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Introduction

The importance of nitrogen-containing compounds in bio-
logical systems and industrially relevant basic and fine
chemicals has sparked significant research efforts to develop
efficient synthetic protocols.[1] One of the simplest ap-
proaches, hydroamination, has only found significant atten-
tion in recent years with the development of more efficient
transition-metal-based catalyst systems.[2] The addition of
amine N�H functionalities to unsaturated carbon–carbon

bonds, either in an intermolecular (Scheme 1a) or intramo-
lecular (Scheme 1b) fashion, generates amines in a waste-
free, highly atom-economical manner starting from simple
and inexpensive precursors.

In particular, the generation of new stereogenic centers
constitutes an attractive application of the hydroamination
process, but the development of chiral catalysts for the
asymmetric hydroamination of alkenes (AHA) has re-
mained challenging.[3,4]

Abstract: The kinetic resolution of
chiral aminoalkenes by hydroamina-
tion–cyclization was studied by using
3,3’-bis(triarylsilyl)-substituted binaph-
tholate rare-earth-metal complexes.
The resolution of 1-arylaminopentenes
proceeds with high efficiency and high
trans-diastereoselectivity, whereas the
resolution process of 1-alkylaminopen-
tenes suffers from decreasing resolu-
tion efficiency with increasing steric
demand of the aliphatic substituent.
Kinetic studies of the matching and
mismatching substrate–catalyst pair by
using enantiopure substrates and either
the (R)- or (S)-binaphtholate catalysts
revealed that the difference in resolu-
tion efficiency stems from a shift of the
Curtin–Hammett pre-equilibrium. Al-

though 1-arylaminopentenes favor the
matching substrate–catalyst complex,
preference for the mismatching sub-
strate–catalyst complex for 1-alkylami-
nopentenes diminishes resolution effi-
ciency. Nevertheless, the relative cycli-
zation rate for the two diastereomeric
substrate–catalyst complexes remains
in a typical range of 7–10:1. Plausible
attractive p interactions between the
aryl substituent and either the metal
center or the aromatic system of the
bis(triarylsilyl)-substituted binaphtho-
late ligand may explain increased sta-

bility of the matching substrate–cata-
lyst complex. Incidentally, the
methoxy ACHTUNGTRENNUNGmethyl (MOM)-substituted
aminopentene 3 g also exhibited a
strong preference for the matching sub-
strate–catalyst complex, possibly due to
the chelating nature of the MOM sub-
stituent. The proximity of the stereo-
center to the amino group in the ami-
noalkene substrate was crucial to
achieve good kinetic resolution effi-
ciency. The more remote b-phenyl sub-
stituent in 2-phenylpent-4-en-1-amine
(5) resulted in diminished discrimina-
tion of the substrate enantiomers with
respect to the relative rate of cycliza-
tion of the two substrate–catalyst com-
plexes and a Curtin–Hammett pre-
equilibrium close to unity.
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Among the various catalyst systems developed over the
past two decades,[2,5] rare-earth-metal complexes are among
the most active and widely applicable catalysts.[2l, 6–8]

In recent years, limitations in the enantioselectivities ob-
tained with chiral lanthanocene-based hydroamination cata-
lysts[3,9] sparked the development of novel, chiral, non-met-
allocene-based rare-earth-metal hydroamination cata-
lysts.[10–13] Our investigations have focused on the develop-
ment of chiral biphenolate and binaphtholate rare-earth-
metal hydroamination catalysts.[11] In particular, complexes
based on sterically demanding 3,3’-bis(triarylsilyl)-substitut-
ed binaphtholate ligands[11c,d] have proven to be highly
active and enantioselective, achieving up to 95 % enantio-
meric excess (ee) in hydroamination–cyclization of aminoal-
kenes. Furthermore, these complexes were also efficient in
the catalytic kinetic resolution of chiral aminoalkenes by hy-
droamination–cyclization (Scheme 2).[14, 15]

Kinetic resolution of chiral a-substituted aminoalkenes
containing aryl substituents proceeded smoothly with high
diastereoselectivity (trans/cis up to 50:1) and high resolution
factors (f up to 19). Unfortunately, kinetic resolution of
chiral a-substituted aminoalkenes containing aliphatic sub-
stituents proceeded with deteriorating efficiency, but in-
creasing trans/cis diastereoselectivity, with increasing steric
demand of the alkyl substituent. Herein, we disclose results
from a detailed kinetic study of this kinetic resolution pro-
cess, which sheds some light on the mechanism of this cata-
lytic asymmetric hydroamination and the mode of operation
of the chiral binaphtholate catalysts.

Results and Discussion

During our previous studies, we have demonstrated that
chiral rare-earth-metal binaphtholate complexes 1–Ln and

2–Ln (Ln = Sc, Y, Lu) are
active in both hydroamination–
cyclization and kinetic resolu-
tion of 1-substituted aminopen-
tenes.[11c,d]

In an extension of our previ-
ous study we surveyed a broad-
er set of a-substituted aminoal-
kenes with six different binaph-
tholate rare-earth-metal com-
plexes 1–Ln and 2–Ln

(Table 1). As noted previously, the highest resolution factors
were observed for the a-aryl-substituted aminoalkenes 3 a–c,
with 1–Lu being most efficient for 3 a.[11d] In contrast to gen-

eral trends in (nonkinetic-resolution-type) asymmetric hy-
droamination reactions, the efficiency in kinetic resolution
often increases with the ionic radius size of the rare-earth
metal. For example, the triphenylsilyl-substituted binaphtho-
late yttrium complex 1–Y was superior for the 4-methoxy-
phenyl-substituted aminopentene 3 b (Table 1, entry 5),
whereas the sterically more congested tris(3,5-xylyl)silyl-
substituted binaphtholate yttrium complex 2–Y was most ef-
ficient for the electron-withdrawing 4-chlorophenyl-substi-
tuted aminopentene 3 c (Table 1, entry 14).

