatography and flash chromatography refer to silica gel chroma-
tography (Merck 60 PF254 plates and kieselgel 60, 230–300 mesh). The BOC-
protected amines and amine derivatives were visualized with ninhydrin, the other
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derivatives with vanillin. Unless otherwise specified, usual workup means drying
the organic layer on anhydrous sodium sulfate and evaporating the solvent under
reduced pressure. Melting points were determined on a Mettler FP62 apparatus.
Mass spectra were recorded on a Finnigan TSQ-46 (chemical ionization and ammo-
nia as the reactive gas) or a Finnigan SSQ-70 (LC–MS, ammonium acetate, FIA
mode). 1H NMR was recorded either on a Varian EM 390 NMR (90 MHz) or on
a Brücker instrument (360 MHz). Chemical shifts (d) are reported in ppm units
downfield from tetramethylsilane (external or internal) and coupling constants (J)
in Hertz.

Enzyme Preparations and Assays

Mouse small intestine diamine oxidase was partially purified according to Snyder
and Hendley (25). Hog kidney diamine oxidase was commercially available (Sigma
Chemical Co., St. Louis, MO). Diamine oxidase activity was measured at pH 7.8
as described by Snyder and Hendley (25), using putrescine (Sigma Chemical Co.)
or silane diamines as substrates. Homovanillic acid and horseradish peroxidase,
used in the diamine oxidase assay, were purchased (Calbiochem, San Diego, CA).
Time-dependent inhibition kinetics were determined as following: 630 el diamine
oxidase in phosphate buffer (pH 7.8) was incubated with 70-el solutions of inhibitors
at 378C; at given time intervals, 100-el aliquots were withdrawn and measured for
diamine oxidase activity as described above.

Substitution with Sodium Azide: General Procedure

Bis(azidomethyl)dimethylsilane 7a. A mixture of bis(chloromethyl)dimethylsi-
lane (0.785 g, 5 mmol) and sodium azide (1.95 g, 30 mmol, 6 eq) in anhydrous
dimethylformamide (30 ml) was heated for 16 h at 508C under stirring and anhydrous
conditions. Dilution with water (300 ml), extraction with pentane (2 3 150 ml),
and usual workup gave 7a as a colorless oil (10.68 g, 80% yield). 1H NMR (CDCl3)
0.22 (s, 6H), 2.93 (s, 4H).

1,3-Bis(azidomethyl)-1,1,3,3-tetramethyldisiloxane 7b. Prepared in 90% yield from
6b as described above for 7a. 1H NMR (CDCl3) 0.20 (s, 12H), 2.80 (s, 4H).

1-[2-(N-Phthalimido)ethyl]azidomethyldimethylsilane 12. Prepared in 80% yield
from 10 as described above for 7a (3 eq of sodium azide, extraction with diethyl
ether). 1H NMR (CDCl3) 0.20 (s, 6H), 1.15 (m, 2H, AA9 part of an AA9BB9 spin
system), 2.90 (s, 2H), 3.80 (m, 2H, BB9 part), 7.83 (m, 4H).

Substitution with Potassium Phthalimide: General Procedure

1-(3-Benzyloxy)propyl-N-phthalimidomethyldimethylsilane 17. A mixture of 16
(4.67 g, 18.2 mmol) and potassium phthalimide (4.07 g, 22 mmol) in 20 ml of dry
dimethylformamide was heated overnight at 758C under stirring and anhydrous
conditions. After dilution with water (200 ml) and extraction with diethyl ether
(2 3 100 ml), usual workup gave an oil purified by flash chromatography (ethyl
acetate/petroleum ether 1/9) to yield title compound 17 (4.84 g, Rf 0.30, 72% yield).
MS (LC–MS), m/e 368 (MH1), 385 (MNH1

4 ). 1H NMR (CDCl3) 0.10 (s, 6H), 0.67
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(m, 2H, AA9 part of a AA9BB9 spin system), 1.70 (m, JHH 5 6 Hz, 2H, BB9 part),
3.23 (s, 2H), 3.50 (t, JHH 5 6 Hz, 2H), 4.50 (s, 2H), 7.40 (s, 5H), 7.80 (m, 4H).

