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Synthesis of a series of boronated unnatural
cyclic amino acids as potential boron neutron
capture therapy agents
George W. Kabalka∗, Zhongzhi Wu and Min-Liang Yao

New boronated unnatural cyclic amino acids, 1–6, were synthesized for potential use in neutron capture therapy. In order
to understand the effect of molecular lipophilicity on the biological activity, different linkers were introduced between
the boronic acid and 1-aminocycloalkanecarboxylic acid moieties. The key step in the syntheses was the preparation of a
series of alkenyl-substituted cycloalkanones, which were subsequently converted to amino acids via the Bücherer–Strecker
reaction. The introduction of the boronic acid function into hydrantoins 19–24 was realized by hydroboration reactions using
diisopinocampheylborane (Ipc2BH). The target boronated amino acids were modeled after 1-aminocyclobutanecarboxylic acid
and 1-amino-3-boronocyclopentanecarboxylic acid, which have previously demonstrated high uptake in tumors. Copyright c�
2008 John Wiley & Sons, Ltd.
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Introduction

In the last decade, there has been considerable interest in boron
neutron capture therapy (BNCT),[1] a binary approach for the
treatment of cancer. BNCT is a particularly attractive therapy for
patients with high-grade gliomas and metastatic brain tumors
whose life expectancy is generally less than one year, even with
aggressive treatments using surgery, radiation and chemotherapy.
The potential use of boron compounds for the treatment of cancer
is based upon the unique nuclear properties of the 10B nucleus
and its high capacity to absorb thermal neutrons. The resulting
activated 11B nucleus, generated by neutron capture, undergoes
fission and releases an α-particle and a high-energy lithium-7
ion. The linear energy transfer (LET) of these heavily charged
particles has a range of approximately one cell diameter and
thus they are lethal to the cells in which they are generated.
To minimize the damage to normal tissues, a highly tumor-
selective, nontoxic boron-containing compound is critical for
successful BNCT. It has been estimated that the concentration
of 10B necessary for effective BNCT is 15–30 µg of 10B per gram
of tumor tissue. In addition, the boron ratio should exceed 3
for both tumor : blood and tumor : normal tissue.[2] To date, a
variety of molecules have been used to deliver boron to tumor
cells. These include carbohydrates,[3] polyamines,[4] amino acids,[5]

nucleosides,[6] antisense agents,[7] porphyrins[8] and peptides.[9]

Boronic acid and polyhedral boron compounds are generally used
as the boron carriers. In fact, one of the drugs currently in BNCT
clinical trials is an amino acid, 4-dihydroxyborylphenylalanine
(BPA).[10]

It is also known that 1-aminocycloalkanecarboxylic acids cross
the blood–brain barrier[11] and that they are metabolically
stable.[12] Positron emission tomographic (PET) investigations[13]

using carbon-11 labeled 1-aminocyclobutanecarboxylic acid
(ACBC) demonstrated that this amino acid localizes in tumors more
avidly than BPA. For this reason we have focused on the synthesis
of unnatural cyclic amino acids containing boronic acids[14] and

carboranes[15] as the boron source. Remarkably, bio-distribution
studies using 1-amino-3-boronocyclopentanecarboxylic acid, in
mice-bearing melanoma tumors, resulted in tumor to normal tis-
sue boron ratios in excess of 20:1.[16,17] Encouraged by the results
of these studies, we prepared a series of novel boronated unnat-
ural cyclic amino acids, 1–6, for a bio-distribution study (Fig. 1) in
an effort to understand the effect of molecular lipophilicity on the
biological activity.

Materials and Methods

General methods

All reagents were used as received. Diethyl ether and tetrahydrofu-
ran (THF) were distilled from sodium benzophenone ketyl. Column
chromatography was performed using silica-gel (60 Å, 230–400
mesh, ICN Biomedicals GmbH, Eschwege, Germany). Analytical
thin-layer chromatography was performed using 250 µm silica
(Analtech, Inc., Newark, DE, USA) and compounds were visualized
by phosphomolybdic acid.

1H NMR and 13C NMR spectra were recorded at 250.13 and
63.89 MHz, respectively. In cases where more than one isomer
formed, we have reported the 13C NMR of the major isomer.
Chemical shifts for 1H NMR and 13C NMR spectra were referenced
to TMS and measured with respect to the residual protons in
the deuterated solvents. Microanalysis was performed by Atlantic
Microlab Inc. (Norcross, GA, USA). HR-FAB-MS (MC1) were obtained
on a ZABEQ instrument in a glycerol matrix.
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Figure 1. New boronated unnatural cyclic amino acids.