For a-alkyl-substituted aminoalkenes, high selectivities
are only observed for the sterically least demanding sub-

Scheme 2. Kinetic resolution by hydroamination–cyclization.

Table 1. Kinetic resolution parameters of a-substituted aminopentenes[a]

Entry Subst. Cat. t [h] T [8C] Conv. [%] ee [%][b] f

1 3 a 1–Y 95 22 50 74 15[c]

2 3 a 1–Lu 15 40 52 83 19[c]

3 3 a 2–Y 18 40 52 63 7[c]

4 3 a 2–Lu 40 22 52 59 6[c]

5 3 b 1–Y 8 40 50 78 19[c]

6 3 b 1–Lu 26 40 47 70 18
7 3 b 1–Sc 35 50 55 69 7
8 3 b 2–Y 14 40 34 40 12
9 3 b 2–Lu 24 40 52 70 11
10 3 b 2–Sc 22 50 51 54 6
11 3 c 1–Y 18 40 50 71 12[c]

12 3 c 1–Lu 17 40 55 77 10
13 3 c 1–Sc 22 50 60 81 8
14 3 c 2–Y 10 40 51 80 19
15 3 c 2–Lu 21 40 50 68 11
16 3 c 2–Sc 24 50 49 68 12
17 3 d 1–Y 9 22 50 42 3.6[c]

18 3 d 1–Lu 26 22 50 32 2.6
19 3 d 1–Sc 40 40 64 60 3.5
20 3 d 2–Y 27 22 52 38 2.9[c]

21 3 d 2–Lu 13 22 70 42 2.0
22 3 d 2–Sc 33 40 55 47 3.5
23 3 e 1–Y 25.5 22 53 72 9.5[c]

24 3 e 1–Lu 42 22 55 73 8.4[c]

25 3 e 1–Sc 94 40 51 73 12[c]

26 3 e 2–Y 26 22 52 80 16[c]

27 3 e 2–Lu 24.5 22 51 75 14[c]

28 3 e 2–Sc 94 40 50 73 14[c]

29 3 f 1–Y 8 22 56 49 3.5
30 3 f 1–Lu 23 22 47 51 6.0
31 3 f 1–Sc 34 40 75 67 2.9
32 3 f 2–Y 46 22 59 54 3.6
33 3 f 2–Lu 47 22 46 44 4.7
34 3 f 2–Sc 49 40 47 32 2.8
35 3 g 1–Y 85 40 50 33 2.7
36 3 g 1–Lu 120 40 59 9 1.2
37 3 g 2–Y 180 40 45 20 2.0
38 3 g 2–Lu 94 40 56 9 1.2

[a] Reaction conditions: 2 mol % cat., [D6]benzene, Ar atm, 0.5–1 m sub-
strate (subst.). Conv.=conversion. [b] ee value of recovered 3. [c] Data
from ref. [11d].
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strate 3 e by using the sterically more demanding tris(3,5-xy-
lyl)silyl-substituted catalyst 2 in general and, in particular,
the yttrium complex 2–Y. Sterically more demanding a-alkyl
substrates, such as the benzyl-substituted 3 d and the cyclo-
hexyl-substituted 3 f, exhibit significantly diminished resolu-
tion factors. Both scandium and yttrium complexes show
slightly higher kinetic resolution efficiency for 3 d, whereas
the opposite observation (highest selectivity for 1–Lu,
Table 1, entry 30) is true for 3 f. The cyclization of the me-
thoxymethyl (MOM)-substituted aminoalkene 3 g is signifi-
cantly retarded, clearly due to the chelating nature of the
pending ether functionality. Contrary to our expectations,
the chelating donor group did not improve the kinetic reso-
lution efficiency, with essentially no kinetic discrimination of
the two substrate enantiomers for lutetium catalysts and
only slightly better efficiencies for yttrium catalysts. Again,
the highest selectivity was observed for 1–Y (Table 1,
entry 35).

According to the general model for the kinetic resolution
of racemic aminoalkenes by catalytic hydroamination
(Scheme 3),[11d] the total amount of the catalyst [Ln] is dis-

tributed between two substrate–catalyst complexes [cat.-S]
and [cat.-R] [Eq. (1)], which readily interconvert with an
equilibrium constant, Kdias, determined by Equation (2).
Each of the complexes reacts with a corresponding rate con-
stant (kR and kS) to give the corresponding hydroamination
products. Previous NMR spectroscopic investigations of 1–Y
and 2–Y have revealed that the rate of interconversion be-
tween the two diastereomeric substrate–catalyst complexes
is rapid, even at low temperatures, and significantly higher
than both rates of cyclization.[11d]

½Ln� ¼ ½cat:-S� þ ½cat:-R� ð1Þ

Kdias ¼ kSR

kRS
¼ ½cat:� R�½S�
½cat:� S�½R� ð2Þ

The resolution factor f depends on three independent pa-
rameters: the equilibrium constant (Kdias) and the cyclization
rate constants of both substrate–catalyst complexes
[Eq. (3)],[16] which may be determined independently.

