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A strategy for the synthesis of new chiral auxiliaries based upon vicinal diamines, amino alcohols and
aminophosphines, obtained from limonene oxide, has been developed. The methodology allows the prep-
aration of (1R,2R,4S)-1-methyl-4-(prop-1-en-2-yl)cyclohexane-1,2-diamine starting from a commercially
available mixture of cis/trans (4S)-(�)-limonene oxides, through a stereoconvergent synthetic sequence.
The process starts from an inexpensive naturally occurring material, is amenable to scale-up and allows
easy access to highly useful enantiopure building blocks and ligands, employed in asymmetric catalysis.

� 2009 Elsevier Ltd. All rights reserved.
1. Introduction

Chiral vicinal diamines, amino alcohols and aminophosphines
are important molecules that find application in several fields.1

For instance, several synthetic diamine derivatives have been em-
ployed as chemotherapeutics as substitutes of cisplatin. Chiral 1,2-
diamines are also used in organic synthesis as chiral auxiliaries.
The large use of enantiomerically pure trans-1,2-diaminocyclohex-
ane derivatives as broad-range chiral reagents and ligands for cat-
alytic cycles in the field of asymmetric synthesis is well known in
the literature.1c They can be used as chelants1c or organocata-
lysts1e,f to obtain enantiopure coordination compounds useful in
homogeneous catalytic asymmetric synthesis.

The stereoselective synthesis of b-diamines and b-amino alco-
hols, without the need for enantiomer separation, was made start-
ing from naturally occurring, inexpensive and readily available
chiral materials, such as terpenes.2 Limonene is a terpene widely
used in the organic synthesis of enantiomerically pure molecules,
as the chiral core of auxiliaries or ligands employed in stereoselec-
tive synthesis.3

2. Results and discussion

Herein, we report the synthesis of new chiral vicinal diamines,
amino alcohols and derivatives obtained starting from limonene
which is an inexpensive enantiomerically pure natural compound,
easily obtained from the ‘chiral pool’ in both enantiomers. More-
over, we have chosen limonene because its structure allows for
the preparation diamines containing a trans-1,2-diamminocyclo-
ll rights reserved.

: +39 0737 637345.
ieri).
hexane skeleton, widely fused in chiral reagents, scaffolds and li-
gands for catalysis.

The cis/trans-epoxides 1 of (4S)-(�)-limonene were converted to
enantiomerically pure diamino limonene 8 through the intermedi-
ate azido-alcohols 2 and 3, aziridines 4 and 5 and azido-amines 6
and 7 (Scheme 1).

The synthetic sequence begins with the opening of the (4S)-(�)-
limonene oxides 1, commercially available as a 47:53 mixture of
the cis- and the trans-epoxides, with sodium azide in the presence
of ammonium chloride as catalyst. Due to the difficulty involved in
the separation of the two diastereomers of limonene oxide by
physical means, even by gas chromatographic methods, synthetic
routes to pure limonene oxide have been attempted by the kinetic
separation of commercially available cis and trans mixture.3f,g The
opening of the epoxides of each isomer is regio- and diastereose-
lective. The trans-diaxial approach of the nucleophile has long been
established.3a,f,4 The regioselectivity observed in this step can be
explained by the inherent conformation difference between the
cis- and trans-limonene oxide. For the trans-1 isomer, an SN2-type
reaction can be envisioned to occur at the less hindered secondary
carbon C-2 to afford azido-alcohol 2.5 For the cis-1 isomer, there is
evidence that an SN1-type reaction takes place on the tertiary car-
bon C-1 with inversion of configuration at the C-1 centre to obtain
derivate 3.6 Contrary to limonene oxide, the mixture of the azido-
alcohols 2 and 3 can be separated quantitatively by silica gel col-
umn chromatography. The second step involves the formation of
aziridines 4 and 5. This reaction takes place with triphenylphos-
phine by a pseudo-Staudinger mechanism.7 The Staudinger reac-
tion on the secondary azide 2 is much faster; the azido-alcohol 2
is converted into cis-aziridine 4 at room temperature over a period
of 48 h. Conversely, azido-alcohol 3 is changed to the correspond-
ing trans-aziridine 5, in 1,4-dioxane at reflux for 24 h8 (to the best
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of our knowledge, the spectroscopic data in Ref. 8 of these aziri-
dines diastereomer are reversed). The different reactivities of the
two azido-alcohols 2 and 3 provide an additional possibility in
the stereoselective and scaleable synthesis of the two aziridine dia-
stereomers from the commercially available mixture of limonene
oxides.8 The subsequent step is the formation of azido-amines 6
and 7 from the corresponding aziridines 4 and 5. The reaction takes
places with sodium azide and CeCl3�7H2O as a catalyst in acetoni-
trile. The nucleophilic ring opening of the limonene aziridines 4
and 5 is both regio- and diastereoselective and proceeds with the
same stereochemical constraints that dictate the opening of the
corresponding epoxides. Therefore, the reaction of cis-aziridine 4
with NaN3 occurs at the more sterically hindered tertiary carbon
C-1, forming the azido amine 6. Instead, nucleophilic attack on
trans-aziridine 5 occurs only at the less sterically hindered second-
ary carbon C-2 to give the adduct 7.9 The last reaction is the sepa-
rate reduction of azido-amines 6 and 7 with LiAlH4. In both the
reduction reactions, the same enantiomerically pure trans-
(1R,2R,4S)-diamino limonene 8 is formed. The liquid diamine 8 is
purified by reaction with oxalic acid to form the crystalline solid
9. Then, starting from a 1:1 mixture of cis- and trans-limonene oxi-
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Scheme 2. Synthesis of am
des 1 we obtained enantiopure 8 by a diastereoconvergent synthe-
sis. Therefore, we synthesized successively the trans-1,2-diamine 8,
on a multigram scale starting from a (4S)-(�)-limonene oxide mix-
ture following the same passages as shown in Scheme 1, without
splitting of the intermediates 2–7, with an overall final yield of
52%.

