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Summary: The o-amino acid ester rac-PhMesSiCH.CH-
(NH2)COOEt (rac-4) was transformed into the disiloxane
RMesSi0SiMesR (5; R = CH;,CH(NH2)COOH) via an
Si—C(Ph) cleavage in boiling hydrochloric acid. Upon
dissolution of 5 in water, spontaneous formation of the
racemic SiOH-containing o-amino acid HOMe2SiCHo-
CH(NH3)COOH (rac-6) occurred, which could be im-
mobilized on silica via an Si—O—Si linkage between the
o-amino acid and the silica support (characterization
by solid-state NMR spectroscopy). The resulting silica-
immobilized a-amino acid contains both characteristic
functionalities: the COOH and the NHz group.

Recently, we have reported on the synthesis of the
silicon-containing a-amino acids rac-1 and rac-2.! These
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compounds were synthesized in context with our studies
on silicon-containing biologically active peptides!? (in
this context, see also ref 3). While rac-1 could be
prepared by hydrolysis of the o-amino acid ester rac-3
in boiling hydrochloric acid and subsequent treatment
of the resulting hydrochloride rac-1-HCI with propylene
oxide, the analogous hydrolysis of rac-4 did not lead to
rac-2. Instead, in addition to the attempted hydrolysis
of the ester moiety, an Si—C(Ph) bond cleavage was
observed. To get more information about the nature of
the Si—C(Ph) cleavage product (silanol versus disiloxane
formation), the hydrolysis of rac-4 was reinvestigated
in more detail, and the synthetic potential of the
resulting cleavage product for the development of a
silica-bonded o-amino acid was evaluated.

Treatment of rac-4 with 6 M hydrochloric acid under
reflux conditions and subsequent reaction of the result-
ing product with propylene oxide (to remove HCI)
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yielded the disiloxane 5 (yield 69%), which probably
exists as a mixture of rac-5 and meso-5 (Scheme 1). The
identitiy of 5 was established by elemental analyses and
solid-state MAS NMR studies (13C, 1°N, 29Si). Due to the
extremely poor solubility of 5 in organic solvents,
all attempts to characterize it by solution NMR
spectroscopy failed. However, the corresponding dihy-
drochloride 5-2HCI1 could be characterized by NMR
spectroscopy in solution (solvent [D]gDMSO) and was
shown to exist as a mixture of rac-5:-2HCI and meso-5-
2HCI (see below).

As shown by H, 13C, and 2°Si NMR studies and ESI-
MS experiments, the Si—O—=Si moiety of the disiloxane
5 reacts readily with water to form the silanol rac-6
(Scheme 2). Upon dissolution of 5 in water, one very
dominating set of resonance signals for the silanol was
observed in the NMR spectra (Figure 1), and the
protonated silanol was the dominating species in the
ESI-MS spectrum as well (Figure 2); only traces of the
disiloxane 5 were detectable.
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Figure 1. H (top), 13C (middle), and 2°Si (bottom) NMR
spectra of a 32 mM aqueous solution of rac-6 (22 °C; 400.1
MHz (*H), 100.6 MHz (13C), 79.5 MHz (2°Si)). The spectra
were recorded immediately after dissolution of 5 in D5O.
Integration of the two resonance signals for the two
diastereotopic SiCHj3 groups in the 3C NMR spectrum
revealed the intensity ratio 1:1.
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Figure 2. ESI-MS spectrum of a 6.5 mM aqueous solution
of rac-6. The spectrum was recorded immediately after
dissolution of 5 in water at 20 °C (for details, see Experi-
mental Section).

To the best of our knowledge, rac-6 (which represents
a sila-analogue of the a-amino acid rac-4-hydroxyl-
eucine, rac-HOMe;CCHCH(NH3)COOH)* is the first
SiOH-containing a-amino acid to be reported in the
literature. However, this silanol only exists in aqueous
solution and water-containing organic solvents and

Organometallics, Vol. 24, No. 7, 2005 1781

T T T T T T T 1
62 61 60 59 58 57 56 55

]

b
a

1312 11 10 9 8 7
ppm

Figure 3. 2°Si NMR spectra obtained for solutions of rac-
5:2HCl/meso-5-2HCI in [Dg]DMSO and [Dg]DMSO/D2O
mixtures ([Dg] DMSO (a); [Dg]DMSO/D;0, 80:1 (b), 40:1 (c),
20:1 (d), 10:1 (e) (v/v); 22 °C, 59.6 MHz). The solutions were
prepared by dissolution of rac-5-2HCl/meso-5-2HCI in [Dg]-
DMSO, followed by addition of D;O. Two resonance signals
were observed for rac-5-2HCl/meso-5-2HCI (@), and one
resonance signal was observed for rac-6-HCI (O).

cannot be isolated: upon evaporation of the water, again
the disiloxane 5 was obtained.