Synthesis of 8-methylene-1,4-dioxa-spiro[4,5]decane (14)

A 250 ml flask equipped with a magnetic stirring bar, a septum
inlet, a reflux condenser and a nitrogen bubbler was charged with
1,4-cyclohexanedione monoethylene ketal, 13 (5.00 g, 32.0 mmol),
and methyltriphenylphosphonium bromide (11.4 g, 32.0 mmol).
The flask was flushed with nitrogen and then dry toluene (40 ml)
was added. After stirring at room temperature for 30 min, the
solution was cooled to 0 ŽC, and KOBut (3.59 g, 32.0 mmol) was
added. The mixture was slowly warmed to room temperature,
refluxed for 4 h, and then treated with water (40 ml) at room
temperature. The organic layer was separated and dried over
anhydrous MgSO4. Analytically pure product was isolated by
column chromatography (silica-gel, EtOAc-hexanes, 1 : 9) as a
colorless liquid (4.50 g, 91%). 1H NMR (250 MHz, CDCl3): δ 4.67
(s, 2H), 3.95 (s, 4H), 2.34–2.25 (m, 4H), 1.72–1.69 (m, 4H). 13C NMR
(63.9 MHz, CDCl3): δ 147.1, 128.1, 108.1, 64.2, 35.7, 31.8. Anal calcd
for C9H14O2: C, 70.10; H, 9.15. Found: C, 69.96; H, 9.10.

Synthesis of 4-methylenecyclohexanone (7)

To a 100 ml round-bottomed flask equipped with a stirring
bar was added 8-methylene-1,4-dioxa-spiro[4,5] decane, 14
(2.23 g, 14.48 mmol), CeCl3ž7H2O (2.70 g, 7.24 mmol), NaI (1.09 g,
7.24 mmol), acetone (15.0 ml) and aqueous HCl (2 M, 5.0 ml).
The mixture was stirred for 10 h at room temperature and then
extracted with Et2O (5 ð 20 ml). The ether layer was separated
and dried over anhydrous MgSO4. After solvent removal, the
product was purified by column chromatography (silica-gel,
EtOAc-hexanes, 1 : 20) as colorless liquid (0.99 g, 62%). 1H NMR
(250 MHz, CDCl3): δ 4.89 (s, 2H), 2.55–2.50 (m, 4H), 2.46–2.40 (m,
4H). 13C NMR (63.9 MHz, CDCl3): δ 212.4, 144.1, 110.5, 41.3, 32.8.
Anal calcd for C7H10O: C, 76.33; H, 9.15. Found: C, 76.24; H, 9.08.

Synthesis of 4-hydroxy-1,4-dioxaspiro[4,5]decane (15)

1,4-Cyclohexanedione monoethylene ketal, 13 (21.0 g,
134.5 mmol) was dissolved in absolute ethanol (50 ml). NaBH4

(2.54 g, 67.2 mmol) was added in five portions at 0 ŽC and then
the mixture warmed to room temperature and stirred for another
3 h. The excess ethanol was removed under reduced pressure,
the residue hydrolyzed with water (50 ml) and extracted into ether
(3ð25 ml). The combined organic phase was dried over anhydrous
MgSO4. Column chromatography (silica-gel, EtOAc-hexanes, 1 : 3)
afforded compound 15 as a colorless liquid (21.0 g, 99%). 1H NMR
(250 MHz, CDCl3): δ 3.94 (s, 4H), 3.79 (br, 1H), 1.89–1.77 (m, 4H),
1.67–1.56 (m, 4H). 13C NMR (63.9 MHz, CDCl3): δ 108.2, 68.0, 64.2,
31.9, 31.5. Anal. calcd for C8H14O3: C, 60.74; H, 8.92. Found: C, 60.51;
H, 8.84.

Synthesis of 8-tosyl-1,4-dioxaspiro[4,5]decane (16)

Compound 15 (3.0 g, 19.0 mmol), tosyl chloride (3.62 g, 19.0 mmol)
and pyridine (3 ml) were added to a 250 ml flask at 0 ŽC. The
reaction flask was sealed and stored at 0 ŽC overnight. The mixture
was extracted with ethyl acetate (3ð20 ml), washed with saturated
aqueous CuSO4 solution (20 ml) to remove the pyridine, and
dried over anhydrous MgSO4. The product was purified by flash
chromatography (silica-gel, EtOAc-hexanes, 2 : 3) to obtain a white
solid (5.69 g, 96%); m.p. 68–69 ŽC. 1H NMR (250 MHz, CDCl3): δ 7.79
(d, 2H, J D 8.7 Hz), 7.56 (d, 2H, J D 8.7 Hz), 4.62 (br, 1H), 3.94–3.87
(m, 4H), 2.44 (s, 3H), 1.85–1.77 (m, 5H), 1.57–1.50 (m, 3H). 13C NMR
(63.9 MHz, CDCl3): δ 144.4, 134.2, 129.6, 127.3, 107.1, 78.7, 64.1,
30.4, 28.9, 21.4. Anal. calcd for C15H20O5S: C, 57.67; H, 6.45. Found:
C, 57.60; H, 6.33.