It is important to note that this sequence of reactions allows the
preparation of trans-(1S,2S,4R)-diaminolimonene, an enantiomer
of 8, starting from the commercially available (+)-(4R)-limonene
(the availability of both enantiomers of a chiral auxiliary is an
important requirement in asymmetric synthesis).

The reduction of azido-alcohols 2 and 3, obtained as pure ster-
eoisomers in the procedure described above, leads to the corre-
sponding amino alcohols 10 and 11, respectively, via reduction
with LiAlH4 (see Scheme 2).

These compounds, which find important applications in asym-
metric catalysis,3a,10 were previously prepared from limonene
oxide with good results when secondary amines were used. When
dimethylamine or butylamine is used, more complex mixtures of
amino alcohol stereoisomers, which are difficult to separate, were
obtained.3b We have found that cis/trans-limonene oxide reacts
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slowly at room temperature with aqueous ammonia at 30% with
selective formation of the amino alcohol 10 (see Scheme 2). When
the reaction was carried out at 70 �C, it led to high conversion of
limonene oxide with the formation of various isomers of amino
alcohols with poor selectivity (see Scheme 2) differently from what
was reported in the literature.3a Under these conditions major
amine 12 was isolated and characterized. The structure of this mol-
ecule corresponds to amino alcohol 12 with C2 symmetry, on the
basis of the observation on the 1H NMR spectrum that the H-2 at
d = 2.55 ppm (geminal to the amino group), is in an equatorial po-
sition showing the multiplicity of a dd (J = 5.1, 3.0 ppm). This is in
agreement with the most stable conformation calculated for com-
pounds 12 and 10 via stochastic methods (semiempirical PM3
minimization),11 where the cumbersome isopropenyl group, is in
Figure 1. The more stable conformations for amino alcohols 10 and 12.
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Scheme 3. Reagents and conditions: (i) ethyl vinylphosphonate, 1 equiv, EtOH,
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the equatorial position, constraining the molecule in the conforma-
tion shown in Figure 1.12 The same behaviour was observed for
most compounds described in this work albeit with coupling con-
stants that were very small for the 1H NMR signal for the gauche
equatorial H-2 proton.

To confirm the structure of amine 12 the conditions for its prep-
aration from amine 10 in the presence of (4S)-(�)-limonene oxides
1 were optimized.

Since there is high demand for new chiral functionalized phos-
phine ligands for application in transition metal-catalyzed asym-
metric synthesis,1a,13 we have developed the synthesis of
enantiopure N,P-ligands derived from limonene. Amines 8 and 10
give selectively an aza-Michael addition on diethyl vinylphospho-
nate (Scheme 3).

3. Conclusion

Starting from cis/trans (4S)-(�)-limonene oxides, an inexpensive
enantiomerically pure natural compound commercially available
in both the enantiomeric form, we carried out the synthesis of
new chiral vicinal diamines, amino alcohols and other derivatives.
The methodology allows the straightforward preparation of
(1R,2R,4S)-1-methyl-4-(prop-1-en-2-yl)cyclohexane-1,2-diamine,
a useful chelant unknown in the literature, via a practical stereo-
convergent synthetic sequence, without the need to separate the
cis/trans mixture of the starting limonene oxide and the intermedi-
ate diastereomers. These compounds, conveniently prepared on a
multigram scale as single enantiomers, without having to resort
to resolution, are widely used in organic synthesis of enantiomeri-
cally pure molecules, as the chiral core of auxiliaries or ligands em-
ployed in asymmetric catalysis.