The silanol—disiloxane equilibrium was also studied
for solutions of the dihydrochlorides rac-5-2HCl/meso-
5-2HCI (prepared by dissolution of 5 in 6 M hydrochloric
acid and subsequent removal of the solvent in vacuo)
in [Dg]DMSO and [Dg]DMSO/D20O. As shown in Figure
3, two resonance signals were observed in the 2°Si NMR
spectrum of rac-5:2HCl/meso-5-2HCI in [Dg]DMSO.
After addition of a small amount of D;O (— [Dg] DMSO/
D20, 80:1 (v/v)), a third resonance signal appeared, that
can be assigned to rac-6-HCI. After addition of further
portions of DO (—[Dg]DMSO/D20, 40:1, 20:1, 10:1 (v/
v)), a decrease of intensity of the two resonance signals
for the disiloxane was observed, whereas the intensity
of the resonance signal for the silanol increased, which
was the only detectable species at a [Dg]DMSO/D2O
ratio of 10:1 (v/v). These results clearly demonstrate that
the Si—0O—Si linkage of rac-5-2HCI and meso-5-2HCI
reacts easily with water to form the silanol rac-6-HCI,
the disiloxane/silanol ratio being dependent on the
water content of the [Dg] DMSO/D20O mixture.

The existence of the silanol rac-6 in aqueous solution
(and in mixtures of DMSO and water as well) offers the
possibility of using this SiOH-containing a-amino acid
for synthetic purposes in solution. As an example, we

(4) Synthesis of racemic 4-hydroxyleucine: (a) Wieland, T.; Mannes,
K. Liebigs Ann. Chem. 1958, 617, 152—162. (b) De Kimpe, N.; Sulmon,
P.; Brunet, P. J. Org. Chem. 1990, 55, 5777—5784.
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Figure 4. Schematic representation of surfaces of un-
treated silica (top) and silica treated with rac-4 in boiling
hydrochloric acid, followed by treatment with propylene
oxide (bottom), showing the transformations Q; — Qs and

Q3 — Qq.

200 180 160 140 120 100 80 60 40 20 O -20
ppm

*

200 180 160 140 120 100 80 60 40 20 O -20
ppm
Figure 5. Solid-state 13C VACP/MAS NMR spectra of rac-
5/meso-5 (top) and silica treated with rac-4 in boiling
hydrochloric acid, followed by treatment with propylene
oxide (bottom) (for details, see Experimental Section).

have tried to immobilize rac-6 on silica surfaces via an
Si—0—=Si linkage by condensation of the SiOH group of
rac-6 with silica-bonded SiOH groups to give materials
of the type shown in Figure 4. In fact, hydrolysis of rac-4
in boiling hydrochloric acid (— formation of rac-6), in
the presence of silica and subsequent treatment with
propylene oxide gave the desired material, as is evident
from the solid-state *C and 2°Si NMR spectra depicted
in Figures 5 and 6. The solid-state 2°Si single-pulse MAS
NMR spectrum of the product obtained shows a signifi-
cant increase of intensity for the Q4 (—111 ppm) signal
and a decrease of intensity for the Qs (—102 ppm) and
Q2 (—92 ppm) signals in comparison with the untreated
silica starting material (Figure 6). This is in accordance
with the transformation of the SiOH moieties of the
silica surface into Si—O—Si bridges (Q2 — Q3, Qs — Qq;
see also Figure 4). Treatment of silica with 6 M
hydrochloric acid under reflux conditions in the absence

Notes

= = = Si(0Si),(CH), (Qy)
- -+ = Si(OSi);(OH) (Qg)
----- Si(0Si), (Qq)

Figure 6. Solid-state 29Si single-pulse MAS NMR spectra
of untreated silica (top) and silica treated with rac-4 in
boiling hydrochloric acid, followed by treatment with
propylene oxide (bottom) (for details, see Experimental
Section). The areas for the Qq, Q3, and Q4 moieties were
calculated by a Gaussian line-shape deconvolution using
the program WIN-NMR (version 6.2.0.0).

of rac-4, followed by treatment with propylene oxide,
did not change the 2°Si MAS NMR spectrum.