Synthesis of 8-allyl-1,4-dioxaspira[4,5]decane (17)

Tosylate 16 (3.0 g, 9.60 mmol) in THF (30 ml) was charged to a
150 ml round-bottomed flask equipped with a magnetic stirring
bar the solution was cooled to 0 ŽC in a ice bath. Allyl magnesium
bromide (9.60 mmol, 9.60 ml of a 1.0 M solution in ethyl ether) was
added dropwise with stirring at 0 ŽC. After refluxing overnight,
the reaction solution was hydrolyzed with saturated aqueous
solution of ammonium chloride (30 ml). The organic layer was
separated and the aqueous layer extracted with Et2O (3 ð 20 ml).
The combined organic layers were dried over anhydrous MgSO4,
concentrated and purified by flash column chromatography (silica-
gel, EtOAc-hexanes, 1 : 10) to afford the product as a colorless
liquid (1.52 g, 86%). 1H NMR (250 MHz, CDCl3): δ 5.86–5.70 (m, 1H),
5.01–4.95 (m, 2H), 3.93 (s, 4H), 2.04–1.97 (m, 2H), 1.75–0.97 (m,
9H). 13C NMR (63.9 MHz, CDCl3): δ 137.2, 115.5, 108.9, 64.1, 40.6,
36.1, 34.4, 29.8. Anal. calcd for C11H18O2: C, 72.49; H, 9.95. Found:
C, 72.36; H, 9.76.

Synthesis of 4-allylcyclohexanone (8)

Compound 17 (1.00 g, 5.49 mmol) was dissolved in acetone
(20 ml) in a 100 ml round-bottomed flask equipped with a
magnetic stirring bar. Aqueous HCl (4 M, 5 ml) was added and
the solution stirred overnight at room temperature. The reaction
was then extracted with pentane (3 ð 20 ml). The organic layers
were combined, dried over anhydrous MgSO4. The solvent was
evaporated at 40 ŽC and the product purified by flash column
chromatography (silica-gel, Et2O-petane, 1 : 10) to obtain colorless
liquid (0.62 g, 82%). 1H NMR (250 MHz, CDCl3): δ 5.89–5.73 (m, 1H),
5.08–5.01 (m, 2H), 2.11–1.97 (m, 2H), 1.86–1.33 (m, 9H). 13C NMR
(63.9 MHz, CDCl3): δ 211.9, 136.5, 116.2, 40.6, 39.8, 35.8, 32.2. Anal.
calcd for C9H14O: C, 78.21; H, 10.21. Found: C, 78.11; H, 10.05.

Appl. Organometal. Chem. 2008, 22, 516–522 Copyright c� 2008 John Wiley & Sons, Ltd. www.interscience.wiley.com/journal/aoc
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Synthesis of the ethylene ketal of 4-allyloxycyclohexanone
(18)

Compound 15 (12.0 g, 75.9 mmol) was placed in a 250 ml
round-bottomed flask and dissolved in dry THF (100 ml) at
0 ŽC. Sodium hydride (2.0 g, 83.3 mmol) was added in four
portions. The reaction mixture was allowed to stir at room
temperature for 2 h. Allyl bromide (9.20 g, 75.9 mmol) was
added via a syringe at room temperature. After stirring at room
temperature overnight, the solvent was removed; the residue was
hydrolyzed with water (20 ml) and extracted with ether (3ð25 ml).
The ether layer was combined, dried over anhydrous MgSO4,
concentrated under reduced pressure and the residue purified by
column chromatography (silica-gel, EtOAc-hexanes, 1 : 4) to afford
compound 18 as a colorless liquid (15.0 g, 85%). 1H NMR (CDCl3,
250 MHz): δ 6.00–5.84 (m, 1H), 5.31–5.12 (m, 2H), 3.98 (d, 2H,
J D 5.4 Hz), 3.94 (s, 4H), 3.48–3.43 (m, 1H), 1.88–1.50 (m, 8H). 13C
NMR (CDCl3, 63.9 MHz): δ 135.4, 116.2, 108.4, 74.1, 68.9, 64.2, 31.3,
28.5. Anal. calcd for C11H18O3: C, 66.64; H, 9.15. Found: C, 66.52; H,
8.98.

Synthesis of 4-allyloxycyclohexanone (9)

The procedure paralleled that described for compound 16.
Compound 18 (2.2 g, 11.1 mmol), acetone (25 ml), aqueous
HCl (4 ml, 2 M), CeCl3ž7H2O (2.0 g, 5.5 mmol) and NaI (0.82 g,
5.5 mmol) were utilized. Compound 9 was purified by column
chromatography (silica-gel, EtOAc–hexanes, 1 : 4) and isolated as a
colorless liquid (1.65 g, 97%). 1H NMR (CDCl3, 250 MHz):δ 6.03–5.88
(m, 1H), 5.35–5.17 (m, 2H), 4.08–4.05 (m, 2H), 3.81–3.74(m, 1H),
2.86–2.53 (m, 2H), 2.32–2.21 (m, 2H), 2.16–2.04 (m, 2H), 2.01–1.92
(m, 2H). 13C NMR (CDCl3, 63.9 MHz): δ 211.0, 134.9, 116.5, 72.1,
69.1, 37.1, 30.4. Anal. calcd for C9H14O2: C, 70.10; H, 9.15. Found: C,
70.05; H, 9.00.

