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The irreversible reaction of chlorocobalt(III) tetramethylchiroporphyrin CoCl(TMCP), 1, with nitrogen donor
ligands L, such as primary amines and aziridines, in deuterated chloroform solution at room temperature gives
cationic bis-adducts of the type in quantitative yields. Upon binding to the chiral host 1, the[Co(L)2(TMCP)]`Cl~
protons of L experience a shielding by the porphyrin, and several of their 1H NMR signals are shifted to a vacant
spectral window upÐeld of tetramethylsilane (0[ d [[6.5). The coordinated (R) and (S) enantiomers show
well-resolved signatures at 200 MHz, allowing their relative concentrations to be readily determined by peak
integration. Racemic amine derivatives such as 2-butylamine, 1-aminoindane, a-amino-c-butyrolactone,
1-phenylethylamine, 2-aminomethoxypropane and 1-(1-naphthyl)ethylamine bind to 1 in solution withoutCDCl3
detectable kinetic resolution, a†ording a 1 : 1 concentration ratio of the two cobalt-bound enantiomers and(RCo)

as measured by 1H NMR. Aziridines such as ethyl 2-aziridinecarboxylate and 2-aziridinemethanol behave in(SCo),
an analogous manner. Standard solutions of 1-(1-naphthyl)ethylamine covering a range of enantiomer
compositions x \ (R)/[(R)] (S)] (x \ 0, 0.1, 0.25, 0.5, 0.75, 0.9, 1) were analyzed using 1 as a chiral NMR shift
reagent. The bound enantiomer composition values measured by NMR were in goody \ (RCo)/[(RCo)] (SCo)]
agreement with those of the standard solutions, and the calibration curve y \ f (x) was linear in the range
0 O x O 1, within experimental error. These features of 1 as a chiral analytical reagent may prove suitable for the
accurate determination of a wide range of enantiomeric excesses of amines and aziridines. The crystal structures of
MCo[(R)-1-(1-naphthyl)ethylamine] and MCo[(R)-2-butylamine] are described.2(TMCP)N`Cl~ 2(TMCP)N`Cl~

The need for reliable analytical techniques for the determi-
nation of enantiomer composition is becoming increasingly
important with the development of chirotechnologies.1 Accu-
rate and practical methods of chiral analysis are important in
the pharmaceutical industries, notably for licensing drugs.
Among the presently available techniques, chiral chromatog-
raphy has gained considerable popularity due to its wide
applicability and ease of operation. 1H NMR spectroscopy is
another potentially advantageous method since it does not
require speciÐc instrumentation and is fast. However, NMR is
an achiral technique that does not distinguish enantiomers,
and therefore chemical modiÐcation of the enantiomer
mixture is usually necessary prior to analysis itself. In the case
of optically active amines, a number of chiral auxiliaries have
been proposed for this purpose,2 and they are usually classi-
Ðed as derivatizing agents,3 solvating agents,4 and lanthanide
shift reagents.5 Adduct formation of amines with chiral tran-
sition metal complexes has also been used for their chiral
analysis by NMR.6 A crucial prerequisite is that the concen-
tration ratio of diastereomers accurately reÑects that of the
starting enantiomer mixture, that is, kinetic resolution does
not occur in the derivatization step.

In a previous investigation, we have shown that the
chlorocobalt(III) complex of tetramethylchiroporphyrin, 1, is a
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potential chiral NMR shift reagent for aliphatic amines.7 A
key structural feature of 1 is the presence of a groove of 3È4 A�
width on each face of the porphyrin, which can accommodate
an axial ligand in a chiral microenvironment. This dia-
magnetic cobalt(III) complex reacts with chiral aliphatic
amines L in solution at room temperature to give theCD2Cl2cationic bis-amine adducts in quantitative[CoL2(TMCP)]`
yields. Several 1H resonances of the axial ligands L are shifted
to a vacant spectral window upÐeld of tetramethylsilane
(0 [ d [[6). The coordinated (R) and (S) enantiomers
showed well-resolved signatures at 200 MHz, allowing their
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relative concentrations to be readily determined by peak inte-
gration. With (R,S)-2-butylamine, 2-pentylamine or 2-
hexylamine, statistical ratios of 1 : 2 : 1 were found for the
concentrations of the three species [Co(R)(R)]`, [Co(R)(S)]`
and [Co(S)(S)]`.8 This absence of kinetic resolution was
accounted for by the extremely slow dissociation kinetics of
the axial ligands, which are not at equilibrium with the
cobalt(III) host. In contrast, we have observed notable kinetic
resolution in the binding of chiral alcohols, such as 2-octanol,
to the carbonylruthenium(II) analog of 1.9