4. Experimental

4.1. General experimental

1H and 13C NMR spectra were recorded at 400 and 100 MHz,
respectively, with CDCl3 as a solvent at ambient temperature and
were calibrated using residual undeuterated solvents as the inter-
nal reference. Coupling constants (J) are given in hertz. When nec-
essary, assignments of the structures of compounds prepared were
aided by a self-consistency check using the 1H NOESY correlation
spectrum and decoupling experiments. IR spectra were recorded
using FTIR apparatus. Optical rotations were measured in a 1 dm
cell at 20 �C. All melting points are uncorrected. Where only the
major diastereomer was obtained pure, the 1H NMR signals for
the minor diastereomer were deduced from the spectra of the
crude reaction mixture or of enriched chromatographic fractions.
All reagents were commercially available, were purchased at the
highest quality, and were purified by distillation when necessary.
4.2. Synthesis of (1R,2R,4S)-2-azido-1-methyl-4-(prop-1-en-2-
yl)cyclohexanol 2 and (1R,2R,5S)-2-azido-2-methyl-5-(prop-1-
en-2-yl)cyclohexanol 3

To a solution of (4S)-(�)-limonene oxides 1 (3.04 g,
20.00 mmol) in methanol (8 mL) were added NaN3 (2.60 g,
40.00 mmol) and NH4Cl (1.08 g, 20.00 mmol). The solution was
heated at reflux for 32 h. The reaction was monitored by GC. The
mixture was allowed to cool to room temperature, then the solvent
was removed in vacuo. The resulting mixture was diluted with
DCM and filtered on Na2SO4. The azido-alcohols 2 and 3 were sep-
arated by silica gel column chromatography with cyclohexane/
AcOEt 95:5 mixture as eluent (2: 2.03 g, 10.4 mmol, 52%; 3:
1.52 g, 7.80 mmol, 39%).
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4.2.1. (1R,2R,4S)-2-Azido-1-methyl-4-(prop-1-en-2-yl) cyclohex
anol 2

Yellow oil; ½a�20
D ¼ �107:55 (c 1.1, CHCl3); mmax (liquid film):

3392, 2097, 1454, 1263, 1004, 890 cm�1; NMR (400 MHz, CDCl3):
dH 1.23 (s, 3H), 1.45–1.65 (m, 4H), 1,70 (s, 3H), 1.77 (dtd, 1H,
J = 17.5, 3.8, 1.9 Hz), 1.96 (ddd, 1H, J = 13.7, 12.0, 3.0 Hz), 2.09–
2.17 (m, 1H), 2.37 (s, 1H), 3.50–3.56 (m, 1H), 4.68–4.73 (m, 2H);
dC 21.2, 26.1, 27.8, 30.9, 34.1, 38.2, 66.7, 70.8, 109.3, 149.1. Anal.
Calcd for C10H17N3O, MW 195.261: C, 61.51; H, 8.78; N, 21.52.
Found: C, 61.69; H, 8.59; N, 21.42.

4.2.2. (1R,2R,5S)-2-Azido-2-methyl-5-(prop-1-en-2-yl)cyclohex-
anol 3

Yellow oil; ½a�20
D ¼ �75:5 (c 1.2, CHCl3); mmax (liquid film):

3435, 1645, 1452, 1375, 1261, 1030, 890 cm�1; NMR (400 MHz,
CDCl3): dH 1.37 (s, 3H), 1.42–1.80 (m, 6H), 1,72 (s, 3H), 1.86
(ddd, 1H, J = 13.7, 12.4, 3.0 Hz), 2.25 (tt, 1H, J = 12.0, 3.8 Hz),
3.63–3.66 (m, 1H), 4.73–4.76 (m, 2H); dC 21.0, 22.9, 26.7, 31.1,
34.4, 37.4, 63.4, 72.2, 109.4, 149.2. Anal. Calcd for C10H17N3O,
MW 195.261: C, 61.51; H, 8.78; N, 21.52. Found: C, 61.73; H,
8.56; N, 21.31.

4.3. Synthesis of (1S,4S,6R)-1-methyl-4-(prop-1-en-2-yl)-7-aza-
bicyclo-[4.1.0]heptane 4

A solution of 2 (1.91 g, 9.80 mmol) in THF (3.5 mL) was
magnetically stirred at room temperature with triphenylphos-
phine (3.08 g, 11.76 mmol) for 48 h. The reaction was monitored
by GC. The solvent was removed in vacuo and the resulting crude
was diluted with DCM. The solution was washed with citric acid
(2.96 g, 10% aqueous solution, 14.11 mmol), then, the
organic layer was washed with Na2CO3 (1.79 g, 10% aqueous
solution, 16.93 mmol), dried over Na2SO4 and concentrated under
reduced pressure to give 4 as a colourless oil (1.32 g, 8.72 mmol,
89%).