1-[2-(N-Phthalimido)ethyl]-N-phthalimidomethyldimethylsilane 11. Prepared in
72% yield from 10 as described above for 17. Rf 0.23 (ethyl acetate/petroleum ether
2/8). 1H NMR (CDCl3) 0.20 (s, 6H), 1.12 (m, 2H, AA9 part of a AA9BB9 spin
system), 3.28 (s, 2H), 3.80 (m, 2H, BB9 part), 7.80 (m, 8H).

Substitution with Di-tert-butyliminodicarboxylate, Potassium Salt

Preparation of crude potassium salt. To a solution of di-tert-butyliminodicarboxy-
late (4.345 g, 20 mmol) in absolute ethanol (10 ml) was added a solution of potassium
hydroxide (1.066 g, 19 mmol) in absolute ethanol (20 ml). The mixture was stirred
for 15 min. Diethyl ether was added until precipitation of the potassium salt. The
crystalline product was filtered and washed with diethyl ether. The vacuum-dried
salt (3.51 g, 69% yield) was used without further purification.

1 - [2 - N - (Bis - tert - butoxycarbonyl)amino]ethyl - N - bis(tert-butoxycarbonyl)
aminomethyldimethylsilane 15. A mixture of 14 (0.352 g, 1 mmol) and di-tert-
butyliminodicarboxylate, potassium salt (0.281 g, 1.1 mmol), in anhydrous dimethyl-
formamide (7 ml) was kept for 16 h at room temperature under stirring and anhy-
drous conditions. Extraction with water (60 ml) and ether (3 3 30 ml) and usual
workup of the organic layer gave 0.454 g of crude product purified by flash chroma-
tography (ethyl acetate/petroleum ether 1/9). The title compound 15 was obtained
in 68% yield (0.364 g, Rf 0.44). 1H NMR (CDCl3) 0.23 (s, 6H), 1.17 (m, 2H, AA9
part of a AA9BB9 spin system), 1.70 (s, 36H), 3.67 (s, 2H), 3.80 (m, 2H, BB9 part).

Mitsunobu Reaction with Phthalimide: General Procedure

1-[3-(N-Phthalimido)propyl]-N-(tert-butoxycarbonyl)aminomethyldimethylsilane
20. To a solution of alcohol 19 (0.500 g, 2 mmol), triphenylphosphine (0.572 g, 2.2
mmol), and phthalimide (0.370 g, 2.2 mmol) in anhydrous tetrahydrofuran (12 ml)
at 08C was added slowly under argon a solution of diethylazodicarboxylate (0.435
g, 2.5 mmol) in 3 ml of anhydrous tetrahydrofuran. The reaction mixture was kept
for 3.5 h at room temperature and concentrated in vacuo. The residue was purified
by flash chromatograph (ethyl acetate/petroleum ether 25/75) to afford 20 in 69%
yield (0.520 g, Rf 0.60). MS (LC–MS) m/e 377 (MH1). 1H NMR (CDCl3) 0.07 (s,
6H), 0.63 (m, 2H, AA9 part of a AA9BB9 spin system), 1.20–1.97 (m, 2H), 1.43 (s,
9H), 2.63 (broad s, 2H), 3.67 (t, JHH 5 8 Hz, 2H), 4.37 (broad s, NH), 7.77 (m, 4H).

1-[2-(N-Phthalimido)ethyl]chloromethyldimethylsilane 10. Prepared in 30% yield
from ester 9 as described above for 20. The Mitsunobu reaction was performed on
an alcohol contaminated with trimethylsilyl ethanol which originated from hydro-
genolysis of the chlorine atom concomitant with reduction of the ester group. 10
(Rf 0.31) was separated from 1-(2-N-phthalimido)ethyltrimethylsilane (Rf 0.43) by
flash chromatography (ethyl acetate/petroleum ether 1/9). 1H NMR (CDCl3) 0.20
(s, 6H), 1.18 (m, 2H, AA9 part of a AA9BB9 spin system), 2.87 (s, 2H), 3.48 (m,
2H, BB9 part), 7.85 (m, 4H).
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Mitsunobu Reaction with Di-tert-butyliminodicarboxylate: General Procedure