f ¼ Kdias kR

kS
ð3Þ

For pseudo-first-order reactions [Eqs. (4) and (5)], the

resolution factor can be expressed as a function of the con-
version (C) and the ee value of the recovered substrate
[(Eq. (6)]:

� d½R�
dt
¼ kR½cat:� R� ð4Þ

� d½S�
dt
¼ kS½cat:� S� ð5Þ

f ¼ ln ½R�=½R�0ð Þ
ln ½S�=½S�0ð Þ ¼

ln 1� Cð Þ 1þ eeð Þ½ �
ln 1� Cð Þ 1� eeð Þ½ � ð6Þ

A plot of lnACHTUNGTRENNUNG[(1�C) ACHTUNGTRENNUNG(1+ee)] versus lnACHTUNGTRENNUNG[(1�C)ACHTUNGTRENNUNG(1�ee)] pro-
vides the resolution factor f (Figure 1), while kinetic mea-ACHTUNGTRENNUNGsurements obtained by using an enantiopure substrate and
either the (R)- or (S)-catalyst gives access to the zero-order
reaction rate constants kR and kS for the matching (Fig-
ure 2a) and mismatching (Figure 2b) substrate–catalyst com-
bination. Enantiopure substrates were obtained either
through large-scale kinetic resolution (3 a–3 f, Table 2) by
using the best resolution catalysts for each particular sub-
strate or by fractional crystallization of the ammonium salt
with (R)-(�)-mandelic acid (3 g).[17] The kinetic data and res-
olution parameters obtained for substrates 3 a–3 g by using
(R)-1–Y and (S)-1–Y are summarized in Table 3.

In agreement with our previous findings for the phenyl-
substituted substrate 3 a,[11d] the aryl-substituted substrates
3 b and 3 c both exhibit an equilibrium constant Kdias in favor
of the matching substrate–catalyst complex (Kdias>1). Thus,
Kdias and the kR/kS ratio both favor the resolution process.
Also, cyclization of 3 b and 3 c proceeded with the same high
diastereoselectivities as that for 3 a.

The cyclization of the N-deuterated aminoalkene [D2]3 a
proceeded with a significant primary kinetic isotope effect
(KIE, kH/kD = 3.8 at 50 8C and 5.4 at 60 8C), which is in
agreement with previous findings on the hydroamination–
cyclization of achiral aminopentenes.[6a,11d] Although no N�
H bond breaking is involved in the rate-determining olefin-
insertion step according to the generally accepted mecha-
nism for the hydroamination–cyclization of amino-ACHTUNGTRENNUNGalkenes,[2l, 6a] it has been proposed that partial proton trans-

Scheme 3. General model for catalytic kinetic resolution.

Figure 1. Plot of ln ACHTUNGTRENNUNG[(1�C)ACHTUNGTRENNUNG(1+ee)] versus ln ACHTUNGTRENNUNG[(1�C)ACHTUNGTRENNUNG(1�ee)] for the kinetic
resolution of 3e by using (R)-1–Y as a catalyst at various temperatures
(*= 30 8C, ^=40 8C, &= 50 8C).
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fer from a coordinated amine may stabilize the four-mem-
bered-ring olefin-insertion transition state.[6a] Despite this
pronounced KIE, both reaction channels are affected to a
similar extent and the resulting resolution parameters seem
to be similar to those of the nondeuterated substrate 3 a.

Compared with the aryl-substituted aminoalkenes 3 a–3 c,
the alkyl- and benzyl-substituted aminopentenes 3 d–3 f be-
haved quite differently. Here, the Curtin–Hammett pre-
equilibrium favored the mismatching substrate–catalyst
complex (Kdias<1), thus, effectively reducing the efficiency
of the kinetic resolution process. A notable exception is the
MOM-substituted substrate 3 g, which displayed a prefer-
ence for the matching substrate–catalyst complex, possibly
as a result of the coordinating donor substituent. Diastereo-
selectivities were lower for substrates 3 e–3 g than for 3 a–3 d
and the mismatching substrate–catalyst combination exhibit-
ed significantly reduced diastereoselectivities. Interestingly,
the benzyl-substituted aminoalkene 3 d combines properties
of both substrate families, that is, a Curtin–Hammett pre-

equilibrium in favor of the mismatching substrate–catalyst
complex, while achieving high trans/cis-diastereoselectivities.

Although the equilibrium constant is strongly affected by
the a-substituent, the relative reaction rate kR/kS remains in
the range of 7–10 for all of the substrates, except 3 c and 3 g.

The activation parameters for the matching (DH� =

(47.3�3.5) kJ mol�1, DS� = (�128�11) J K�1 mol�1) and mis-
matching (DH� = (54.9�3.1) kJ mol�1, DS� = (�121�
9) JK�1 mol�1) substrate–catalyst combination for the cycli-
zation of 3 e were obtained from the Eyring plot for kfast and
kslow (Figure 3). The data compare well with the parameters
obtained previously for 3 a (matching: DH� = (52.2�
2.8) kJ mol�1, DS� = (�127�8) J K�1 mol�1; mismatching:
DH� = (57.7�1.3) kJ mol�1, DS� = (�126�

Figure 2. Time dependence of substrate consumption in the hydroamina-
tion–cyclization of (R)-3e with a) (S)-1–Y (matching pair;[16] [cat.]=

0.00228 m) and b) (R)-1–Y (mismatching pair;[16] [cat.]=0.00833 m) in
[D6]benzene; [3e]0 =0.152 m (*=30 8C, ^=40 8C, &=50 8C, ~=60 8C).