4.3.1. (1S,4S,6R)-1-Methyl-4-(prop-1-en-2-yl)-7-aza-bicyclo-
[4.1.0]heptane 4

Colourless oil; ½a�20
D ¼ �40:1 (c 1.9, CHCl3); mmax (liquid film):

3279, 1776, 1644, 1442, 886 cm�1; NMR (400 MHz, CDCl3): dH

0.40 (br s, 1H), 1.17 (dtd, 1H, J = 12.8, 10.7, 6.8 Hz), 1.24 (s, 3H),
1.42–1.49 (m, 1H), 1.60–1.69 (m, 1H), 1.67 (s, 3H), 1.73 (qd, 1H,
J = 9.7, 4.9 Hz), 1.78 (ddd, 1H, J = 14.3, 6.7, 4.1 Hz), 1.92–2.02 (m,
2H), 2.06–2.09 (m, 1H), 4.67 (s,1H), 4.68–4.70 (m, 1H); dC 20.5,
25.0, 26.5, 30.7, 31.1, 35.4, 37.8, 41.7, 108.9, 149.9. Anal. Calcd
for C10H17N, MW 151.249: C, 79.41; H, 11.33; N, 9.26. Found: C,
79.63; H, 11.46; N, 9.03.

4.4. Synthesis of (1R,4S,6S)-methyl-4-(prop-1-en-2-yl)-7-aza-
bicyclo-[4.1.0]heptane 5

Aziridine 5 was prepared starting from azido-alcohol 3 (1.48 g,
9.79 mmol) according to the procedure followed for aziridine 4,
stirring at reflux for 24 h instead of at room temperature for 48 h
(1.14 g, 7.54 mmol, 77%).

4.4.1. (1R,4S,6S)-Methyl-4-(prop-1-en-2-yl)-7-aza-bicyclo-
[4.1.0]heptanes 5

Colourless oil; ½a�20
D ¼ �88:3 (c 1.2, CHCl3); mmax (liquid film):

3255, 1644, 1442, 1379, 834 cm�1; NMR (400 MHz, CDCl3): dH

1.15–2.07 (m, 6H), 1.24 (s, 3H), 1.48 (dd, 1H, J = 14.1, 12.0 Hz),
1.63 (s, 3H), 1.80 (tdd, 1H, J = 12.0, 6.0, 2.6 Hz), 1.95 (ddd, 1H,
13.7, 3.8, 2.6 Hz), 4.62 (s, 2H); dC 21.2, 26.6, 27.7, 29.7, 30.6,
35.1, 36.8, 39.4, 109.0, 149.4. Anal. Calcd for C10H17N, MW
151.249: C, 79.41; H, 11.33; N, 9.26. Found: C, 79.63; H, 11.44;
N, 9.09.
4.5. Synthesis of (1R,2R,5S)-2-azido-2-methyl-5-(prop-1-en-2-
yl)cyclohexanamine 6

A solution of aziridine 4 (2.16 g, 14.32 mmol) in CH3CN/H2O
10:1 (11 mL) was added of NaN3 (1.11 g, 17.16 mmol) and CeCl3

.7-
H2O (2.67 g, 7.16 mmol) then it was heated at reflux for 12 h. The
reaction was monitored by GC. After cooling, the reaction mixture
was concentrated in vacuo to remove the solvent. The crude was
diluted with DCM and the mixture resulting was dried with
Na2SO4. The solution was further filtered on a thin pad of Na2SO4.
The azido-amine 6 was purified by column chromatography with
cyclohexane/AcOEt 80:20 mixture as eluent to obtain 6 (2.06 g,
10.59 mmol, 74%).
4.5.1. (1R,2R,5S)-2-azido-2-methyl-5-(prop-1-en-2-yl)cyclohexa
namine 6

Colourless oil; ½a�20
D ¼ �58:3 (c 1.8, CHCl3); mmax (liquid film):

2105, 1644, 1453, 1256, 888 cm�1; NMR (400 MHz, CDCl3): dH

1.17 (br s, 2H), 1.31 (s, 3H), 1.44–1.62 (m, 4H), 1.71 (s, 3H), 1.75
(ddd, 1H, J = 13.7, 11.5, 3.8 Hz), 1.88 (ddd, 1H, J = 13.7, 12.0,
3.8 Hz), 2.21 (tt, 1H, J = 11.5, 3.4 Hz), 2.89 (t, 1H, J = 3.4 Hz), 4.70
(br s, 2H); dC 21.2, 23.0, 26.8, 30.7, 34.6, 37.2, 53.4, 64.4, 109.3,
149.3. Anal. Calcd for C10H18N4, MW 194.277: C, 61.82; H, 9.34;
N, 28.84. Found: C, 61.99; H, 9.09; N, 28.96.