1-[2-N-(Bis-tert-butoxycarbonyl)amino]ethylvinyldimethylsilane 23. To a solution
of alcohol 22 (0.260 g, 2 mmol), triphenylphosphine (0.577 g, 2.2 mmol), and di-
tert-butyliminodicarboxylate (0.456 g, 2.1 mmol) in dry tetrahydrofuran (4 ml) was
added dropwise at room temperature under nitrogen a solution of diisopropylazodi-
carboxylate (0.485 g, 2.4 mmol) in dry tetrahydrofuran (5 ml). After stirring for 16
h, the reaction mixture was concentrated in vacuo and the residue was purified by
flash chromatography (ethyl acetate/petroleum ether 1/9) to give desired compound
23 (0.310 g, Rf 0.37, 47% yield). MS (LC–MS) m/e 330 (MH1), 347 (MNH1

4 ). 1H
NMR (CDCl3) 0.10 (s, 6H), 0.98 (m, 2H, AA9 part of a AA9BB9 spin system), 1.53
(s, 18H), 3.67 (m, 2H, BB9 part), 5.67–6.50 (m, 3H).

1-[2-(N-Bis-tert-butoxycarbonyl)amino]ethylchloromethyldimethylsilane 14. Pre-
pared in 21% yield from ester 9 as described above for 23. The Mitsunobu reaction
was done on an alcohol contaminated with trimethylsilylethanol (see 10). 14 (Rf 0.33)
was separated from 1-[2-N-(bis-tert-butoxycarbonyl)amino]ethyltrimethylsilane (Rf

0.38) by flash chromatography (ethyl acetate/petroleum ether 5/95). 1H NMR
(CDCl3) 0.13 (s, 6H), 0.93 (m, 2H, AA9 part of a AA9BB9 spin system), 1.53 (s,
18H), 2.80 (s, 2H), 3.67 (m, 2H, BB9 part).

1-Bis[2-N-(hbis-tert-butoxycarbonyljamino)ethyl]dimethylsilane 26. Prepared in
47% yield from 25 as described above for 23. Rf 0.15 (ethyl acetate/petroleum ether
2/8). 1H NMR 0.02 (s, 6H), 0.90 (m, 4H, AA9 part of a AA9BB9 spin system), 1.45
(s, 36H), 3.77 (m, 4H, BB9 part).

Cleavage with Concentrated HCl: General Procedure

1-(3-Amino)propylaminomethyldimethylsilane, dihydrochloride 3. Bis-protected
diamine 20 (0.460 g, 1.22 mmol) was solubilized within a few minutes in concentrated
HCl (50 ml) due to rapid cleavage of the BOC moiety. The reaction mixture was
stirred at 1108C for 45 h until complete deprotection and was then concentrated in
vacuo. The residue was dissolved in water (20 ml) and the aqueous layer extracted
with diethyl ether (2 3 50 ml). After evaporation of the aqueous layer in vacuo,
the residual solid (0.250 g) was crystallized from methanol/ether to obtain the
desired diamine, dihydrochloride 3 (0.100 g, 38% yield). MS (LC–MS) m/e 147
(MH1), m/e 293 (2MH1). See Tables 2 and 3.

1-(2-Amino)ethylaminomethyldimethylsilane, dihydrochloride 2. Prepared in 56%
yield from 13 (0.130 g). MS (LC–MS) m/e 133 (MH1), m/e 265 (2MH1). See Tables
2 and 3.

Cleavage with Diethyl Ether Saturated with HCl Gas: General Procedure

1-(2-Amino)ethylaminomethyldimethylsilane, dihydrochloride 2. Tetra-BOC de-
rivative 15 (0.364 g, 0.68 mmol) was solubilized in 40 ml of anhydrous ether saturated
with HCl gas under anhydrous conditions. After stirring for 0.5 h at room tempera-
ture, a white solid started to precipitate. Stirring was continued for 24 h for complete
deprotection. Filtration under argon stream, rinsing with dry ether, and overnight
drying in vacuo gave silaputrescine, dihydrochloride 2 as a white solid (0.108 g,
77% yield).
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TABLE 2