These observations led us to the conclusion that the
extreme kinetic inertness of cobalt(III) in its TMCP complexes
could be utilized for the chiral analysis of amines. With this
purpose in mind, we have now extended our NMR studies to
a series of racemic amines and aziridines, and to a large range
of enantiomeric ratios in the case of 1-(1-naphthyl)ethylamine.
We have checked that the distribution of enantiomer ligands
in the product complexes consistently matches that of the
starting enantiomer mixture within experimental error. We
have also solved the crystal structures of the bis (R)-1-(1-naph-
thyl)ethylamine and bis (R)-2-butylamine adducts of
Co(III)(TMCP)`, and correlated these with the solution struc-
tures deduced from NMR. Herein, we report the results of
these investigations.

Results and discussion

1H NMR spectra of the bis-adducts of enantiopure and racemic
1-(1-naphthyl)ethylamine

Addition of enantiopure (R)- or (S)-1-(1-naphthyl)ethylamine
(6 equiv.) to a solution of CoCl(TMCP) in a†orded theCDCl3[Co(R)(R)]` and [Co(S)(S)]` adducts, the 1H NMR spectra
of which are illustrated in Fig. 1. Amine complexation is
accompanied by a change in e†ective symmetry from in 1C2to in the bis-amine adduct, as seen by the presence of aD2single set of resonances for the meso substituents and two
singlets for the b-pyrrole protons (Table 1). The opposite
absolute conÐgurations of the two bound enantiomers result
in di†erent spectral signatures for the chiral host. A notable
di†erence is seen in the separation of the two b-pyrrole sing-
lets, which is larger for the [Co(R)(R)]` complex than for
[Co(S)(S)]` (0.52 and 0.21 ppm, respectively, cf. Table 1).

Assignments of the resonances of the axial amine ligands
were obtained by 2D 1H NMR experiments and they are col-
lected in Table 2. Upon adduct formation, the resonances of

Fig. 1 200 MHz 1H NMR spectra of enantiopure 1-(1-naphthyl)-
ethylamine coordinated to [CoIII(TMCP)]` in at 25 ¡C: (a)CDCl3(R)-1-(1-naphthyl)ethylamine, (b) (S)-1-(1-naphthyl)ethylamine. The
small signals near 9.2 ppm are due to a tiny amount of H2TMCP.

Table 1 1H NMR chemical shifts of the porphyrin protons in
CoCl(TMCP)-derivatized 1-(1-naphthyl)ethylamine enantiomers

Proton [Co(R)(R)]` [Co(S)(S)]`

Hp2 9.76 9.68
Hp1 9.24 9.47
H2 4.87 4.94

(J \ 8.8 Hz) (J \ 9.2 Hz)
COOCH3 3.05 2.53
H1 2.81 2.73

(J \ 8.8 Hz) (J \ 9.2 Hz)
CH3e 1.98 1.97
CH3i 0.17 0.88

the ligand protons are spread across a 13 ppm window (]7 to
[6 ppm vs. TMS) and shifted upÐeld as a result of the strong
shielding e†ect of the porphyrin moiety.7 The shift is largest
for those ligand protons nearest the macrocycle and close to
the porphyrin normal (Fig. 2). The protons of the naphthyl
groups are spread from 7.21 to 3.30 ppm. The protons
of the amine group, Ha and Hb exhibit notably di†erent
chemical shifts, *d B 0.5. The resonance at lower Ðeld is
presumably that of the NÈH proton involved in a hydrogen
bond with one carbonyl group of the meso substituents, as
seen in the crystal structure of MCo[(R)-1-(1-naphthyl)-
ethylamine] 2 (vide infra). The chemical shift2(TMCP)N`Cl~,
di†erences between the coordinated enantiomers, collected in
Table 2, are largest for the protons located near the center of
the porphyrin ring, particularly for the methyl group
(*d B 0.44 ppm). This wide diastereomer dispersion, and the
large intensity of the methyl peak (3 protons), are particularly
suitable for an accurate and sensitive determination of the
enantiomer composition by integration. In contrast, the dia-