Synthesis of 3-allylcyclohexanone (11)

Cyclohexenone (2.00 g, 21.0 mmol) and TiCl4 (21 ml of 1.0 M

CH2Cl2 solution, 21.0 mmol) were dissolved in CH2Cl2 (15 ml) in a
250 ml round-bottomed flask equipped with a magnetic stirring
bar at �78 ŽC. Freshly distilled allylsilane (2.62 g, 22.9 mmol)
was added dropwise with stirring at �78 ŽC. After stirring at
room temperature for 3 h, the solution was hydrolyzed (20 ml
of H2O), extracted with Et2O (3 ð 20 ml), the combined organic
fractions dried over anhydrous MgSO4, and the product purified by
flash column chromatography (silica-gel, EtOAc-hexanes, 1 : 10) to
afford a colorless liquid (2.43 g, 84%). 1H NMR (250 MHz, CDCl3): δ
5.83–5.67 (m, 1H), 5.06–5.00 (m, 2H), 2.39–2.29 (m, 2H), 1.86–1.33
(m, 11H). 13C NMR (63.9 MHz, CDCl3): δ 211.9, 135.6, 116.7, 47.6,
41.2, 40.7, 38.6, 30.7, 25.0.

Synthesis of 3-allylcyclopentanone (12)

The procedure paralleled that described for compound 11 using
cyclopentenone (2.00 g, 24 mmol) to afford compound 12 as a
colorless liquid (2.3 g, 79%). 1H NMR (250 MHz, CDCl3): δ 5.81–5.74
(m, 1H), 5.09–5.02 (m, 2H), 2.54–2.10 (m, 5H), 1.90–1.63 (m, 2H),
1.62–1.52 (m, 2H). 13C NMR (63.9 MHz, CDCl3): δ 219.4, 136.2, 116.4,
44.6, 39.5, 38.3, 36.6, 28.9.

Synthesis of the hydantoin of 4-methylenecyclohexanone (19)

A 50 ml Ace pressure tube was charged with compound 7
(0.50 g, 4.54 mmol), aqueous ethanol (50% ethanol in water,
10 ml), potassium cyanide (1.20 g, 18.5 mmol) and ammonium
carbonate (2.70 g, 28.4 mmol). The reaction vessel was sealed
and heated at 60 ŽC (oil bath) for 4 h. A pale-yellow precipitate
formed. The reaction tube was cooled to room temperature and
carefully opened in a fume hood. The solvent was removed
under reduced pressure and the product was obtained by column
chromatography over silica-gel using EtOAc as the eluting solvent
(white solid, 0.79 g, 97%); m.p. 210–212 ŽC. 1H NMR (250 MHz,
DMSO-d6): δ 10.61 (s, 1H), 8.50 (s, 1H), 4.68 (s, 2H), 2.27–2.24 (m,
4H), 1.67–1.61 (m, 4H). 13C NMR (63.9 MHz, DMSO-d6): δ 178.0,
156.3, 146.2, 108.4, 61.6, 34.5, 29.3. Anal. calcd for C9H12N2O2: C,
59.99; H, 6.71; N, 15.55. Found: C, 59.85; H, 6.64; N, 15.43.

Synthesis of the hydantoin of 4-allylcyclohexanone (20)

The synthesis was carried out as described for compound 19. A
solution of 4-allylcyclohexanone, 8, (0.35 g, 3.62 mmol), aqueous
ethanol (50% ethanol in water, 10 ml), potassium cyanide (0.71 g,
10.9 mmol) and ammonium carbonate (1.72 g, 18.1 mmol) was
sealed and heated at 60 ŽC (oil bath) for 4 h. The product was
purified by column chromatography over silica-gel using EtOAc as
the eluting solvent (white solid, 0.59 g, 78%); m.p. 212–214 ŽC. 1H
NMR (250 MHz, DMSO-d6): δ 10.50 (s, 1H), 8.41 (s, 1H), 5.79–5.72
(m, 1H), 5.00–4.54 (m, 2H), 1.99–1.62 (m, 11H). 13C NMR (63.9 MHz,
DMSO-d6): δ 178.6, 156.3, 137.0, 115.8, 62.2, 40.8, 35.6, 33.0, 27.0.
Anal. calcd for C11H16N2O2: C, 63.44; H, 7.74; N, 13.45. Found: C,
63.25; H, 7.66; N, 13.42.

Synthesis of the hydantoin of 4-allyloxycyclohexanone (21)

The synthesis was carried out as described for compound 19.
A solution of 4-allyloxycyclohexanone, 9 (1.11 g, 7.25 mmol),
aqueous ethanol (50% ethanol in water, 15 ml), potassium cyanide
(0.94 g, 14.5 mmol) and ammonium carbonate (3.48 g, 36.2 mmol)
was sealed and heated at 60 ŽC (oil bath) for 5 h. The product was
purified by column chromatography over silica-gel using EtOAc as
the eluting solvent (white solid, 1.40 g, 86%); m.p. 164–165 ŽC. 1H
NMR (CDCl3, 250 MHz): δ 10.57(s, 1H), 8.40 (s, 1H), 5.95–5.79 (m,
1H), 5.26–5.08 (m, 2H), 3.97–3.91 (m, 2H), 3.30 (m, 1H), 1.93–1.28
(m, 8H). 13C NMR (CDCl3, 63.9 MHz): δ 178.4, 156.3, 135.9, 115.8,
74.9, 68.0, 61.3, 31.5, 26.8. Anal. calcd for C11H16N2O3: C, 58.91; H,
7.19; N, 12.49. Found: C, 58.79; H, 7.10; N, 12.38.