Elemental analysis

Compound Salt formula Calculated Found Melting point (8C)

C 25.13 C 25.09
1 C4H14N2Si, 2HCl H 8.44 H 8.51 229–231

N 14.65 N 14.53
C 29.27 C 29.20

2 C5H16N2Si, 2HCl H 8.84 H 8.85 262–264
N 13.65 N 13.69
C 32.87 C 32.69

3 C6H18N2Si, 2HCl H 9.20 H 9.84 180–182
N 12.78 N 12.81
C 32.87 C 32.97

4 C6H18N2Si, 2HCl H 9.20 H 9.53 277–281 (dec.)
N 12.78 N 11.96
C 26.71 C 26.61

5 C6H20N2Si2 , 2HCl, 0.25H2O H 8.41 H 8.42 246–248
N 10.38 N 10.32

TABLE 3
NMR Data

H dimethylsilyl Ha nitrogen H others
Compound d (ppm) d (ppm) d (ppm)

0.33, s, 6H 2.61, s, 4HH2N Si NH2, 2HCl1

0.22, s, 6H H1: 2.52, s, 2H H2: 1.13, m, 2H
H3: 3.10, m, 2H BB9 part
AA9 part of an

H2N Si
NH2, 2HCl

1 2

3
2

AA9BB9

spin system

0.18, s, 6H H1: 2.47, s, 2H H2: 0.71, m, 2H
H4: 2.98, t, 2H AA9 part of an
JH3H4: 8 Hz AA9BB9

H2N Si NH2, 2HCl
1 2 4

3
3

spin system
H3: 1.68, m, 2H
BB9 part

0.13, s, 6H 3.09, m, 4H 1.04, m, 4H
AA9 part of an BB9 part

H2N
Si

NH2, 2HCl4

AA9BB9

spin system

0.29, s, 12H 2.48, s, 4H
OH2N Si NH2, 2HCl5 Si
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Bis(aminomethyl)dimethylsilane 1. Prepared from 8a (0.098 g, 58% yield). See
Tables 2 and 3.

Bis-1-(2-amino)ethyldimethylsilane 4. Prepared from 26 (0.053 g, 72% yield). MS
(LC–MS) m/e 147 (MH1). See Tables 2 and 3.

1,3-Bis(aminomethyl)-1,1,3,3-tetramethyldisiloxane 5. Prepared from 8b (0.070 g,
67% yield). See Tables 2 and 3.

Alkylation of Tert-butyl Acetate with a Chlorosilane Derivative:
General Procedure

Tert-butyl vinyldimethylsilyl acetate 21. To a solution of diisopropylamine (2.8
ml, 20 mmol) in 10 ml of anhydrous tetrahydrofuran was added dropwise at 2788C
under nitrogen n-butyllithium (13.3 ml of 1.5 M solution in hexane, 20 mmol). The
cooling bath was removed, and the mixture was allowed to rise to 08C and immedi-
ately cooled again to 2788C. A solution of tert-butylacetate (2.32 g, 20 mmol) in
anhydrous tetrahydrofuran (20 ml) was added over 10 min to lithium diisopropyl-
amide and the resulting mixture was kept at 2788C for 0.75 h. A solution of
vinyldimethylchlorosilane (2.41 g, 20 mmol) in 10 ml of anhydrous tetrahydrofuran
was added to this mixture over a period of 10 min. The reaction mixture was kept
for 1.5 h at 2788C and then allowed to return to room temperature. Hydrolysis with
a saturated solution of ammonium chloride (100 ml) and water (50 ml), extraction of
the aqueous phase with ether (2 3 100 ml), and usual workup gave an oily residue
(4.25 g) which was purified by flash chromatography (ethyl acetate/petroleum ether
3/97) to yield the title compound 21 (3.32 g, Rf 0.7, 85% yield). 1H NMR (CDCl3)
0.27 (s, 6H), 1.50 (s, 9H), 1.93 (s, 2H), 5.70–6.53 (m, 3H).

Tert-butyl (chloromethyl)dimethylsilyl acetate 9. Prepared in 72% yield from chlo-
ro(chloromethyl)dimethylsilane as described above for 21. Rf 0.56 (ethyl acetate/
petroleum ether 5/95). 1H NMR (CDCl3) 0.23 (s, 6H), 1.45 (s, 9H), 1.95 (s, 2H),
2.87 (s, 2H).

