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The efficient resolution of racemic N-benzyl a-amino acids
(N-Bn-AA) has been achieved by a liquid-liquid extraction
process using the lipophilic chiral salen—cobalt(Ill) complex
[Co™(3)(OAC)]. As a result of the resolution by extraction, one
enantiomer (S) of the N-benzyl a-amino acid predominated
in the aqueous phase, while the other enantiomer (R) was
driven into the organic phase by complexation to cobalt. The
complexed amino acid (R) was then quantitatively released
by a reductive (Co™— Co'") counter-extraction with aqueous
sodium dithionite or L-ascorbic acid in methanol. The
reductive cleavage allowed to recover the [Co'(3)] complex
in good vyield, which could be easily re-oxidized to
[Co™(3)(OAc)] with air/AcOH and reused with essentially no
loss of reactivity and selectivity. Investigation on the nitrogen

substitution indicates that the presence of a single benzyl
group on the amino acid nitrogen is important to obtain high
enantioselectivity in the extraction process. The kinetic vs.
thermodynamic nature of the resolution process was also in-
vestigated with an enantiomeric exchange experiment,
which shows that the liquid-liquid extraction with [Co'(3)-
(OAC)] is an equilibrium process operating under thermo-
dynamic control. In the absence of a suitable crystal structure
of the [Co"™(3)(N-Bn-AA)] complexes, computational and
spectroscopic studies were used to investigate how the N-
benzyl o-amino acids are accommodated in the “binding
pocket” of the chiral cobalt complex.

(© Wiley-VCH Verlag GmbH & Co. KGaA, 69451 Weinheim,
Germany, 2008)

Introduction

Traditional methods for the separation of racemates in-
clude crystallization of diastereomeric salts,l] chiral
chromatography!” and enzymatic resolution.’] Each of
these methods may have certain advantages (efficiency,
practicality, economy, etc.) over the others, for a particular
chiral compound. However, the selection and optimization
of the method may take considerable time and effort for
each separate case and the optimized procedure may not
always be general for a certain class of chiral compounds.
Therefore, there is a continuous need for alternative general
strategies, able to resolve racemic mixtures in a cost, time
and waste saving manner.] A promising methodology relies
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on the ability of a chiral selector to discriminate between
the two enantiomers of a racemate, thus making the enan-
tiomeric separation of racemic mixtures possible, for exam-
ple, by transport across a chiral membrane,®! or by liquid-
liquid extraction with a chiral host, in the case of hydrophi-
lic substrates.l®] This latter protocol involves the extraction
of one enantiomer into an organic phase by selective coor-
dination to a hydrophobic selector, to leave the uncom-
plexed enantiomer in an aqueous phase. The attraction of
this method is that it circumvents the use of excessive hand-
ling of solids, which is associated with classical resolution
by crystallization of diastereomeric salts; on a production
scale this is often the slowest step in the process.

The development of chiral hosts for the enantioselective
recognition and separation of a-amino acids and their de-
rivatives is an extensively explored area. Numerous recep-
tors have been proposed over the years, but unfortunately
most of them suffer from several drawbacks, like limited
efficiency, laborious synthesis, difficult recovery of the selec-
tor after release of the complexed enantiomer. A simulta-
neous binding of both the amino and the carboxylic group
is usually required to achieve chiral discrimination.[”? Chiral
transition metal complexes, due to their spatial and chemi-
cal properties (e.g., Lewis acidity, different charge of the
metal ion, availability of different binding sites in a chiral
environment), are ideal species for such selection. In fact,
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transition-metal complexes have been used in several such
molecular recognition studies,’® including the selective
crystallization from a racemic mixture of a complex of one
enantiomer bound to the chiral selector.”) Molecular re-
cognition with chiral transition-metal complexes has also
been demonstrated in various practical methods for the sep-
aration of enantiomers including chiral HPLC,!!9 transport
across a liquid membrane,!''l micelle-enhanced ultrafiltra-
tion!'?! and two-aqueous-phase co-micellar systems.['’] In
the cases described above, the complexes were usually based
on the coordination of ligands derived from amino acids or
amines to Cu'! ions,®'3 although enantioselective com-
plexes of other metal ions, such as Co and Ni", have also
been reported.®%4 In one notable case, a chiral cobalt(II)
complex derived from ligand 1 (Figure 1), namely [Co'(1)],
was used in an enantioselective resolution of N-benzyl-
alanine.'¥ Treating [Co™(1)] with 2 equiv. of racemic N-Bn-
Ala in 5:1 MeOH-H,O/air, followed by extraction with
CHCI5/H,0, led to enantiomeric excesses of 94% (R) and
93% (S) for the complexed ([Co(1)(N-Bn-Ala)]) and the
uncomplexed amino acid, respectively.['>] The major draw-
back of this approach resided in the necessity to use rather
harsh conditions (reduction with NaBH,) to release the