Synthesis of the hydantoin of 2-allylcyclohexanone (22)

The synthesis was carried out as described for compound 19. A
solution of 2-allylcyclohexanone, 10 (1.0 g, 7.24 mmol), aqueous
ethanol (50% ethanol in water, 20 ml), potassium cyanide (1.41 g,
21.72 mmol) and ammonium carbonate (3.44 g, 36.2 mmol) was
sealed and heated at 60 ŽC (oil bath) for 4 h. The product was
purified by column chromatography over silica-gel using EtOAc as
the eluting solvent (white solid, 1.20 g, 80%); m.p. 195–197 ŽC. 1H
NMR (250 MHz, DMSO-d6): δ 10.30 (s, 1H), 7.97 (s, 1H), 5.81–5.63
(m, 1H), 4.97–4.93 (m, 2H), 1.95–1.12 (m, 11H). 13C NMR (63.9 MHz,
DMSO-d6): δ 177.7, 156.6, 135.2, 115.5, 65.6, 39.9, 34.3, 25.9, 24.3,
20.4. Anal. calcd for C11H16N2O2: C, 63.44; H, 7.74; N, 13.45. Found:
C, 63.32; H, 7.65; N, 13.32.

www.interscience.wiley.com/journal/aoc Copyright c� 2008 John Wiley & Sons, Ltd. Appl. Organometal. Chem. 2008, 22, 516–522
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Synthesis of the hydantoin of 3-allylcyclohexanone (23)

The synthesis was carried out as described for compound 19. A
solution of 3-allylcyclohexanone 11 (0.92 g, 6.7 mmol), aqueous
ethanol (50% ethanol in water, 10 ml), potassium cyanide (1.08 g,
16.7 mmol) and ammonium carbonate (3.16 g, 33.3 mmol) was
sealed and heated at 60 ŽC (oil bath) for 4 h. The product was
purified by column chromatography over silica-gel using EtOAc as
the eluting solvent (white solid, 1.31 g, 95%); m.p. 182–184 ŽC. 1H
NMR (250 MHz, DMSO-d6): δ 10.50 (s, 1H), 8.39 (s, 1H), 5.81–5.65
(m, 1H), 5.02–4.96 (m, 2H), 1.95–0.86 (m, 11H). 13C NMR (63.9 MHz,
DMSO-d6): δ 178.4, 156.3, 136.4, 116.3, 62.7, 40.7, 40.5, 32.9, 31.8,
30.9, 20.7. Anal. calcd for C11H16N2O2: C, 63.44; H, 7.74; N, 13.45.
Found: C, 63.37; H, 7.58; N, 13.27.

Synthesis of the hydantoin of 3-allylcyclopentanone (24)

The synthesis was carried out as described for compound 19. A
solution of 3-allylcyclopentanone, 12 (0.62 g, 5 mmol), aqueous
ethanol (50% ethanol in water, 14 ml), potassium cyanide (0.65 g,
10.0 mmol) and ammonium carbonate (2.40 g, 25.0 mmol) was
sealed and heated at 60 ŽC (oil bath) for 4 h. The product was
purified by column chromatography over silica-gel using EtOAc as
the eluting solvent (white solid, 0.63 g, 64%); m.p. 197–199 ŽC. 1H
NMR (250 MHz, DMSO-d6): δ 9.94 (s, 1H), 8.10 (s, 1H), 5.82–5.66 (m,
1H), 5.05–4.93 (m, 2H), 2.12–1.56 (m, 7H), 1.37–1.16 (m, 2H). 13C
NMR (63.9 MHz, DMSO-d6): δ 179.0, 158.2, 137.5, 115.6, 67.7, 42.5,
38.2, 36.7, 31.2, 30.6. Anal. calcd for C10H14N2O2: C, 61.84; H, 7.27;
N, 14.42. Found: C, 61.37; H, 7.53; N, 14.29.

Synthesis of boronohydantoin (25)

A dry 100 ml round-bottomed flask was charged with 19 (0.56 g,
3.10 mmol) and flushed with nitrogen. Freshly distilled THF (10 ml)
was added and stirred until 19 was completely dissolved, then
diisopinocampheylborane (Ipc)2BH (13 ml of 0.74 M solution in
THF, 9.62 mmol) added dropwise at room temperature. The
solution was allowed to stir overnight at room temperature.
Freshly distilled acetaldehyde (0.84 g, 19.1 mmol) was added
to the mixture at room temperature. After stirring for 6 h, the
mixture was hydrolyzed with dilute aqueous HCl (2 M, 6 ml).
The solvent was removed and the residue was subjected to
column chromatography (silica-gel, MeOH–EtOAc, 1 : 10) to afford
compound 25 as a white solid (0.60 g, 86%); m.p. 231–233 ŽC. 1H
NMR (250 MHz, DMSO-d6): δ 10.34 (s, 1H), 8.40 (s, 1H), 1.95–0.92
(m, 9H), 0.85–0.78 (m, 2H). 13C NMR (63.9 MHz, DMSO–d6): δ 178.7,
156.4, 60.9, 37.4, 32.3, 24.2, 23.8. HR-MS (FAB, glycerol matrix):
calcd for M C H C Gly � 2H2O; 283.1468. Found: 283.1471.