Reduction with Lithium Aluminum Hydride: General Procedure

Vinyldimethylsilyl ethanol 22. To 0.630 g (16.6 mmol) of lithium aluminum hydride
suspended in 33 ml of anhydrous diethyl ether was added slowly at 08C under
nitrogen a solution of ester 21 (3.32 g, 16.6 mmol) in anhydrous diethyl ether (33
ml). After stirring for 2 h at 08C and 1.5 h at room temperature, 0.63 ml of water,
0.63 ml of 15% solution of NaOH, and again water (1.89 ml) were successively
added to the mixture. The resulting mixture was filtered off and the precipitate
was washed with ether. Usual workup of the filtrate afforded 2.91 g of crude 22.
Purification by flash chromatography (ethyl acetate/petroleum ether 1/9) gave 22
as a colorless oil (2.01 g, Rf 0.23, 93% yield). 1H NMR (CDCl3) 0.15 (s, 6H), 0.97
(m, 2H, AA9 part of an AA9BB9 spin system), 1.53 (s, OH), 3.83 (m, 2H, part BB9),
5.67–6.50 (m, 3H).

(Chloromethyl)dimethylsilyl ethanol. Prepared from 9 as described above for 22.
Yield not calculated owing to the presence of trimethylsilyl ethanol (see compound
10). 1H NMR (CDCl3) 0.17 (s, 6H), 1.10 (m, 2H, AA9 part of an AA9BB9 spin
system), 2.87 (s, H), 3.83 (m, 2H, part BB9).
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Bis[N-(tert-butoxycarbonyl)aminomethyl]dimethylsilane 8a. A mixture of 0.560
g (3.3 mmol) of diazido derivative 7a and 1.43 g (6.6 mmol) of di-tert-butyldicarbo-
nate in ethanol (20 ml) was stirred at room temperature in the presence of platinum
oxide (0.060 g) under a hydrogen atmosphere for 20 h. The hydrogen atmosphere
was replaced with a nitrogen atmosphere and the catalyst filtered off. After removal
of the solvent in vacuo, the residue was purified by flash chromatography (ethyl
acetate/petroleum ether 2/8) and 0.280 g of 8a was obtained (Rf 0.4, 27% yield).
MS (DCI/NH3) m/e 319 (MH1), 336 (MNH1

4 ). 1H NMR (CDCl3) 0.08 (s, 6H), 1.45
(s, 18H), 2.67 (d, JHH 5 6 Hz, 4H), 4.87 (broad s, 2 NH).

1,3-Bis[N-(tert-butoxycarbonyl)aminomethyl]tetramethyl-1,1,3,3-disiloxane 8b. A
solution of 0.400 g (1.64 mmol) of diazido derivative 7b in ethanol (40 ml) was
stirred at room temperature in the presence of 10% palladium on charcoal (0.04 g)
and 0.5 ml of concentrated HCl for 20 h. The hydrogen atmosphere was replaced
with a nitrogen atmosphere and the catalyst filtered off. Removal of the solvent in
vacuo and crystallization of the residue (0.370 g) from a methanol/ether mixture
gave crude 5 (0.190 g, 44% yield). Crude 5 (0.180 g, 0.68 mmol), di-tert-butyldicarbo-
nate (0.305 g, 1.4 mmol) and triethylamine (0.140 g, 1.4 mmol) in water (2 ml), and
tetrahydrofuran (2 ml) were vigorously stirred at room temperature for 16 h. After
removal of tetrahydrofuran in vacuo and dilution with water (20 ml), the aqueous
phase was extracted with diethyl ether (2 3 20 ml). Usual workup and flash chroma-
tography of the residue (0.205 g) (ethyl acetate/petroleum ether 2/8, Rf 0.56) gave
desired 8b (0.150 g, 56% yield). MS (DCI/NH3) m/e 393 (MH1). 1H NMR (CDCl3)
0.13 (s, 12H), 1.47 (s, 36H), 2.93 (d, JHH 5 6 Hz, 4H), 4.57 (broad s, 2 NH).