Table 2 1H NMR chemical shifts of 1-(1-naphthyl)ethylamine enan-
tiomers derivatized by CoCl(TMCP), and their diastereomeric disper-
sions

Proton [Co(R)(R)]` [Co(S)(S)]` o*d o

CH3 [2.34 [2.78 0.44
Ha [5.75 [6.01 0.26
Hb [5.27 [5.45 0.18
Hc [1.16 [1.16 0.00
Hd 3.30 3.40 0.10
He 7.11 6.73 0.38
Hf 7.21 7.17 0.04
Hg/Hh 6.94 6.99 0.05
Hi 6.31 6.37 0.06
Hj 5.30 5.27 0.03
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Fig. 2 A schematic illustration of the (R)-1-(1-naphthyl)ethylamine
ligand axially coordinated to the Co(III) chiroporphyrin, drawn from
the atomic coordinates of the [Co(R)(R)]` complex. The chemical
shifts of the (R)-1-(1-naphthyl)ethylamine protons are indicated. Meso
groups are omitted and only one of the two identical faces is shown
for clarity.

stereomer dispersion is vanishingly small for the methine
proton Hc. This suggests that Hc is kept in the same position
within the chiral host in both enantiomer adducts. The solid
state structures of 2 and of the corresponding (R)-2-butyl-
amine adduct (vide infra) show the presence of a weak
HcÉ É ÉO2C hydrogen bond, which has also been seen earlier in
the structure of the (S)-2-butylamine adduct.7 This HcÉ É ÉO2C
hydrogen bond, therefore, is likely to exist in all amine bis-
adducts of 1, including the [(S)-1-(1-naphthyl)ethylamine]
complex.

When a racemic mixture of 1-(1-naphthyl)ethylamine was
added to 1, only two sets of peaks were observed in the higher
Ðeld region of the spectrum. Apparently, the signals of the (R)-
amine in the mixed complex [Co(R)(S)]` overlap with those
due to [Co(R)(R)]`, and those of the (S)-amine in [Co(R)(S)]`
with those of [Co(S)(S)]`.

1H NMR spectra of the bis-adducts of rac- and (S)-ethyl
2-aziridinecarboxylate

Addition of rac-ethyl 2-aziridinecarboxylate to a solution of 1
also results in an immediate symmetry change of the 1H
NMR spectrum, reÑecting the formation of bis-adducts. In
this case, the protons of the three-membered rings are again
strongly shielded and the resonances of each bound enantio-
mer are not very sensitive to the absolute conÐguration of the
second axial ligand trans to it. The signals of the coordinated
aziridines appear mainly upÐeld of TMS, except that of the
ethyl group which lies at the periphery of the aromatic ring.
2D 1H NMR experiments allowed the assignment of two sets
of resonances corresponding to the two coordinated enantio-
mers (Fig. 3). It is noteworthy that there is a NOE between
NH and Hc; inversion at nitrogen is suppressed on coordi-
nation to cobalt and the amine hydrogen is located on the
same side as the ester group.10 Similar spectra were obtained
for the bis-adducts of rac-2-aziridinemethanol, which was
obtained by reduction of rac-ethyl 2-LiAlH4aziridinecarboxylate.

Enantiopure (S)-ethyl 2-aziridinecarboxylate, prepared by a
literature method11 (see Experimental) gave a set of four reso-
nances upÐeld of TMS for its [Co(S)(S)]` bis-adduct. This set
is identical to one of the two groups of resonances observed
for the rac-aziridine (Fig. 4), allowing a complete assignment
of the two coordinated enantiomers. The chemical shift di†er-
ences between the signals of the coordinated enantiomers are
very large, up to 0.41 ppm for Ha (Table 3). Hence, 1 appears
to be an excellent chiral shift reagent for this type of ligand,
and presumably for aziridines in general.