Synthesis of boronohydantoin (26)

The synthesis was carried out as described for compound 25.
Compound 20 (0.30 g, 1.44 mmol) and (Ipc)2BH (5.84 ml of a
0.74 M solution in THF, 4.32 mmol) was used. After stirring at
room temperature overnight, acetaldehyde (0.38 g, 8.64 mmol)
was added. The product was purified by column chromatography
(silica-gel, MeOH–EtOAc, 1 : 10) to afford compound 26 as a white
solid (0.30 g, 83%); m.p. 169–171 ŽC. 1H NMR (250 MHz, DMSO-d6):
δ 10.34 (s, 1H), 8.40 (s, 1H), 1.90–0.82 (m, 16H). 13C NMR (63.9 MHz,
DMSO-d6): δ 178.6, 156.4, 62.9, 40.8, 35.4, 26.5, 25.3, 21.5, 20.7. HR-
MS (FAB, glycerol matrix): calcd for M C H C Gly � 2H2O; 311.1781.
Found: 311.1779.

Synthesis of boronohydantoin (27)

The synthesis was carried out as described for compound 25.
Compound 21 (0.50 g, 2.23 mmol) and (Ipc)2BH (8.64 ml of
0.74 M solution in THF, 6.69 mmol) was used. After stirring at
room temperature overnight, acetaldehyde (0.60 g, 13.62 mmol)
was added. The product was purified by silica-gel column
chromatography (MeOH–EtOAc, 1 : 10) to afford 27 as a white
solid (0.52 g, 87%); m.p. 168–170 ŽC. 1H NMR (CDCl3, 250 MHz): δ
10.56 (s, 1H), 8.38 (s, 1H), 3.44–3.42 (m, 1H), 3.34–3.23 (m, 2H),
1.88–1.38 (m, 10H), 0.58–0.52 (m, 2H). 13C NMR (CDCl3, 63.9 MHz):
δ 178.4, 156.3, 75.1, 69.8, 61.4, 31.5, 28.2, 26.9, 24.8. HR-MS (FAB,
glycerol matrix): calcd for M C H C Gly � 2H2O; 327.1730. Found:
327.1724.

Synthesis of boronohydantoin (28)

The synthesis was carried out as described for compound 25.
Compound 22 (0.53 g, 2.55 mmol) and (Ipc)2BH (10.34 ml of a
0.74 M solution in THF, 7.65 mmol) were used. After stirring at
room temperature overnight, acetaldehyde (0.67 g, 15.30 mmol)
was added. The product was purified by silica-gel column
chromatography (MeOH–EtOAc, 1 : 10) to afford compound 28
as a white solid (0.56 g, 86%); m.p. 143–145 ŽC. 1H NMR (250 MHz,
DMSO-d6): δ 9.93 (s, 1H), 8.19 (s, 1H), 1.89–0.80 (m, 13H), 0.51–0.40
(m, 2H). 13C NMR (63.9 MHz, DMSO-d6): δ 178.5, 156.9, 66.3, 40.8,
35.0, 32.9, 26.2, 25.1, 21.6, 20.9. HR-MS (FAB, glycerol matrix): calcd
for M C H C Gly � 2H2O; 311.1781. Found: 311.1776.

Synthesis of boronohydantoin (29)

The synthesis was carried out as described for compound 25.
Compound 23 (0.53 g, 2.55 mmol) and (Ipc)2BH (10.3 ml of a
0.74 M Solution in THF, 7.65 mmol) was used. After stirring at
room temperature overnight, acetaldehyde (0.67 g, 15.30 mmol)
was added. The product was purified by silica-gel column
chromatography (MeOH–EtOAc, 1 : 10) to afford compound 29
as a white solid (0.45 g, 69%); m.p. 162–164 ŽC. 1H NMR (250 MHz,
DMSO-d6): δ 10.50 (s, 1H), 8.37 (s, 1H), 1.68–0.79 (m, 15H). 13C NMR
(63.9 MHz, DMSO-d6): δ 178.5, 156.3, 62.8, 41.2, 33.1, 31.7, 31.4, 21.2,
20.8. HR-MS (FAB, glycerol matrix): calcd for M C H C Gly � 2H2O;
311.1781. Found: 311.1782.

Synthesis of boronohydantoin (30)

The synthesis was carried out as described for compound 25.
Compound 24 (0.58 g, 3.0 mmol) and (Ipc)2BH (12.16 ml of a
0.74 M solution in THF, 9.0 mmol) were used. After stirring at
room temperature overnight, acetaldehyde (0.79 g, 18.0 mmol)
was added. The product was purified by silica-gel column
chromatography (MeOH–EtOAc, 1 : 10) to afford compound 30
as a white solid (0.63 g, 87%); m.p. 120–122 ŽC. 1H NMR (250 MHz,
DMSO-d6): δ 9.94 (s, 1H), 8.18 (s, 1H), 1.99–1.12 (m, 13H), 0.59–0.47
(m, 2H). 13C NMR (63.9 MHz, DMSO-d6): δ 179.7, 158.2, 67.7, 43.7,
40.4, 38.5, 38.0, 36.9, 31.2, 23.1. HR-MS (FAB, glycerol matrix): calcd
for M C H C Gly � 2H2O; 269.1311. Found: 269.1322.