Obtaining the cyclic silicon containing derivative 13. A solution of azido compound
12 (1.26 g, 4.37 mmol) in ethanol (40 ml) was stirred at room temperature in the
presence of platinum oxide (0.130 g) under an atmosphere of hydrogen for 16 h.
The hydrogen atmosphere was exchanged for a nitrogen atmosphere and the catalyst
filtered off. Removal of the solvent in vacuo and crystallization of the residue from
dichloromethane/pentane gave the cyclic derivative 13 in 48% yield (0.550 g). Rf

0.4 (ethyl acetate). MS (DCI, NH3) m/e 263 (MH1), 280 (MNH1
4 ). 1H NMR (Brücker

360, CDCl3) 0.18 (s, 6H), 1.12 (m, 2H, part AA9 of an AA9BB9 spin system), 3.07
(d, JHH 5 4.5 Hz, 2H), 3.61 (m, 2H, part BB9), 5.96 (broad s, NH), 6.20 (broad s,
NH), 7.51 (m, 4H). 13C NMR (Brücker 360) (CDCl3) 23.34 [Si(CH3)2], 18.05, 30.96,
35.10 (3 CH2–), 126.85, 127.40, 130.00, 130.27, 135.13, 135.51 (6 arom. C), 168.46,
168.86 (2 CuO).

1-(3-Benzyloxy)propylchloromethyldimethylsilane 16. To a suspension of magne-
sium turnings (1.2 g, 50 matg) in 10 ml of ether was added under nitrogen over a
period of 30 min, to maintain a gentle reflux, a solution of 3-benzyloxyl-1-chloropro-
pane (9.27 g, 50 mmol) in anhydrous diethyl ether (70 ml). After completion of the
addition, the mixture was stirred for 4 h under ether reflux and the temperature
was allowed to return to room temperature. A solution of chloro(chloromethyl)di-
methylsilane (6.7 g, 40 mmol) in ether (80 ml) was added over 30 min to the reaction
mixture. A white precipitate started to appear at one-third of the addition. The
reaction mixture was heated at reflux overnight. The gelatinous mass obtained was
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suspended in 100 ml of anhydrous ether and the resulting mixture was heated again
for 24 more hours. After cooling down to 08C and careful hydrolysis with 1 N HCl
up to pH 2, the reaction mixture was diluted with water and ether. Usual workup
gave 11.5 g of a colorless oil which was purified by flash chromatography (ethyl
acetate/petroleum ether 7/93) to afford 6.19 g of compound 16 (Rf 0.35, 58% yield).
1H NMR (CDCl3) 0.12 (s, 6H), 0.73 (m, 2H, AA9 part of an AA9BB9 spin system),
1.70 (m, 2H, contains BB9 part), 2.83 (s, 2H), 3.50 (t, JHH 5 7.5 Hz, 2H), 4.67 (s
2H), 7.43 (s, 5H).

1-(3-Benzyloxy)propyl-N-(tert-butoxycarbonyl)aminomethyldimethylsilane 18. A
solution of compound 17 (2.40 g, 6.5 mmol) and methylhydrazine (1.84 g, 40 mmol)
in ethanol (10 ml) was heated under reflux for 5 h. After concentration in vacuo,
the residue was dissolved in a mixture of ethanol (10 ml) and 1 N HCl (10 ml) and
the resulting solution was heated at 808C for 20 min. The solvent was evaporated
in vacuo, the residue taken off in dichloromethane, and methylphthalhydrazide
removed by filtration. Removal of dichloromethane in vacuo gave a residue which
was used as such for the next step [MS (LC–MS) m/e 238 (MH1). 1H NMR (CDCl3)
0.23 (s, 6H), 0.72 (m, 2H, AA9 part of an AA9BB9 spin system), 1.63 (m, 2H,
contains BB9 part), 2.38 (broad d, 2 H), 3.52 (t, JHH 5 6 Hz, 2H), 4.53 (s, 2H), 7.40
(s, 5H), 8.27 (broad s, NH1