Fig. 3 Two-dimensional 1H NMR spectra (200 MHz, of theCDCl3)bis-adduct of rac-ethyl 2-aziridinecarboxylate (upÐeld region). Above
diagonal : NOESYPH; below diagonal : COSY H-H.

1H NMR determination of enantiomer composition of amines

Preliminary experiments were done with racemic mixtures of
1-aminoindane, a-amino-c-butyrolactone, 1-phenylethylamine,
2-aminomethoxypropane, 2-aziridinemethanol and ethyl 2-
aziridinecarboxylate. In every case, the concentration ratio of
the two bound enantiomers was found to be equal to 1 within
experimental error. The ligands 1-phenylethylamine, 2-
aminomethoxypropane and 2-aziridinemethanol exhibited
slow exchange, eventually leading to enantioselective binding,
similar to that observed previously for b-aminoalcohols.12
However, enantiomer analysis was reliable if run immediately
after addition of the amine derivative.

Several standard solutions of 1-(1-naphthyl)ethylamine
covering a range of enantiomer compositions x \ (R)/

Fig. 4 UpÐeld 1H NMR resonances (200 MHz) of coordinated rac-
ethyl 2-aziridinecarboxylate : (a) racemic and (b) enantiopure (S).

Table 3 1H NMR chemical shifts of ethyl 2-aziridinecarboxylate
enantiomers in their Co(TMCP)` bis-adducts

Proton (R) (S) o*d o

Ha [3.53 [3.12 0.41
Hb [4.86 [4.94 0.08
Hc [1.92 [2.08 0.16
NH [6.34 [6.08 0.26
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[(R)] (S)] (0OxO1) were then analyzed using CoCl(TMCP)
as a chiral shift reagent. The determination of the relative
composition of bound enantiomers y \ (RCo)/[(RCo) ] (SCo)],where and(RCo)\ 2[Co(R)(R)]`] [Co(R)(S)]` (SCo) \2[Co(S)(S)]`] [Co(R)(S)]`, was particularly straightforward,
by merely integrating the two methyl signals at [2.34 and
[2.78 ppm, which exhibit an exceptionally large diastereo-
meric dispersion ; note that y \ x \ (R)/[(R)] (S)] if amine
binding is irreversible (vide infra).

The three species [Co(R)(R)]`, [Co(R)(S)]` and
[Co(S)(S)]` are expected to be formed if or 1, andx D 0
indeed they are observed. In the lower Ðeld region of the spec-
tral window, the 200 MHz NMR proÐle consists of three sets
of peaks for the b-pyrrole protons, including two pairs of
singlets for [Co(R)(R)]` and [Co(S)(S)]`, and a partially
overlapping multiplet for [Co(R)(S)]`. In the irreversible
regime, [Co(R)(R)]`\ x2, [Co(R)(S)]`\ 2x(1[ x) and
[Co(S)(S)]`\ (1[ x)2. A plot of the calculated diastereomer
concentrations against the enantiomer composition x is
shown in Fig. 5.

Integration of the b-pyrrole resonances could in principle
provide experimental values of the relative concentrations of
each diastereomer, and thereby a second independent determi-
nation of enantiomer composition. However, partial signal
overlap makes this analysis much less reliable than that using
the amine methyl resonances. Nevertheless, the data points on
Fig. 5 are in reasonable agreement with the calculated curves.