4.6. Synthesis of (1R,2R,4S)-2-azido-1-methyl-4-(prop-1-en-2-
yl) cyclohexanamine 7

Starting from aziridine 5 (2.17 g, 14.34 mmol) and following the
same procedure followed to prepare product 6, product 7 was ob-
tained (1.97 g, 10.18 mmol, 71%).

4.6.1. (1R,2R,4S)-2-Szido-1-methyl-4-(prop-1-en-2-yl) cyclohex
anamine 7

Colourless oil; ½a�20
D ¼ �96:8 (c 1.2, CHCl3); mmax (liquid film):

2099, 1644, 1451, 1374, 1258, 889 cm�1; NMR (400 MHz, CDCl3):
dH 1.15 (s. 3H), 1.20–1.94 (m, 8H), 1.73 (s, 3H), 2.18 (tt, 1H,
J = 11.1, 4.3 Hz), 3.40 (m, 1H), 4.68–4.76 (m, 2H); dC 21.4, 26.2,
28.5, 30.9, 34.8, 38.2, 51.4, 68.4, 109.4, 148.9. Anal. Calcd for
C10H18N4, MW 194.277: C, 61.82; H, 9.34; N, 28.84. Found: C,
61.60; H, 9.52; N, 28.61.

4.7. Synthesis of (1R,2R,4S)-1-methyl-4-(prop-1-en-2-yl)cyclo
hexane-1,2-diamine 8

Azido-amine 6 or 7 (2.00 g, 10.29 mmol) was dissolved in
anhydrous MTBE (12 mL) and was magnetically stirred at 0 �C
in an ice-water bath. The solution was treated with LiAlH4

(0.47 g, 13.87 mmol) and stirred for 10 min until room tempera-
ture. The reaction was monitored by GC. The excess of LiAlH4

was destroyed adding some drops of Na2SO4 saturated water
solution. The mixture was then dried with anhydrous Na2SO4, fil-
tered, washed with DCM and evaporated under reduced pressure
to give diamine 8 (from 6, 1.68 g, 9.99 mmol, 97%; from 7, 1.65 g,
9.78 mmol, 95%).
4.7.1. (1R,2R,4S)-1-Methyl-4-(prop-1-en-2-yl)cyclohexane-1,2-
diamine 8

Colourless oil; ½a�20
D ¼ �28:5 (c 0.4, CHCl3); mmax (liquid film):

3365, 1643, 1453, 1372, 886, 834 cm�1; NMR (400 MHz, CDCl3):
dH 0.85 (s, 3H), 0.95–1.68 (m, 10H), 1.50 (s, 3H), 2.02 (tt, 1H,
J = 10.3, 4.7 Hz), 2.50 (t, 1H, J = 4.1 Hz), 4.51 (s, 2H); dC 21.2, 26.1,
26.6, 34.2, 34.3, 37.4, 51.3, 56.1, 108.8, 148.9. Anal. Calcd for
C10H20N2, MW 168.279: C, 71.37; H, 11.98; N, 16.65. Found: C,
71.52; H, 12.18; N, 16.58.
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4.8. Preparation of (1R,2R,4S)-1-methyl-4-(prop-1-en-2-
yl)cyclohexane-1,2-diamine oxalate 9

Oxalic acid (1.83 g, 20.34 mmol) was dissolved in EtOH (5 mL)
on heating. The solution was added slowly to diamine 8 (1.63 g,
9.68 mmol). After few minutes crystal of 9 appeared. The crystals
were collected, washed with EtOH and dried (2.93 g, 8.42 mmol,
87%).

White crystals; mp 202–206 �C (methanol); ½a�20
D ¼ �76:2 (c

1.2, CHCl3); mmax (liquid film): 1600, 1453, 1422, 992, 751,
694 cm�1; NMR (400 MHz, DMSO-d6): dH 1.28 (s, 3H), 1.50–2.27
(m, 7H), 1.68 (s, 3H), 3.40–3.45 (m, 1H), 4.78 (s, 1H), 4.82 (s,
1H), 7.40 (br s, 8H); dC 20.9, 21.5, 23.9, 29.3, 31.0, 36.7, 51.5,
54.3, 111.0, 146.8, 164.4, 164.9. Anal. Calcd for C14H24N2O8,
MW 348.35: C, 48.27; H, 6.94; N, 8.04. Found: C, 48.07; H,
6.82; N, 8.22.
4.9. Scaleable preparation of (1R,2R,4S)-1-methyl-4-(prop-1-
en-2-yl)cyclohexane-1,2-diamine 8 starting from (4S)-(�)-
limonene oxides 1

To a solution of (4S)-(�)-limonene oxides 1 (76.11 g, 0.50 mol)
in methanol (200 mL) were added NaN3 (65.01 g, 1.00 mol) and
NH4Cl (26.74 g, 0.50 mol). The solution was heated at reflux for
32 h. The reaction was monitored by GC. The mixture was al-
lowed to cool to room temperature then the solvent was re-
moved in vacuo. The resulting mixture was diluted with DCM
(200 mL) and filtered on Na2SO4. The residue obtained from
evaporation of the solvent was purified by filtration on a short
column of silica gel eluting with a mixture of cyclohexane/AcOEt
80:20 to give 2 and 3 azido-alcohol mixture (87.80 g, 0.45 mol,
90%)