These preliminary results are quite promising, be-
cause an immobilization of the optically active a-amino
acids (R)-6 and (S)-6 should also be possible, starting
from the respective a-amino acid esters (R)-4 and (S)-4
(for the synthesis of (R)-4 and (S)-4, see ref 1). Silica-
immobilized a-amino acids are of great interest for a
variety of applications in chromatography,>~7 preferably
with optically active a-amino acid residues. In addition,
immobilized a-amino acids on solid supports are used
for metal remediation.®

In contrast to silica-bonded o-amino acids, where
immobilization was accomplished via the COOH or the
NHs group of the a-amino acid, we report here on a
silica-immobilized o-amino acid that still contains both
characteristic functionalities: the COOH and the NHy
group. Upon extensive washing of this material with
water, partial removal of the o-amino acid was observed
(hydrolytic cleavage of the Si—O—Si linkage as shown
by solid-state single-pulse 2°Si MAS NMR spectroscopy).
Future studies will have to elucidate the potential of
silica-immobilized o-amino acids of the formula type
HOR!R2?SiCH,CH(NH2)COOH (R!, R? = substituted and
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2004, 76, T77—"17817.
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unsubstituted alkyl; including optically active o-amino
acids) for practical applications.

Experimental Section

Preparation of rac-2-Amino-3-(dimethylphenylsilyl)-
propanoic Acid Ethyl Ester (rac-4). This compound was
synthesized according to ref 1.

Preparation of 3,3’-(1,1,3,3-Tetramethyldisiloxane-1,3-
diyl)bis(2-aminopropanoic acid) (5). A solution of rac-4
(1.00 g, 3.98 mmol) in 6 M hydrochloric acid (10 mL) was
heated under reflux for 1 h and then cooled to 20 °C. The
solvent was removed in vacuo, and the residue (consisting of
rac-5-2HCI and meso-5-2HCI) was dissolved in ethanol (5 mL),
followed by addition of propylene oxide (4 mL). The resulting
mixture was heated under reflux for 10 min, and the precipi-
tate was isolated by centrifugation and washed successively
with ethanol (2 x 10 mL) and diethyl ether (2 x 10 mL) to
give 5 in 69% yield as a colorless solid (422 mg, 1.37 mmol).
13C VACP/MAS NMR: 6 2.3 (br, SiCHs), 5.6 (br, SiCHj3), 22.9
(br, SiCH.CH), 52.2 (br, SiCH.CH), 176.4 (br, C=0). ®N
VACP/MAS NMR: 6 —327.9 (br). 2°Si MAS NMR: 6 —1.2 (br).
Anal. Caled for C10H24N2O5Sis: C, 38.94; H, 7.84; N, 9.08.
Found: C, 38.5; H, 7.4; N, 9.1.

Solution NMR Data for rac-6 Obtained after Dissolu-
tion of 5 in D,0. 'H NMR (D20, 400.1 MHz): 6 0.13 (s, 3 H,
SiCH3s), 0.14 (s, 3 H, SiCH3), 1.08 (d4), 1.16 (08), and 3.75 (dx)
(SiCHAHBCHx, 2JAB =14.7 HZ, 3JAX =6.0 HZ, SJBX =98 HZ).
13C NMR (D20, 100.6 MHz): 6 —0.7 (SiCHj3), —0.3 (SiCHj),
20.7 (SiCH,CH), 53.2 (SiCH,CH), 176.2 (C=0). *Si NMR (D-0,
79.5 MHz): 6 15.8.

Preparation of rac- and meso-2,2’-(1,1,3,3-Tetrameth-
yldisiloxane-1,3-diyl)bis(1-carboxyethanaminium chlo-
ride) (rac-5-2HCVmeso-5-2HCI). A solution of 5 (300 mg, 973
umol) in 6 M hydrochloric acid (1 mL) was stirred at 20 °C for
5 min, and the solvent was then removed in vacuo to give rac-
5:2HCl/meso-5-2HCI in 100% yield as a colorless solid (370 mg,
970 umol). 'TH NMR ([Dg]DMSO, 400.1 MHz): ¢ 0.12 (s, 6 H,
SiCHs), 0.14 (s, 6 H, SiCH3), 1.05—1.27 (m, 4 H, SiCH.CH),
3.75—3.78 (m, 2 H, SiCHsCH), 8.4 (br s, 6 H, NH), 13.7 (br s,
2 H, OH). 3C NMR ([Dg]DMSO, 150.9 MHz): ¢ 0.62 (SiCHj3),
0.63 (SiCHs), 1.2 (SiCH3), 20.66 (SiCH,CH), 20.68 (SiCH,CH),
49.74 (SiCH>CH), 171.28 (C=0), 171.29 (C=0). 2Si NMR ([Dg]-
DMSO, 79.5 MHz): ¢ 5.42, 5.44. The C and ?°Si NMR data
of rac-5-2HCl/meso-5-2HCI could not be assigned to the single
stereoisomers. According to the intensities of the resonance
signals, the molar ratio of rac-5-2HCI and meso-5-2HCI was
ca. 1:1. Anal. Caled for C10H26CloN2O5Sis: C, 31.49; H, 6.87;
N, 7.34. Found: C, 30.1; H, 6.4; N, 7.2.