The upÐeld resonances of the group of the coordinatedCH31-(1-naphthyl)ethylamine in non-racemic mixtures are shown
in Fig. 6 for standard solutions with x \ 0.25, 0.5 and 0.75 as
representative examples. The experimental values of the enan-
tiomer composition y, measured by integration of the two
ligand methyl NMR peaks, are in good agreement with those
of x in these cases, as they are also for other values of the
composition of the standard solution. The average experimen-
tal error *y/y for the seven determinations is 0.6%, and the
maximum error is 1.5% for x \ 0.25 (see Experimental). This
good agreement conÐrms that 1-(1-naphthyl)ethylamine
binding on Co(III)(TMCP)` is irreversible, and that the dis-
tribution of the [Co(R)(R)]`, [Co(R)(S)]` and [Co(S)(S)]`
diastereomers is under kinetic control and depends solely on
the enantiomer composition of the amine. Fig. 7(a) shows a
plot of the experimental values of y obtained by NMR inte-
gration against the composition x of the standard solutions ;
the linear calibration curve indicates an interesting analytical
potential for 1. Similar experiments were carried out with
standard solutions of 2-butylamine. These determinations

Fig. 5 Calculated concentrations of the three diastereomeric com-
plexes [Co(R)(R)]`, [Co(R)(S)]` and [Co(S)(S)]` as a function of the
enantiomer composition x \ (R)/[(R)] (S)] of standard solutions of
1-(1-naphthyl)ethylamine. Experimental data points are shown as
black squares in the range 0.5 O x O 1.

Fig. 6 UpÐeld resonances of the group of coordinated (R)- andCH3(S)-1-(1-naphthyl)ethylamine for three standard solutions : (a) (R)/
(S)\ 0.33 (x \ 0.25) ; (b) (R)/(S)\ 1 (x \ 0.5) ; (c) (R)/(S) \ 3
(x \ 0.75).

used the resonances of [Co(R)(S)]` and [Co(S)(S)]`,1CH3which are well-resolved at 400 MHz but not completely at
200 MHz,7 and they were less precise (average *y/y \ 2%,
maximum 5% for x \ 0.1) than in the case of 1-(1-naphthyl)
ethylamine but still satisfactory [Fig. 7(b)].

It is therefore apparent that the sensitivity of NMR and
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Fig. 7 Plots of the enantiomer composition of cobalt-bound chiral
amines, determined by NMR usingy \ (RCo)/[(RCo) ] (SCo)],CoCl(TMCP) as a chiral shift reagent, against the composition of the
standard solutions x \ (R)/[(R)] (S)] : (a) 1-(1-naphthyl)ethylamine,
(b) 2-butylamine.

linear response of the CoCl(TMCP) chiral shift reagent allow
the determination of a wide range of enantiomeric composi-
tions with a relative uncertainty of a few percent. Further
investigations will be necessary to determine whether this
method could be useful for the accurate determination of high
enantiomeric purities (beyond 95%), which is difficult by other
methods.13

X-Ray crystal structures of 2 and 3

Fig. 8È10 show ORTEP diagrams of the cation and anion of

Fig. 8 ORTEP of the structure of the cobalt(III) tetramethyl-
chiroporphyrin-bis[(R)-1-(1-naphthyl)ethylamine] cation in 2. Hydro-
gen bonds are indicated by dashed lines. Thermal ellipsoids are at the
30% probability level.

Fig. 9 ORTEP of the chloride anion tetrahedrally coordinated by
four chloroform molecules in the crystal of 2. The four CÈH bonds
point toward the chloride center within hydrogen-bonding distance.
Thermal ellipsoids are at the 30% probability level.

MCo[(R)-1-(1-naphthyl)ethylamine]2(TMCP)N`Cl~ É 5CHCl3 ,
2, and of the MCo[(R)-2-butylamine] cation in 3,2(TMCP)N`
respectively. The porphyrin ring of both complexes is ruffled
as a result of the abab conformation of the meso-cyclopropyl
substituents. However, the out-of-plane displacements from
the 24-atom macrocyclic mean plane for the four meso carbon
atoms of the 1-(1-naphthyl)ethylamine complex 2 (average
0.58 are slightly smaller than those found in the analogousA� )
(R)-2-butylamine complex 3 (0.67 and (S)-2-butylamineA� )
adduct (0.63 The average distances [1.943(6) forA� ).7 CoÈNp A�
2, 1.937(6) for 3] are somewhat short compared to otherA�
cobalt(III) porphyrins,14 but similar to those previously report-
ed for ruffled cobalt(III) chiroporphyrins.7,12,15 The average

bond distances [1.997(6) for 2, 1.992(6) for 3] areCoÈNax A� A�
also consistent with the values previously reported for bis-
amine cobalt(III) porphyrins.