Table 2. Preparation of highly enantioenriched a-substituted aminopen-
tenes by kinetic resolution.

Subst. Cat. T [8C] f Conv. [%] Yield (ee) [%][a]

[D2]3a (R)-1–Lu 40 19 61 34 (98)
3b (R)-1–Lu 40 18 60 36 (98)
3c (R)-2–Y 40 19 61 30 (97)
3d (R)-1 25 5 83 12 (>98)
3e (R)-2–Y 25 15 64 30 (97)
3 f (R)-1–Lu 25 6 84 9 (98)

[a] Yield and ee value of recovered 3.

Table 3. Kinetic resolution parameters of a-substituted aminopentenes
determined with 1–Y.

Subst. T [8C] f kfastACHTUNGTRENNUNG[10�3 s�1][a]
kfast/kslow

[b] Kdias trans/cis
fast (slow)[c]

1 3 a 50 12.8 5.45 6.6 1.9 >50:1 (9.2:1)[d]

2 3 a 60 11.5 11.3 7.1 1.6 >50:1 (8.8:1)[d]

3 [D2]3a 50 11.0 1.42 5.3 2.1 >50:1 (15:1)
4 [D2]3a 60 9.1 2.10 4.9 1.9 >50:1 (15:1)
5 3 b 40 18.1 0.81 9.5 1.9 >50:1 (>50:1)
6 3 c 40 13.2 4.5 4.2 3.1 >50:1 (>50:1)
7 3 d 30 2.6 2.5 9.6 0.27 >30:1 (>30:1)
8 3 e 30 6.4 8.5 7.6 0.84 >30:1 (2.8:1)
9 3 e 40 5.2 14.0 7.1 0.73 >30:1 (2.2:1)
10 3 e 50 4.1 30.4 7.0 0.59 >30:1 (2.1:1)
11 3 f 30 2.7 8.5 8.5 0.32 9:1 (1.4:1)
12 3 g 50 4.1 2.2 3.2 1.28 6:1 (2:1)
13 3 g 60 6.6 5.1 3.4 1.93 5:1 (1.8:1)

[a] kfast =kR for 3 a–3d, 3 f, and 3 g ; kfast =kS for 3e. [b] kfast/kslow = kR/kS for
3a–3 d, 3 f, and 3g ; kfast/kslow =kS/kR for 3 e. [c] Determined by integration
of CHN proton signals of pyrrolidines in the 1H NMR spectra after full
conversion. [d] Kinetic data from ref. [11d].

Figure 3. Eyring plot for the hydroamination–cyclization of (R)-3e by
using (S)-1–Y (*, matching, y =�5691.3x�15.496, R2 =0.989) and (R)-1–
Y (^, mismatching, y=�6608.9x�14.518, R2 =0.9939).
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4) JK�1 mol�1).[11d] The negative activation entropy is a
strong indicator of a highly organized transition state.[6a,11d]

X-ray crystallographic and optical rotational evidence
show that the (R)-binaphtholate catalysts react faster with
(R)-3 a–3 d and (S)-3 e. A comparison of the 19F NMR spec-
tra of the Mosher amides also indicates that (R)-3 f and (R)-
3 g are the matching substrates for these catalysts. A stereo-
model for the binaphtholate rare-earth-metal-catalyzed ki-
netic resolution of a-substituted aminoalkenes by intramo-
lecular hydroamination in agreement with these findings has
been proposed (Scheme 4).[11d] According to this model, the

rare-earth-metal amide preferentially approaches the alkene
moiety from the re face (Scheme 4, A), whereas the ap-
proach from the si face of the alkene is hampered due to un-
favorable repulsive interactions between the substrate alkyl
chain and the sterically demanding triarylsilyl substituent of
the (R)-binaphtholate ligand (Scheme 4, B). Each of the two
diastereomeric substrate–catalyst complexes has two possi-
ble cyclization pathways.

The high trans diastereoselectivities observed for aryl-sub-
stituted aminopentenes suggests that these substrates pref-
erably cyclize through a transition state with an equatorial
orientation of the aryl substituent in both substrate–catalyst
complexes. This may be explained either by a potential coor-
dinative interaction of the phenyl ring with the metal[18] or a
p interaction with a naphthyl ring of the binaphtholate
ligand, thus providing additional stabilization to the equato-
rial complex. Furthermore, this weak attractive interaction
of the aryl substituent in 3 a–3 c may explain the slight pref-
erence for the matching substrate–catalyst complex over the
mismatching complex (Kdias>1) and similar donor–metal in-
teractions can be proposed for the methyl ether substituted

3 g. Interestingly, the equilibrium constant Kdias for 3 g in-
creases with increasing temperature, whereas the aryl-substi-
tuted 3 a displays the opposite behavior.

The decreased trans/cis diastereoselectivity observed for
the mismatched substrate–catalyst combination for 3 a, 3 e,
and 3 f can be rationalized with an alternative approach of
the metal–amide bond to the re face of the alkene moiety, in
which the a substituent rests in an axial position (Scheme 4,
C). Interestingly, substrates 3 b–3 d exhibit the same high
level of trans diastereoselectivity, suggesting that unfavora-
ble steric interactions of these larger, more extended a sub-
stituents with the triarylsilyl substituent of the binaphtholate
ligand preclude reaction pathway C becoming an alternative
to pathway B.

To investigate the general influence of the position of the
aryl substituent in the substrate on the resolution process,
we investigated the kinetic resolution of the b-phenyl-substi-
tuted aminopentene 5 (Table 4).