Synthesis of 1-amino-4-boronomethylcyclohexanecarboxylic
acid (1)

Boronohydantoin 25 (0.42 g, 2.00 mmol) was placed in a 50 ml
Ace pressure tube along with a solution of aqueous hydrogen
chloride (12 M, 3 ml). The tube was sealed and then heated at
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130 ŽC (oil bath) for 48 h. After cooling to room temperature, the
tube was carefully opened. The mixture was decolorized with
charcoal (0.2 g) and filtered. The solvent was removed under
reduced pressure to afford a pale-yellow solid (0.37 g, 93%), which
decomposed when heated above 238 ŽC. 1H NMR (250 MHz, D2O):
δ 2.09–1.58 (m, 9H), 1.17–0.88 (m, 2H). 13C NMR (63.9 MHz, D2O):
δ 172.7, 56.8, 46.5, 30.1, 21.2, 17.8. HR-MS (FAB, glycerol matrix):
calcd for M C H C Gly � 2H2O; 258.1515. Found: 258.1516.

Synthesis of 1-amino-4-boronopropylcyclohexanecarboxylic
acid (2)

The synthesis was carried out as described for 1. Boronohydantoin
26 (0.51 g, 2.00 mmol) and aqueous hydrogen chloride (12 M,
3 ml) were sealed and then heated at 130 ŽC (oil bath) for 48 h. A
pale-yellow solid (0.44 g, 96%) was obtained after workup, which
decomposed when heated above 252 ŽC. 1H NMR (250 MHz, D2O):
δ 2.09–1.58 (m, 13H), 1.17–0.84 (m, 2H). 13C NMR (63.9 MHz, D2O):
δ 172.7, 56.8, 36.5, 30.1, 23.7, 21.2, 17.8. HR-MS (FAB, glycerol
matrix): calcd for M C H C Gly � 2H2O; 286.1828. Found: 286.1829.

Synthesis of 1-amino-4-[3-boronopropoxy]cyclohexane
carboxylic acid (3)

Hydantoin 27 (0.42 g, 1.54 mmol) was placed in a 50 ml Ace
pressure tube along with a solution of aqueous sodium hydroxide
(2 M, 4 ml). The tube was flushed with argon and sealed. The
reaction vessel was heated at 160 ŽC (oil bath) for 40 min. After
cooling to room temperature, the tube was carefully opened in
a fume hood. The reaction mixture was diluted with water and
acidified with aqueous HCl (2 M) to pH D 4. The pale-yellow,
clear aqueous solution was decolorized with charcoal (0.2 g) and
filtered. The solvent was removed under reduced pressure to
give a white solid. The solid was extracted with dry methanol
(2 ð 10 ml) to remove NaCl. The crude product was purified via
column chromatography (silica-gel, methanol) to afford 3 (as the
HCl salt) as a pale-yellow solid (0.33 g, 88%) which decomposed
when heated above 247 ŽC. 1H NMR (D2O, 250 MHz): δ 3.67–3.52
(m, 3H), 2.34–1.62 (m, 10H), 0.82–0.76 (m, 2H). 13C NMR (D2O,
62.9 MHz): δ 173.7, 77.3, 72.4, 51.6, 31.6, 30.6, 28.3, 26.4. HR-MS
(FAB, glycerol matrix): calcd for M C H C Gly � 2H2O; 302.1777.
Found: 302.1769.

Synthesis of 1-amino-2-boronopropylcyclohexanecarboxylic
acid (4)

The synthesis was carried out as described for 1. Boronohydantoin
28 (0.51 g, 2.0 mmol) and aqueous hydrogen chloride (12 M, 3 ml)
were sealed in an Ace tube and then heated at 130 ŽC (oil bath) for
48 h. A pale-yellow solid (0.42 g, 92%) was obtained after workup,
decomposed when heated above 261 ŽC. 1H NMR (250 MHz, D2O):
δ 2.04–0.99 (m, 13H), 0.83–0.63 (m, 2H). 13C NMR (63.9 MHz, D2O):
δ 177.3, 59.9, 36.8, 30.9, 23.4, 21.3, 18.1. HR-MS (FAB, glycerol
matrix): calcd for M C H C Gly � 2H2O; 286.1828. Found: 286.1826.

Synthesis of 1-amino-3-boronopropylcyclohexanecarboxylic
acid (5)

The synthesis was carried out as described for 1. Boronohydantoin
29 (0.51 g, 2.0 mmol) and aqueous hydrogen chloride (12 M, 3 ml)
were sealed in an Ace tube and then heated at 130 ŽC (oil bath) for
48 h. A pale-yellow solid (0.39 g, 86%) was obtained after workup,
which decomposed when heated above 255 ŽC. 1H NMR (250 MHz,

D2O): δ 1.78–0.93 (m, 13H), 0.79–0.66 (m, 2H). 13C NMR (63.9 MHz,
D2O): δ 176.5, 57.9, 36.4, 30.9, 23.3, 21.1, 18.0. HR-MS (FAB, glycerol
matrix): calcd for M C H C Gly � 2H2O; 286.1828. Found: 286.1819.