Immobilization of rac-6 on Silica. A mixture of rac-4
(440 mg, 1.75 mmol), silica (1.14 g; particle size, 30—60 um; J.
T. Baker, 7024—01), and 6 M hydrochloric acid (10 mL) was
heated under reflux for 1 h and then cooled to 20 °C. The
solvent was removed in vacuo, and ethanol (5 mL) and
propylene oxide (5 mL) were added to the residue. The
resulting mixture was heated under reflux for 10 min, and
the remaining solid was isolated by centrifugation and washed
successively with water (2 x 10 mL), ethanol (2 x 5 mL), and
diethyl ether (10 mL) to give a white solid (902 mg). 13C VACP/
MAS NMR: 6 —1.6 (br, SiCH3), 21.3 (br, SICH,CH), 53.0 (br,
SiCH.CH), 174.9 (br, C=0). N VACP/MAS NMR: ¢ —328.1
(br). 2°Si MAS NMR: 6 11.3 (br, SiCHj), —92.3 (br, SiOs (Qg),
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—101.7 (br, SiO2 (Q3)), —111.5 (br, SiO2 (Q4)) (intensity ratio,
5:2:21:77; Qo/Qs/Q4 intensity ratio of the silica starting mate-
rial, 3:27:70).

NMR Studies. The solution 'H, 13C, and 2°Si NMR spectra
were recorded at 22 °C on a Bruker DRX-300 (#°Si, 59.6 MHz),
Bruker DRX-400 (*H, 400.1 MHz; 13C, 100.6 MHz; 2°Si, 79.5
MHz), or Bruker DRX-600 NMR spectrometer (13C, 150.9 MHz)
using [Dg]DMSO, [Dg]DMSO/D30O, or D;O as the solvent.
Chemical shifts (ppm) were determined relative to internal
[D;IDMSO (*H, 6 2.49; [Dg]DMSO), internal HDO (*H, ¢ 4.70;
D20), internal [Dg] DMSO (13C, 6 39.5; [Dg]DMSO), or external
TMS (13C and 2°Si, 6 0; D20) (¥Si, 6 0; [Dg] DMSO). Assignment
of the TH NMR data was supported by 'H,"H COSY experi-
ments and by simulations using the WIN-DAISY software
package (version 4.05, Bruker). Assignment of the 1*C NMR
data was supported by DEPT 135 and 3C,'H COSY experi-
ments. Solid-state 3C and >N VACP/MAS NMR spectra were
recorded at 22 °C on a Bruker DSX-400 NMR spectrometer
(13C, 100.6 MHz; N, 40.6 MHz) with bottom layer rotors of
ZrOs (diameter 7 mm) containing ca. 200 mg of sample.
Chemical shifts (ppm) were determined relative to external
TMS (13C, 6 0) or glycine (*®N, 6 —342.0); spinning rate, 5 kHz;
contact time, 1 ms (3C) or 3 ms (°N); 90° 'H transmitter pulse
length, 3.6 us; repetition time, 4 s. Solid-state 2°Si single-pulse
MAS NMR spectra were recorded at 22 °C on a Bruker DSX-
400 NMR spectrometer (79.5 MHz) with bottom layer rotors
of ZrOy (diameter 7 mm) containing ca. 200 mg of sample.
Chemical shifts (ppm) were determined relative to external
TMS (6 0); spinning rate, 5 kHz; 2°Si transmitter pulse length,
4 us; repetition time, 120 s. The areas extracted from the 2°Si
single-pulse MAS NMR experiments were calculated by a
Gaussian line-shape deconvolution using the program WIN-
NMR (version 6.2.0.0, Bruker).

ESI-MS Studies. (a) Chemicals. Water (HPLC gradient
grade) was purchased from Acros.

(b) Sample Preparation. A 6.5 mM aqueous solution of
rac-6 was prepared by dissolving 5 (1.00 mg, 3.24 umol) in
water (1.00 mL), and the sample was then analyzed instan-
taneously by ESI-MS.

(¢c) ESI-MS Analysis. Analysis was performed with a
Finnigan MAT triple-stage quadrupole TSQ 7000 mass spec-
trometer with an ESI interface. Data acquisition and evalu-
ation were conducted on a Digital Equipment Personal DEC-
station 5000/33 using Finnigan MAT ICIS 8.1 software.
Nitrogen served as both sheath and auxiliary gas. The elec-
trospray ionization parameters were as follows: temperature
of the heated capillary, 200 °C; electrospray capillary voltage,
2.6 kV; sheath gas, 70 psi (1 psi = 6894.74 Pa); auxiliary gas,
10 units. For measurement, the sample solutions were con-
tinuously delivered at a flow rate of 20 uL min~! by means of
a syringe pump system (Harvard apparatus, No. 22). Positive
ions were detected by scanning from m/z 100 to 500 with a
total scan duration of 1.0 s; 60 scans were collected within 1
min. The multiplier voltage was set to 1.3 kV.
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