Although the preparative-scale kinetic resolution of 5
could not be achieved due to the low resolution factors, we
succeeded in isolating enantiopure (S)-5 after repeated re-
crystallization of the corresponding (R)-mandelate. The ab-
solute configuration was established by X-ray crystallo-
graphic analysis of the corresponding Mosher amide.[19]

19F NMR spectroscopic analysis of the Mosher amide of 5,
recovered from the kinetic resolution reaction, carried out
by using complexes (R)-1 and (R)-2, was thus identified to
be the (R)-enantiomer, indicating that (S)-5 reacts faster
with the (R)-binaphtholate catalysts. With (S)-5 in hand, we
began to study the kinetics and diastereoselectivity of the
matching and mismatching substrate–catalyst pairs (Table 5)
by using 1–Y as the catalyst.

Table 5 illustrates that, in contrast to 3 a–3 g, kinetic reso-
lution of 5 proceeded with very low reaction rate difference,
kfast/kslow, between the matching and mismatching substrate–
catalyst pair. Furthermore, with Kdias�0.9, the mismatching
substrate–catalyst complex is slightly favored in the Curtin–
Hammett pre-equilibrium. Overall, the more remote place-

Scheme 4. Stereomodel for kinetic resolution of a-substituted aminopen-
tenes. For the matching substrate only the pathway leading to the pre-
ferred trans isomer is shown.

Table 4. Kinetic resolution of 5 ([subst.]0 = 2.0m) by using 2 mol % bi-
naphtholate catalysts 1–Ln and 2–Ln at 25 8C.

Cat. Conv. [%][a] trans/cis[b] ee [%][c] f

(R)-1–Y 53 1:1.3 17 1.6
(R)-1–Lu 51 1:1.3 26 2.1
(R)-1–Sc 54 1:1.3 34 2.5
(R)-2–Y 47 1:1.2 17 1.8
(R)-2–Lu 55 1:1.2 31 2.2
(R)-2–Sc 50 1:1.2 11 1.4

[a] Determined by 1H NMR spectroscopy using ferrocene as an internal
standard. [b] Determined by 1H NMR spectroscopy. [c] ee value of recov-
ered 5, determined by 19F NMR spectroscopy of the corresponding
Mosher amide.
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ment of the phenyl substituent in the b position to the
amino group significantly diminishes its influence on the ki-
netic resolution. However, it is noteworthy that the trans/cis
diastereomeric ratio shifts dramatically going from the
matching to the mismatching substrate–catalyst pair. The
matching substrate–catalyst combination indicates a slight
preference for formation of the cis-pyrrolidine diastereomer,
which is in agreement with a preferred equatorial orienta-
tion of the phenyl substituent in the approach of the metal
amide to the re face of the alkene moiety (Scheme 5, A).

The strong preference for the trans-pyrrolidine product in
the case of the mismatching substrate–catalyst combination
may be explained by the presence of an additional steric in-
teraction between the equatorial phenyl substituent and the
triarylsilyl-substituted binaphtholate ligand in the approach
of the metal amide bond to the si face of the alkene leading
to the cis-pyrrolidine (Scheme 5, C). Alternatively, the ap-
proach to the re face (Scheme 5, D) leading to the trans-
pyrrolidine puts the phenyl substituent in an axial position
without disadvantageous steric interactions with the binaph-
tholate ligand. Thus, in contrast to 3 a–3 c, there is no ten-
dency to keep the phenyl ring in an equatorial position.

We then directed our attention to the kinetic resolution of
3-phenylpent-4-en-1-amine (7), which features a phenyl sub-
stituent in the g position relative to the amino group and in

the allylic position relative to the alkene moiety. We antici-
pated that the closer proximity to the alkene might increase
the influence on the outcome of the kinetic resolution. Un-
fortunately, the kinetic resolution of 7 led to partial double
bond isomerization. Nevertheless, enantioenriched (S)-7 was
recovered from the reaction mixture at approximately 50 %
conversion (Table 6).

In our previous study, we reported the kinetic resolution
of hept-6-en-2-amine with a moderate resolution factor of
3.3 using (R)-2–Y at 80 8C.[11d] We hoped that better resolu-
tion factors may be achieved in the kinetic resolution of the
aryl-substituted aminohexene 9, but, unfortunately, the reso-
lution factor was limited to less than three for this substrate
(Table 7), which was insufficient for a preparative-scale ki-
netic resolution.

Conclusion

Kinetic investigations into the kinetic resolution of chiral
aminopentenes with sterically hindered triarylsilyl-substitut-

ed binaphtholate rare-earth-
metal complexes 1 and 2 were
carried out. These indicated
that substrates with substituents
in the a position that can inter-
act with the metal center (or
the aromatic ring system of the
binaphtholate ligands), for ex-
ample, through p–arene coordi-
nation or an ether donor group,
favor the matching substrate–
catalyst complex, resulting in
good efficiencies in the kinetic
resolution process. Simple ali-
phatic substituents, on the other
hand, favor the mismatching
substrate–catalyst complex,
which significantly diminishes
the efficiency in the kinetic res-
olution.

Table 5. Kinetic resolution parameters for 5 by using 1–Y.[a]

T [8C] f kfast [10�3 s�1][a] kfast/kslow Kdias trans/cis
matching (mismatching)

30 1.5 0.58 1.64 0.92 1:1.3 (6:1)
40 1.5 1.32 1.73 0.87 1:1.4 (7:1)
50 1.4 3.00 1.48 0.95 1:1.4 (7:1)

[a] The rates for the matching and mismatching substrate–catalyst combi-
nation were determined with (S)-5 by using either (R)-1–Y (matching
combination) or (S)-1–Y (mismatching combination).