The two axial ligands of 2 lie along the chiral grooves that
span each face of the porphyrin ring (Fig. 8). The naphthyl
planes are not perfectly directed along the axis,C

meso
ÈC

mesoprobably because of the steric bulk of the methyl group. They
are tilted relative to the mean porphyrin plane, with dihedral
angles equal to 64.3 and 70.9¡. The dihedral angle between the
two naphthyl planes is 64.7¡. The amine ligands of 2 are held
within the porphyrin groove by a network of weak hydrogen-
bonding interactions involving the carbonyl groups, in addi-

Fig. 10 ORTEP of the structure of the cobalt(III) tetramethyl-
chiroporphyrin-bis[(R)-2-butylamine] cation in 3. Only one orienta-
tion of each of the disordered amine ligands is shown. Hydrogen
bonds are indicated by dashed lines. Thermal ellipsoids are at the
30% probability level.
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Table 4 Crystallographic data for MCo[(R)-1-(1-naphthyl)ethyl-
2 and MCo[(R)-2-butylamine]amine]2(TMCP)N`Cl~ É 5CHCl3 , 2-3(TMCP)N`Cl~ É 4H2O,

2 3

Formula C77H83Cl16CoN6O8 C56H84ClCoN6O12FW 1846.62 1127.67
Crystal system Triclinic Hexagonal
Space group P1 P6222
a/A� 11.643 90(10) 11.8042(1)
b/A� 12.7731(2) 11.8042(1)
c/A� 15.5221(3) 38.5292(1)
a/¡ 81.983(1) 90
b/¡ 71.1612(1) 90
c/¡ 86.863(1) 120
U/A� 3 2163.44(6) 4649.36(6)
Z 1 3
j/A� 0.710 73 0.710 73
k/mm~1 0.748 0.380
T /K 193(2) 193(2)
Unique reÑect. (Rint) 10 128(0.0354) 13 067(0.0428)
Indep. reÑect. [I[ 2p(I)] 6546 2308
R1 a 0.0632 0.0684
wR2 a 0.1576 0.1737

a R1\& p Fo o [ oFc p /& oFo o ; wR2\ [&w(oFo o [ oFc o)2/&wFo2]1@2 ;
wherew\ 1/p2[(Fo)2] (0.0501P)2] 65.1625P] P\ (Fo2] 2Fc2)/3.

tion to the cobaltÈnitrogen coordination bond. There is a
NÈHÉ É ÉO hydrogen bond between Hb on the amine group
and a carbonyl group on each face of the porphyrin [N(6)È
H(6B)É É ÉO(21) 2.533(2) Furthermore, the hydrogen atomA� ].
Hc on the asymmetric carbon is involved in a weak CÈHÉ É ÉO
hydrogen bond to the second carbonyl group on one face
[C(61)ÈH(61)É É ÉO(51) 2.424(3) and a weaker one on theA� ]
other [C(81)ÈH(81)É É ÉO(41) 2.751(2) Similar CÈHÉ É ÉOA� ].
contacts involving Hc are found in the structure of the (R)-2-
butylamine adduct 3 [C(21)ÈH(21)É É ÉO(11) 2.29(1) (Fig.A� ]
10).

The chloride counter-anion of 2 is surrounded by four chlo-
roform molecules, which sit on the apices of a distorted tetra-
hedron (Fig. 9), with the four CÈH bonds pointing toward the
center within hydrogen-bonding distances16 [C(102)È
H(102)É É ÉCl 2.588(5) ; C(103)ÈH(103)É É ÉCl 2.445(6) ; C(104)È
H(104)É É ÉCl 2.452(6) ; C(105)ÈH(105)É É ÉCl 2.646(6) A� ].