A solution of 2 and 3 azido-alcohol mixture (87.80 g, 0.45 mol)
in dioxane (190 mL) was heated at reflux with triphenylphosphine
(141.6 g, 0.54 mol) for 24 h. The reaction was monitored by GC. The
solvent was removed in vacuo and the resulting crude was diluted
with DCM (200 mL). The solution was washed with citric acid
(124.5 g , 20% aqueous solution, 0.648 mol), then the organic layer
was washed with Na2CO3 (82.4 g, 10% aqueous solution ,
0.778 mol), dried over Na2SO4 and concentrated under reduced
pressure to give a mixture of aziridines 4 and 5 as a colourless
oil (56.00 g, 0.37 mol, 83%).

To a solution of a mixture of aziridines 4 and 5 (56.00 g,
0.37 mol) in CH3CN/H2O 5:1 (280 mL) were added NaN3 (28.60 g,
0.44 mol) and CeCl3�7H2O (68.93 g, 0.18 mol) and heated at reflux
for 12 h. The reaction was monitored by GC. After cooling, the reac-
tion mixture was concentrated in vacuo to remove the solvent. The
crude was diluted with DCM (200 mL) and added of Na2SO4. The
mixture of the azido-amines 6 and 7 was obtained as a brown res-
idue (58.34 g) by filtration and evaporation of the DCM. The mix-
ture of azido-amines 6 and 7 was purified by a short column
chromatography, eluting with a mixture of cyclohexane/AcOEt
60:40 (51.77 g, 0.27 mol, 72%).

The mixture of azido-amines 6 and 7 (51.77 g, 0.27 mol) was
dissolved in anhydrous MTBE (300 mL) and magnetically stirred
at 0 �C in an ice-water bath. The solution was treated with LiAlH4

(12.14 g, 0.32 mol) which was added in portions over 2 h. The reac-
tion was stirred for 10 min until room temperature. The reaction
was monitored by GC. The excess of LiAlH4 was destroyed adding
some millilitre of Na2SO4 saturated water solution. The mixture
was then added of DCM (300 mL), dried, filtered and evaporated
under reduced pressure to give the diamine 8 (43.68 g, 0.26 mol,
96%).

This synthetic sequence affords the final (1R,2R,4S)-1-methyl-4-
(prop-1-en-2-yl)cyclohexane-1,2-diamine (8) in 52% overall yield.
4.10. Synthesis of (1R,2R,4S)-2-amino-1-methyl-4-(prop-1-en-
2-yl)cyclohexanol 10

The azido-alcohol 2 (1.00 g, 5.12 mmol) was dissolved in MTBE
anhydrous (5 mL) under magnetic stirring at 0 �C in an ice-water
bath. The solution was treated with LiAlH4 (0.26 g, 6.80 mmol)
and stirred for 1 h until room temperature. The excess of LiAlH4

was destroyed adding some drops of Na2SO4 saturated water solu-
tion. The mixture was then added of DCM (10 mL), dried, filtered
and evaporated under reduced pressure to give amino alcohol 10
(0.81 g, 4.81 mmol, 94%).

4.10.1. (1R,2R,4S)-2-Amino-1-methyl-4-(prop-1-en-2-yl)cycloh
exanol 10

Colourless oil; ½a�20
D ¼ �14:6 (c 1.2, CHCl3); IR (Nujol): mmax

3350, 1621, 1439, 1203, 875 cm�1; 1H NMR (400 MHz, CDCl3): d
1.18 (s, 3H), 1.38–1.72 (m, 8H), 1,70 (s, 3H), 1.94 (ddd, 1H,
J = 13.7, 10.7, 3.8 Hz), 2.20 (tt, 1H, J = 10.3, 3.8 Hz), 2.82 (t, 1H,
J = 4.3 Hz), 4.70 (s, 2H) ppm; 13C NMR (100 MHz, CDCl3): d 21.4,
26.5, 27.1, 33.8, 34.7, 37.7, 55.7, 74.8, 109.2, 149.3. Anal. Calcd
for C10H19NO (169.26): C, 70.96; H, 11.31; N, 8.28. Found: C,
70.81; H, 11.49; N, 8.07.

4.11. Synthesis of (1R,2R,5S)-2-amino-2-methyl-5-(prop-1-en-
2-yl)cyclohexanol 11

Amino alcohol 11 was prepared starting from azido-alcohol 3
(1.00 g, 5.12 mmol), according to the same procedure followed
for amino alcohol 10 (0.75 g, 4.40 mmol, 86%).