Scheme 5. Proposed transition states in the kinetic resolution of 5.

Table 6. Attempted NMR-scale kinetic resolution of 7 at 30 8C.

Cat. Conv. [%] 8 :7’ ee [%][a] f

(R)-1–Y 47 7:1 39 3.7
(R)-2–Y 51 6:1 65 8.2

[a] ee value of recovered 7, determined by chiral phase HPLC of the 2-
naphthoyl amide of 7 recovered from the reaction mixture.

www.chemeurj.org � 2009 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim Chem. Eur. J. 2009, 15, 12819 – 1282712824

K. C. Hultzsch et al.

www.chemeurj.org


Experimental Section

General : All operations were performed under an inert atmosphere of
nitrogen or argon by using standard Schlenk-line or glove box techniques.
Solvents and reagents were purified as stated previously.[11] Complexes 1–
Ln and 2–Ln (Ln=Sc, Y, Lu),[11d] substrates 3a–3 d,[11d] 3e,[7i] 5,[7i] and, 7[20]

were prepared according to previously described procedures. (R)-(+)-a-
Methoxy-a-trifluoromethylphenylacetic acid was transformed to its acid
chloride by using oxalyl chloride/DMF in hexanes.[21] Enantiomeric
excess for 3a–3 g was measured by 19F NMR spectroscopy of the corre-
sponding Mosher amides as reported previously.[11d] The enantiomeric
excess for 7 was measured by chiral phase HPLC of the corresponding 2-
naphthoyl amide on a Chiralcel OD column, eluent hexane/isopropyl al-
cohol =90:10, flow rate 1 mL min�1, retention times 39.0 min (major
isomer obtained from the R catalyst); 41.2 min (minor isomer). The abso-
lute configuration of enantioenriched 7 was established by comparison of
the optical rotation sign of the N-benzoyl derivative with the literature
data.[22]

[D2]-1-Phenylpent-4-en-1-amine ([D2]3 a): A mixture of 3 a (1.60 g,
9.9 mmol), hexanes (5 mL), and D2O (2 mL) was stirred in a sealed flask
at 60 8C overnight. After cooling to room temperature, the aqueous layer
was separated and discarded. The procedure was repeated twice with
fresh aliquots of D2O (2 mL). The organic layer was dried over molecular
sieves and the solvent was removed in vacuo. The residue was distilled
twice from CaH2 at reduced pressure to give [D2]3a (1.20 g, 74%) as a
colorless liquid (b.p. 120 8C, 1 mmHg) with >95% of isotopic substitution
according to 1H NMR spectroscopy. Mosher adduct: 19F NMR
([D6]benzene, 60 8C): d=�69.35 (R), �69.47 ppm (S).

1-Cyclohexylpent-4-en-1-amine (3 f): Copper(I) iodide (200 mg,
1.05 mmol) was added to a solution of cyclohexanecarboxylic acid chlo-
ride (5.84 g, 39.8 mmol) in THF (100 mL). The resulting suspension was
cooled to �30 8C and a solution of but-3-enemagnesium bromide pre-
pared from 4-bromobut-1-ene (5.40 g, 40.0 mmol) and magnesium turn-
ings (0.96 g, 39.5 mmol) in THF (100 mL) was added dropwise over 1 h,
while the temperature was maintained below �20 8C. The mixture was
stirred at the same temperature for 2 h and was then allowed to warm to
room temperature. The solvent was removed in vacuo, the residue was
dissolved in CH2Cl2 (70 mL) and 1m aqueous HCl (50 mL). The organic
layer was separated, filtered to remove precipitated copper salts, washed
with 10% aqueous NaHCO3, and dried over Na2SO4. The solvent was re-
moved by rotary evaporation and the residue was dissolved in absolute
MeOH. Ammonium acetate (15 g, 200 mmol) and NaBH3CN (1.0 g,
15 mmol) were added in one portion at room temperature. The mixture
was stirred at room temperature for 1 d. Concentrated HCl was added
carefully until pH<2 was reached and the solvent was removed in vacuo.
The residue was dissolved in water (50 mL) and extracted once with
diethyl ether (20 mL). The aqueous solution was brought to pH>12 with
solid KOH and extracted with diethyl ether (3 � 20 mL). The combined

extracts were dried over KOH and the solvent was evaporated in vacuo.
The residue was treated with finely powdered CaH2 for 2 h and was then
distilled twice from CaH2 at reduced pressure to give 3 f as a colorless
liquid (4.20 g, 62%). B.p. 120 8C at 1 mmHg; 1H NMR (400 MHz,
CDCl3): d =5.85–5.75 (m, 1 H; =CH), 5.01–4.87 (m, 2H; =CH2), 2.50–2.43
(m, 1H; CHNH2), 2.22–2.02 (m, 2 H; CH2), 1.72–1.51 (m, 6H; CH2),
1.28–0.83 ppm (m, 9 H; CH2); 13C{1H} NMR (75.5 MHz, CDCl3): d =138.8
(=CH), 114.3 (=CH2), 55.5, 43.9, 34.0, 30.8, 29.6, 27.8, 26.6, 26.5,
26.4 ppm; HRMS m/z : [M]+ calcd for C11H22N: 168.1752 [M�H]+ ;
found: 168.1747; Mosher adduct 19F NMR (CDCl3, 25 8C): d=�69.08
(R), �69.25 ppm (S).