Synthesis of 1-amino-3-boronopropylcyclopentanecarboxylic
acid (6)

The synthesis was carried out as described for boronated amino
acid 1. Boronohydantoin 30 (0.48 g, 2.0 mmol) and aqueous
hydrogen chloride (12 M, 3 ml) were sealed and then heated at
130 ŽC (oil bath) for 48 h. A white solid (0.36 g, 84%) was obtained
after workup which decomposed when heated above 244 ŽC. 1H
NMR (250 MHz, D2O): δ 2.03–1.01(m, 11H), 0.73–0.55 (m, 2H). 13C
NMR (63.9 MHz, D2O): δ 178.0, 67.3, 45.3, 42.7, 41.2, 38.8, 34.3, 23.4,
16.1. HR-MS (FAB, glycerol matrix): calcd for M C H C Gly � 2H2O;
272.1672. Found: 272.1666.

Results and Discussion

The key synthetic step in the preparation of the targeted amino
acids 1–6 is the syntheses of the appropriate alkenyl-substituted
cycloalkanones (Fig. 2). The intermediate ketones can be read-
ily transformed into the target molecules using a modified
Bücherer–Strecker reaction followed by a hydroboration se-
quence. Schemes 1–4 outline the preparation of the intermediate
ketones.

Intermediate ketone 7 was prepared starting from 1,4-
cyclohexanedione monoethylene ketal, 13, (Scheme 1). In the
presence of tert-BuOK, the Wittig reaction of ketal 7 and methylen-
etriphenylphosphorane proceeded readily to give compound 14
in 91% yield.[18] Unlike other ethylene ketal compounds, removal
of the ethylene ketal group in 14 using dilute hydrochloric acid
was sluggish. We then discovered that the reaction proceeded
efficiently in the presence of CeCl3ž7H2O and NaI.[19]

The synthesis of alkenyl-substituted cyclohexanone 8 also
started from ketal 13 (Scheme 2). Treatment of 13 with NaBH4

produced alcohol 15 in quantitative yield.[20] The tosylation of 15
afforded tosylate 16 in high yield.[14a,21] To minimize a chlorination
side reaction, the tosylation temperature was maintained at 0 ŽC.
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Figure 2. Intermediate alkenyl-substituted cycloalkanones.
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Synthesis of a series of boronated unnatural cyclic amino acids
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Tosylate 16 coupled to allylmagnesium chloride to give alkene
17 in 86% isolated yield.[22] In the presence of dilute aqueous
hydrochloric acid, the ethylene ketal group in 17 was readily
removed in acetone at room temperature.

Introduction of an ether linker into a boronated amino acid
should increase the lipophilicity of the molecule. The sequential
treatment of alcohol 15 with sodium hydride and allyl bromide
produced alkene 18 in 85% yield (Scheme 3). Removal of the
ethylene ketal in 18 generated ketone 9 in good yield.

The Sakurai reaction, a TiCl4-catalyzed reaction of an enone
and allyltrimethylsiliane, was utilized to prepare intermediates 11
and 12.[23] Starting from cyclohexenone and cyclopentenone, 11
and 12 were obtained in 84 and 79% isolated yields, respectively
(Scheme 4).

The prerequisite ketone (2-allylcyclohexanone, 10) required
for the preparation of 4 was commercially available. With key
intermediates ketones in hand, the corresponding hydantoins
19–24 were prepared using a modified Bücherer–Strecker
reaction[24] (Scheme 5). In each case, two racemates were
obtained. Although a detailed structural analysis has not been
completed, the 13C NMR spectra indicate that the racemate
with the amino moiety cis to the linker group is the primary
product.[25] The formation of the hydantoin boronates 25–30
from hydantoins 19–24 was realized by sequential treatment
with diisopinocampheylborane (Ipc2BH) and acetaldehyde.[26] The
tolerance of the hydantoins in 19–24 to hydroboration is quite
remarkable. According to the literature,[27] the NH functional
group does not interfere in the hydroboration reactions. In our
hands, large quantities of hydrogen gas were released during
the hydroboration, which indicates reaction of the hydrogen in
the NH group with Ipc2BH.[28] Thus the use of 3.0 equivalents
of Ipc2BH was necessary for complete reaction. The hydrolysis
of boronohydantoins 25, 26, 28, 29 and 30 using concentrated
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130 °C;  (f) NaOH (2M),160 °C.

n

Scheme 5.

aqueous hydrochloric acid gave the desired boronated amino
acids in good yields. The hydrolysis of 27 was carried out under
basic conditions to protect the ether linkage.

As anticipated, the introduction of different linker between the
boronic acid and 1-aminocycloalkanecarboxylic acid moieties in-
fluenced the lipophilicities of the resulting boronated amino acids
as reflected in their Rf values on thin-layer chromatography analy-
sis. For example, the Rf value for 5, which contains a butylboronic
acid moiety, is 0.81 using a mixture of isopropanol : water : acetic
acid (2 : 2:1), whereas 1 exhibits an Rf value of 0.18, reflecting the
enhanced lipophilicity of 5 when compared with 1.

Conclusion

We report the syntheses of several novel boronated unnatural
cyclic amino acids starting from the readily available starting
materials. The fructose complexes[29] of these new agents will be
evaluated for use as BNCT agents.
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