4.11.1. (1R,2R,5S)-2-Amino-2-methyl-5-(prop-1-en-2-yl)cycloh
exanol 11

White crystals ; mp 39–41 �C (hexane); ½a�20
D ¼ �17:9 (c 1.2,

CHCl3); IR (Nujol): mmax 3360, 1643, 1452, 1196, 1049, 887 cm�1;
1H NMR (400 MHz, CDCl3): d 1.08 (s, 3H), 1.32 (dt, 1H, J = 13.2,
4.3 Hz), 1.38–1.95 (m, 7H), 1,69 (s, 3H), 1.76 (ddd, 1H, J = 14.1,
10.7, 3.0 Hz), 2.25 (tt, 1H, J = 10.5, 4.1 Hz), 3.46 (t, 1H, J = 3.8 Hz),
4.66–4.72 (m, 2H) ppm; 13C NMR (100 MHz, CDCl3): d 21.5, 26.4,
26.7, 34.0, 34.8, 37.8, 51.8, 74.7, 109.2, 149.3. Anal. Calcd for
C10H19NO (169.26): C, 70.96; H, 11.31; N, 8.28. Found: C, 71.13;
H, 11.42; N, 8.13.

4.12. Reaction of (4S)-(�)-limonene oxide with ammonium
hydroxide

The commercial mixture of cis/trans-(4S)-(�)-limonene oxides 1
(0.5 g, 3.29 mmol) was added to a 30% aqueous solution of ammo-
nia (4 mL, 64.8 mmol). The heterogeneous mixture was left under
magnetic stirring at room temperature for six days, leading to a
conversion of 12% of limonene oxide with formation of amino alco-
hol 10 as a major product (0.05 g, 10.6%). If the reaction is con-
ducted at 70 �C under magnetic stirring, after two days it shows
a conversion of 86% with formation of the amino alcohols 10–12.
The reaction mixture was extracted with DCM (3 � 10 mL). The or-
ganic phase was dried with Na2SO4 and evaporated, leaving a res-
idue which was purified by column chromatography on silica gel,
with cyclohexane/AcOEt 1:1 mixture as eluent, giving the amino
alcohols 10 (0.195 g, 1.15 mmol, 35%), 11 (0.072 g, 0.43 mmol,
13%) and 12 (0.317 g, 0.98 mmol, 30%).

4.12.1. (1S,10S,2R,20R,4S,40S)-2,20-Azanediylbis(1-methyl-4-(prop
-1-en-2-yl)cyclohexanol 12

Yellow oil ; ½a�20
D ¼ �46:8 (c 1.4, CHCl3); IR (Nujol): mmax 3370,

1642, 1452, 1188, 885 cm�1; 1H NMR (400 MHz, CDCl3): d 1.21
(s, 6H), 1.48–1.70 (m, 11H), 1,71 (s, 6H), 1.75–1.87 (m, 4H), 2.25
(m, 2H), 2.55 (dd, 2H, J = 5.5, 3.0 Hz), 4.69–4.75 (m, 4H) ppm; 13C
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NMR (100 MHz, CDCl3): d 21.7, 25.9, 26.2, 29.9, 34.7, 38.0, 58.7,
72.1, 109.4, 149.1. Anal. Calcd for C20H35NO2 (321.50): C, 74.72;
H, 10.97; N, 4.36. Found: C, 74.86; H, 11.12; N, 4.11.

4.13. Preparation of diethyl 2-((1R,2R,5S)-2-hydroxy-2-methyl-
5-(prop-1-en-2-yl)cyclohexylamino)ethylphosphonate 13

To a solution of trans-aminoalcohol 10 (0.50 g, 2.96 mmol) in
ethanol (3 mL) was added diethyl vinylphosphonate (0.49 g,
3.00 mmol). The mixture was heated at reflux for 15 h. then was
cooled until room temperature and the solvent was evaporated un-
der reduced pressure. The product was purified by column chro-
matography with EtOH/AcOEt, 1:1 mixture as eluent giving 13 as
colourless oil (0.86 g, 2.60 mmol, Y = 88%).