1-(Methoxymethyl)pent-4-enylamine (3 g): Methoxyacetonitrile (7.11 g
0.10 mol) was added dropwise over 15 min at RT to a solution of but-3-
enemagnesium bromide prepared from 4-bromobut-1-ene (13.5 g,
0.10 mol) and magnesium turnings (2.43 g, 0.10 mol) in THF (100 mL).
The dark-red reaction mixture was stirred at reflux for 2 h. The mixture
was then cooled and quenched with a saturated solution of aqueous am-
monium chloride (100 mL). The product was extracted with diethyl ether
(2 � 70 mL). The combined organic layers were washed with water, brine,
and dried over Na2SO4. The solvent was evaporated in vacuo and the res-
idue was dissolved in MeOH (200 mL). Ammonium acetate (61 g,
0.80 mol) and NaBH3CN (3.76 g, 60 mmol) were added in one portion at
room temperature. The mixture was stirred at room temperature for 1 d.
Concentrated HCl was added carefully until pH<2 was reached and the
solvent was removed in vacuo. The residue was dissolved in water
(15 mL) and extracted with diethyl ether (20 mL). The aqueous solution
was brought to pH>12 with solid KOH and extracted with diethyl ether
(3 � 20 mL). The combined extracts were dried over KOH and the solvent
was evaporated in vacuo. The residue was treated with finely powdered
calcium hydride for 2 h and was then distilled twice from CaH2 at re-
duced pressure to give 3g as a colorless liquid (4.50 g, 35%). B.p. 95–
104 8C at 200 mmHg; 1H NMR (300 MHz, CDCl3): d= 5.86–5.76 (m, 1 H;
=CH), 5.04–4.91 (m, 2 H; =CH2), 3.34–3.30 (m, 4 H, CH3; OCH2), 3.16–
3.11 (m, 1H; OCH2) 2.96–2.92 (m, 1H; CHN), 2.20–2.02 (m, 2H; CH2),
1.50–1.42 (m, 1H; CH2), 1.39–1.30 (m, 1H; CH2), 1.25 ppm (br s, 2H;
NH2); 13C NMR (100 MHz, CDCl3): d =138.4 (=CH), 114.6 (=CH2), 78.2,
58.9, 50.3, 33.4, 30.3 ppm; Mosher adduct 19F NMR ([D6]benzene, 70 8C):
d=�69.41 (S), �69.48 ppm (R).

1-Phenyl-hex-5-en-1-amine (9): Copper(I) iodide (0.19 g, 1.0 mmol) was
added to a solution of benzoyl chloride (4.20 g, 30 mmol) in THF
(100 mL). The resulting suspension was cooled to �30 8C and a solution
of pent-4-enemagnesium bromide prepared from 5-bromopent-1-ene
(4.47 g, 30 mmol), and magnesium turnings (0.72 g, 30 mmol) in THF
(50 mL) was added dropwise over 1 h, while the temperature was main-
tained below �20 8C. The mixture was stirred at the same temperature
for 2 h and was then allowed to reach room temperature. The solvent
was removed in vacuo and the residue was dissolved in dichloromethane
(70 mL) and 1 m aqueous HCl (50 mL). The organic layer was separated,
filtered to remove precipitated copper salts, washed with 10% aqueous
NaHCO3, and dried over Na2SO4. The solvent was removed in vacuo and
the residue was dissolved in absolute MeOH (100 mL). Ammonium ace-
tate (15 g, 200 mmol) and NaBH3CN (2.0 g, 30 mmol) were added in one
portion at room temperature. The mixture was stirred at room tempera-
ture for 1 d. Concentrated HCl was added carefully until pH<2 was
reached and the solvent was removed in vacuo. The residue was dissolved
in water (50 mL) and extracted once with diethyl ether (20 mL). The
aqueous solution was brought to pH>12 with solid KOH and extracted
with diethyl ether (3 � 20 mL). The combined extracts were dried over
KOH and the solvent was evaporated in vacuo. The residue was treated
with finely powdered calcium hydride for 2 h and was then distilled twice
from CaH2 at reduced pressure to yield 9 as a colorless liquid (3.70 g,
70%). B.p. 95–99 8C at 0.5 mmHg; 1H NMR (400 MHz, CDCl3): d=7.36–
7.25 (m, 5 H; aryl-H), 5.85–5.75 (m, 1 H; =CH), 5.03–4.94 (m, 2H; =CH2),
3.93 (t, 3J ACHTUNGTRENNUNG(H,H) =10.3 Hz, 1H; CH), 2.13–2.07 (m, 2H; CH2), 1.76–1.69
(m, 2H; CH2), 1.52–1.45 ppm (m, 4H; CH2 and NH2); 13C{1H} NMR
(75.5 MHz, CDCl3): d=146.7 (aryl), 138.6 (=CH), 128.4, 126.9, 126.3
(aryl), 114.6 (=CH2), 56.2, 39.1, 33.7, 25.8 ppm; Mosher adduct 19F NMR
(CDCl3, 25 8C): d=�69.29 (R), �69.40 ppm (S).

Table 7. Kinetic resolution of aminohexene 9 ([subst.]0 =2.0m) by using
binaphtholate catalysts (R)-1 and (R)-2 at 80 8C.