Conclusion
CoCl(TMCP) is a convenient chiral metalloporphyrin shift
reagent for primary amine and aziridine derivatives. Derivati-
zation is carried out in the NMR tube at room temperature
using a few lmol of amine, and the diastereomeric products
are obtained in quantitative yields for both enantiomers. In
the case of 1-(1-naphthyl)ethylamine and ethyl 2-
aziridinecarboxylate, the analyte exhibits narrow 1H NMR
lines, which are shifted to a vacant spectral window upÐeld of
TMS. The large diastereomeric dispersion allows the use of a
standard 200 MHz spectrometer for analysis. The practical
determination involves integration of two well-resolved peaks
and is therefore quick and easy. The instrumental response is
linear over the entire range of enantiomer composition. These
features of CoCl(TMCP) make it a promising chiral shift
reagent for the determination of the enantiomeric composition
of amines and aziridines.

Experimental

Materials and methods

Chloro(tetramethylchiroporphyrin)cobalt(III) CoCl(TMCP)
was prepared according to a procedure worked out earlier in
our laboratories.7,17 Chiral amines of the highest available
enantiomer ratio were purchased from Fluka : (R)- and (S)-1-
(1-naphthyl)ethylamine, er[ 99.5 : 0.5 (ChiraSelect) ; (R)- and

(S)-2-butylamine and were used as received.([a]D20\ ^7.5¡),
Racemic amines were from Aldrich.

Racemic ethyl 2-aziridinecarboxylate was prepared from
ethyl a-bromoacrylate and ammonia according to a pre-
viously described method.11a,b Enantiopure (S)-ethyl 2-
aziridinecarboxylate was prepared in three steps from the
ethyl ester of L-serine.11c,d

1H NMR spectra were recorded on Bruker 200 MHz or
Varian 400 MHz NMR spectrometers. Parameters for acquir-
ing proton spectra were the following : Bruker 200 MHz, 16
accumulations, spectral window 4000 Hz, 16 K data points ;
Varian 400 MHz, 8 accumulations, spectral window 8000 Hz,
58.5 K data points. Chemical shifts are reported relative to
TMS.

1H NMR analysis of enantiomer composition

Standard solutions of 1-(1-naphthyl)ethylamine in ofCDCl3various enantiomer ratios (\1 : 99, 10 : 90, 25 : 75, 50 : 50,
75 : 25, 90 : 10, [99 : 1) at a total concentration of 2.1 M were
prepared by mixing appropriate volumes of each enantiopure
compound (typically 15 to 150 lL) in 0.5 mL of A 10CDCl3 .
lL aliquot of the standard solution (6 equiv.) was then added
to a solution of 3.3 mg (3.5 lmol) of CoCl(TMCP) in CDCl3(0.7 mL) in an NMR tube. The formation of the bis-adduct
salt was immediate. 1H NMR spectra were taken immediately
following addition and 24 h later.

The difficulty of accurate sampling of lL volumes of enan-
tiopure amine can be a problem in the preparation of stan-
dard solutions of chiral amine in as it can result in aCDCl3 ,
larger experimental error for solutions of lower concentration
of S (x [ 95%) or R (x \ 5%). Fast solvent evaporation is
another source of experimental uncertainty in this concentra-
tion range. Thus, the experimental errors observed in the cali-
bration curves are likely to reÑect the uncertainties in the
preparation of standard solutions, rather than the intrinsic
accuracy of the analytical method.

X-Ray crystal structure determinations

Single crystals were obtained by slow di†usion of n-hexane in
0.7 mL of a solution of 2 or 3 used for NMR studies. ACDCl3summary of crystallographic data is shown in Table 4.

Data were collected on a three-circle di†ractometer
equipped with a Siemens SMART CCD area detector using
graphite-monochromated Mo-Ka radiation. Programs used
were SAINT (data collection),18 SADABS (absorption
correction)19 and SHELXTL 5.1 (structure solution).20 Cell
parameters were obtained with intensities detected on three
batches of 15 frames with a 10 s exposure time for each, and
were reÐned using unique intensities with I[ 10p(I) from all
data. The structures were solved by direct methods using the
SHELXTL package. All non-hydrogen atoms were found by
di†erence Fourier syntheses and were reÐned anisotropically
on F2. Hydrogen atoms were treated as riding atoms.

CCDC reference numbers 104406 and 159943. See http : //
www.rsc.org/suppdata/nj/b1/b100268f/ for crystallographic
data in CIF or other electronic format.
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