3 )]. A mixture of the aforementioned residue (estimated:
6.5 mmol), di-tert-butyldicarbonate (1.44 g, 6.6 mmol) and triethylamine (0.660 g,
6.6 mmol) in water (5 ml), and tetrahydrofuran (5 ml) was stirred for 16 h at room
temperature. After elimination of tetrahydrofuran in vacuo and dilution with water
(50 ml), the aqueous phase was extracted with diethyl ether (2 3 50 ml). Usual
workup and purification of the residue by flash chromatography (ethyl acetate/
petroleum ether 1/9) afforded title compound 18 (1.34 g, Rf 0.41, 87% yield). 1H
NMR (CDCl3) 0.07 (s, 6H), 0.97 (m, 2H, AA9 part of an AA9BB9 spin system),
1.47 (s, 9H), 1.63 (m, 2H, contains BB9 part), 2.63 (d, JHH 5 7 Hz, 2H), 3.47
(t, JHH 5 7.5 Hz, 2H), 4.37 (broad s, NH), 4.53 (s, 2H), 7.40 (s, 5H).

1-(3-Benzyloxy)propyl-N-(tert-butoxycarbonyl)aminomethyldimethylsilane 19. A
mixture of 18 (1.34 g, 5.65 mmol), 10% palladium on charcoal (0.200 g), and ethanol
(30 ml) was stirred for 16 h under a hydrogen atmosphere. The hydrogen atmosphere
was exchanged for a nitrogen atmosphere and the catalyst filtered off. After removal
of the solvent in vacuo, hydroxyl derivative 19 was obtained in quantitative yield
(1.34 g, Rf 0.17, ethyl acetate/petroleum ether 2/8). 1H NMR (CDCl3) 0.10 (s, 6H),
0.60 (m, 2H, AA9 part of an AA9BB9 spin system), 1.43 (s, 9H), 1.62 (m, 2H,
contains BB9 part), 2.58 (s, 2H), 3.60 (t, JHH 5 7 Hz, 2H).

1-[bis-2-N-(tert-butyoxycarbonyl)amino]ethyl-a-epoxydimethylsilane 24. To a so-
lution of olefine 23 (0.310 g, 0.94 mmol) in dichloromethane (7 ml) stirred at 08C
under anhydrous conditions was added portionwise solid meta-chloroperbenzoic
acid (0.496 g, 2.88 mmol). After stirring for 16 h at room temperature, the reaction
mixture was diluted with dichloromethane (50 ml) and washed with a 0.5 N aqueous
sodium carbonate (20 ml) and water (3 3 50 ml). Usual workup and flash chromatog-
raphy of the residue (ethyl acetate/petroleum ether 1/9) afforded epoxide 24 in
95% yield (0.311 g, Rf 0.39). 1H NMR (CDCl3) 0.12 (s, 6H), 1.05 (m, 2H, AA9 part
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of an AA9BB9 spin system), 1.53 (s, 18H), 2.23 (m, 1H), 2.60 (m, 1H), 2.92 (m,
1H), 3.65 (m, 2H, BB9 part).

1-[bis-2-N-(tert-butoxycarbonyl)amino]ethyl-1-(2-hydroxy)ethyldimethylsilane
25. To a suspension of lithium aluminum tri-(tert-butoxy)hydride (0.254 g, 1 mmol)
in anhydrous diethyl ether (2 ml) at 08C under nitrogen was added dropwise a
solution of epoxide 24 (0.172 g, 0.5 mmol) in 3 ml of anhydrous diethyl ether. The
reaction mixture was stirred for 0.75 h at 08C and 3.75 h at room temperature.
Hydrolysis with water and saturated ammonium chloride, extraction with ether
(3 3 30 ml) of the aqueous phase, and usual workup gave a crude product (0.128
g) which was purified by flash chromatography (ethyl acetate/petroleum either
3/7) yielding alcohol 25 (0.070 g, Rf 0.35, 40% yield). 1H NMR (CDCl3) 0.02 (s,
6H), 0.92 (m, 2 3 2H, 2 AA9 parts of AA9BB9 spin systems), 1.50 (s, 18H), 1.55
(broad s, OH), 3.60 (m, 2H, one BB9 part), 3.73 (m, 2H, other BB9 part).
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