4.13.1. Diethyl 2-((1R,2R,5S)-2-hydroxy-2-methyl-5-(prop-1-
en-2-yl)cyclohexylamino) ethylphosphonate 13

Colourless oil; ½a�20
D ¼ �28:0 (c 1.1, CHCl3); IR (Nujol): mmax

3411, 1455, 1228, 1099, 962 cm�1; 1H NMR (400 MHz, CDCl3): d
1.05 (s, 3H), 1.18 (t, 6H, J = 7.1 Hz), 1.32–1.60 (m, 5H), 1.58 (s,
3H), 1.79 (t, 2H, J = 6.8 Hz), 1.84 (t, 2H, J = 6.8 Hz), 2.05 (br m,
1H), 2.39 (dd, 1H, J = 6.0, 3.4 Hz), 2.63 (ddt, 1H, J = 18.8, 12.0,
6.0 Hz), 2.66 (br s, 1H), 2.90 (ddt, 1H, J = 15.4, 12.0, 6.8 Hz), 3.89–
4.03 (m, 4H), 4.52 (br s, 2H); 13C NMR (100 MHz, CDCl3): d 16.3,
16.4, 21.3, 25.4, 25.5, 26.1, 28.2, 30.2, 34.5, 37.8, 41.7, 61.4, 61.5,
71.6, 109.1, 148.8. Anal. Calcd for C16H32NO4P (333.4): C, 57.64;
H, 9.67; N, 4.20. Found: C, 57.69; H, 9.51; N, 4.04.

4.14. Preparation of diethyl 2-((1R,2R,5S)-2-amino-2-methyl-5-
(prop-1-en-2-yl)cyclohexylamino) ethylphosphonate 14

Product 14 was prepared starting from trans-diaminolimonene
8 (0.50 g, 2.97 mmol), according to the procedure followed for
product 13 (0.89 g, 2.67 mmol, 90%).

4.14.1. Diethyl 2-((1R,2R,5S)-2-amino-2-methyl-5-(prop-1-en-
2-yl)cyclohexylamino) ethylphosphonate 14

Yellow oil; ½a�20
D ¼ �24:0 (c 0.7, CHCl3); IR (liquid film): mmax

3435, 1642, 1454, 1226, 1055, 1028, 962 cm�1; 1H NMR
(400 MHz, CDCl3): d 1.03 (s, 3H), 1.27 (t, 6H, J = 7.3 Hz), 1.42–
1.68 (m, 8H), 1.68 (s, 3H), 1.78 (ddd, 1H, J = 12.8, 9.8, 3.0 Hz),
1.89 (t, 1H, J = 7.3 Hz), 1.93 (t, 1H, J = 7.3 Hz), 2.11–2.21 (m, 1H),
2.33 (dd, 1H, J = 5.6, 3.2 Hz), 2.70 (ddt, 1H, J = 16.7, 12.0, 7.3 Hz),
2.97 (ddt, 1H, J = 15.4, 12.0, 7.3 Hz), 3.98–4.12 (m, 4H), 4.68–4.73
(m, 2H); 13C NMR (100 MHz, CDCl3): d 16.5, 16.6, 21.7, 26.2, 27.5,
30.1, 35.7, 37.8, 37.9, 41.9, 42.0, 51.9, 61.7, 62.6, 109.3, 148.9. Anal.
Calcd for C16H33N2O3P (332.42): C, 57.81; H, 10.01; N, 8.43. Found:
C, 57.63; H, 10.21; N, 8.21.

4.15. Preparation of tetraethyl 1,2-((1R,2R,4S)-1-methyl-4-(pro
p-1-en-2-yl)cyclohexyldiamino)-N1,N2-diethyl-phosphonate 15

Product 15 was prepared according to the procedure followed
for product 14, starting from trans-diaminolimonene 8 (0.50 g,
2.97 mmol) and using 6 mmol of diethyl vinylphosphonate, and
stirring for 70 h. (0.93 g, 1.87 mmol, 63%).
4.15.1. 1,2-((1R,2R,4S)-1-Methyl-4-(prop-1-en-2-yl)cyclohexyldi
amino)-N1,N2-diethyl-phosphonate 15

Yellow oil ; ½a�20
D ¼ �20:5 (c 0.6, CHCl3); IR (liquid film): mmax

3436, 1445, 1392, 1237, 1098, 1028, 962 cm�1; 1H NMR
(400 MHz, CDCl3): d 1.05 (s, 3H), 1.30 (t, 12H, J = 6.8 Hz), 1.43–
1.58 (m, 5H), 1.71 (s, 3H), 1.83–2.04 (m, 7H), 2.13–2.21 (m, 1H),
2.49 (dd, 1H, J = 6.0, 3.2 Hz), 2.67–2.85 (m, 3H), 3.00 (ddt, 1H,
J = 14.5, 12.0, 7.3 Hz), 4.05–4.16 (m, 8H), 4.71–4.76 (m, 2H); 13C
NMR (100 MHz, CDCl3): d 16.5, 16.7, 21.6, 22.0, 25.8, 26.3, 28.5,
29.1, 29.8, 32.0, 35.1, 35.2, 38.0, 42.1, 42.2, 55.4, 59.8, 61.6, 61.7,
109.2, 149.2; MS (API-ES) m/z: 497.2 (MH+, 100), 498.2 (26),
519.2 (MNa+). Anal. Calcd for C22H46N2O6P2 (496.56): C, 53.21; H,
9.34; N, 5.64. Found: C, 52.98; H, 9.46; N, 5.41.
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