Cat. Conv. [%][a] trans/cis[b] ee [%][c] f

(R)-1–Y 45 1:3 11 1.5
(R)-1–Lu 51 1:6 26 2.1
(R)-1–Sc 47 1:7 18 1.5
(R)-2–Y 72 1:2.5 11 1.3
(R)-2–Lu 55 1:5 31 2.2
(R)-2–Sc 60 1:4 47 2.9

[a] Determined by 1H NMR spectroscopy based on an internal standard.
[b] Determined by 1H NMR spectroscopy. [c] ee of recovered 9 deter-
mined by 19F NMR spectroscopy of the corresponding Mosher amide.
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General procedure for analytical kinetic resolution : In the glove box, a
screw cap NMR tube was charged with the catalyst (20 mmol),
[D6]benzene (0.5 mL), the substrate (1.00 mmol), and ferrocene (2 mmol)
as the internal standard. The NMR tube was heated in a thermostat-con-
trolled oil bath where required. The conversion was then monitored by
NMR spectroscopy and the reactions were stopped after an appropriate
conversion had been reached. Separation of the product pyrrolidine and
the aminoalkene was achieved by aqueous extraction of the secondary
ammonium acetate from the primary amine benzaldimine.[11c,d]

General procedure for preparative-scale kinetic resolution : In the glove
box, a flask was charged with the catalyst (0.1 mmol), C6H6 (10 mL), and
substrate (15.00 mmol). The conversion and enantiomeric excess of the
starting material was then monitored by NMR spectroscopy and the reac-
tions were stopped after a minimum of 98% ee had been reached. After
a standard benzaldimine workup procedure,[11c,d] chiral amines were puri-
fied by vacuum distillation from CaH2.

[D2]-(1S)-1-Phenylpent-4-en-1-amine ([D2]3a): Prepared from (1S)-3 a in
an analogous procedure to that used to prepare racemic ([D2]3a). Com-
pound (1S)-3a was resolved from 3a by using (R)-1–Lu as described pre-
viously.[11d]

(1S)-1-(4-Methoxyphenyl)-pent-4-en-1-amine ((S)-3b): Compound (S)-3b
was resolved from 3 b by (R)-1–Y (f=18), as a colorless liquid in 36%
yield, b.p. 105 8C at 0.2 mmHg. Spectroscopic properties are in agreement
with literature data.[11d]

(1S)-1-(4-Chlorophenyl)-pent-4-en-1-amine ((S)-3c): Compound (S)-3 c
was resolved from 3c by (R)-2–Y (f=19), as a colorless liquid in 30%
yield, b.p. 100–110 8C at 0.2 mmHg. Spectroscopic properties are in agree-
ment with literature data.[11d]

(2S)-1-Phenylhex-5-en-2-amine ((S)-3d): Compound (S)-3d was resolved
from 3d by (R)-1–Y (f=5), as a colorless liquid in 12% yield, b.p. 103 8C
at 0.2 mmHg. Spectroscopic properties are in agreement with literature
data.[11d]

(2R)-Hex-5-en-2-amine ((R)-3e): Compound (R)-3 e was resolved from
3e by (R)-2–Y (f= 15), as a colorless liquid in 30 % yield, b.p. 114 8C at
760 mmHg. [a]20

D =�5.6 (c =0.5 in MeOH). Spectroscopic properties are
in agreement with literature data.[7i]

(1S)-1-(Cyclohexyl)-hex-5-en-1-amine ((S)-3 f): Compound (S)-3 f was re-
solved from 3 f by (R)-1–Lu (f= 6), as a colorless liquid in 9% yield, b.p.
80 8C at 0.2 mmHg. Spectroscopic properties are identical to those of rac-
emic 3 f.

(1R)-1-(Methoxymethyl)pent-4-enylamine ((R)-3 g):[17] A hot solution of
3g (3.48 g, 27 mmol) and (R)-(�)-mandelic acid (4.12 g, 34 mmol) in iso-
propyl alcohol (40 mL) was allowed to cool slowly to 0 8C. The precipitat-
ed salt was filtered off after 12 h, dried in air, and recrystallized again.
After 12 recrystallizations, more than 92 % ee was achieved, according to
19F NMR spectroscopy of the Mosher amide. The salt was treated with
10% aqueous NaOH (20 mL) and the amine was extracted with diethyl
ether (2 � 40 mL). The combined extracts were dried over KOH and the
diethyl ether was evaporated. The residue was distilled twice from CaH2

under reduced pressure to give (R)-3g as a colorless liquid (0.45 g, 12%),
b.p. 94–102 8C at 200 mmHg. Spectroscopic properties are identical to
those of racemic 3g.

(2S)-2-Phenyl-pent-4-en-1-amine ((S)-5): A hot solution of racemic 5
(5.44 g, 34 mmol) and (R)-(�)-mandelic acid (5.19 g, 34 mmol) in ethanol
(40 mL) was allowed to cool slowly to 0 8C. The precipitated salt was fil-
tered off, dried in air, and recrystallized again. After 13 recrystallizations,
�98 % ee was reached according to 19F NMR spectroscopy of the Mosher
amide. The salt was treated with 20% aqueous NaOH (20 mL) and the
amine was extracted with Et2O (2 � 40 mL). The combined extracts were
dried over KOH and the diethyl ether was evaporated in vacuo. The re-
sulting residue was distilled twice from CaH2 under reduced pressure
(b.p. 102 8C at 0.1 mmHg) to give (S)-5 as a colorless liquid (0.75 g,
13%). Spectroscopic data are in agreement with the data reported in the
literature.[7i]
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