complexed amino acid.
—N =
R2 OH HOi@*RZ

R! R!
(RR)1 R'=R?=H

(RR)-2 R'=CH3 R?=H
(RR)-3 R'"=R?=1Bu

Figure 1. Chiral salen ligands.

It is well known that the interaction of (salen)cobalt(IT)
complexes with easily ionizable compounds, such as carbox-
ylic or sulfonic acids, in the presence of air causes oxidation
of the Co™! to a Co™ species, with concurrent uptake of the
counter-anion (RCOO~ or RSO;). Both the (salen)-
cobalt(Il) and cobalt(IIT) complexes are only sparingly sol-
uble in water and readily solubilized in a number of organic
solvents, and have found synthetic application in several
asymmetric transformations, such as: i) the renowned hy-
drolytic kinetic resolution (HKR) of epoxides (Co3*), ii) the
enantioselective cyclopropanation with alkyl diazoacetate
esters (Co?"), iii) the asymmetric borohydride reduction of
aromatic ketones (Co>*), iv) the asymmetric Baeyer—Villiger
oxidation (Co3*).[16]

We have recently communicated a novel approach to the
resolution of racemic N-benzyl a-amino acids by liquid-li-
quid extraction, using the lipophilic chiral (salen)cobalt(I1T)
complex [Co™(3)(OAc)] (see Scheme 2), in excellent yield
and enantioselectivity.l'”? As a result of the resolution by
extraction, one enantiomer of the N-benzyl a-amino acid
predominates in the aqueous phase, while the other enantio-
mer is driven into the organic phase by complexation to
1254
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the cobalt center. The complexed amino acid can then be
released by a reductive (Co™— Co™) counter-extraction
into an aqueous phase. The original chiral cobalt(IIT) com-
plex can be regenerated and reused with essentially no loss
of reactivity and selectivity. Enantiomerically pure N-benzyl
a-amino acids have found various important synthetic ap-
plications,!'® and can easily be transformed into a-amino
acids by hydrogenolysis.['”]

Herein we report a full account on this work, where the
scope of the extraction was investigated considering both
the lateral chain of the different amino acids and the substi-
tution at the nitrogen atom. In addition, a rationale for the
origins of the observed enantioselectivity is proposed based
on spectroscopic and computational studies.

Results and Discussion

Extraction of N-Bn—alanine

At the beginning of our investigations, we planned to
develop a liquid-liquid extraction process with a lipophilic
chiral complex and a hydrophilic racemic substrate. As
mentioned in the introduction, [Co"(1)] had already been
used in the resolution of racemic N-benzylalanine by Fujii
and co-workers;['41%! therefore, we began our extraction ex-
periments by mixing an aqueous solution of racemic N-ben-
zylalanine (2 equiv.) with a dichloromethane solution of the
chiral selector [Co'(1)] (1 equiv.). The resulting biphasic
solution was mixed thoroughly and the two layers were sep-
arated. As expected, the interaction of [Co'(1)] with N-ben-
zylalanine induced the air oxidation of the metal ion to co-
balt(III) with concurrent formation of the cobalt(IIl) com-
plex [Co'(1)(N-Bn-Ala)] (Scheme 1). This complex was
isolated in nearly quantitative yield (99 %) from the organic
phase, and was characterized by HRMS (ESI) as well as
IR, 'H and '3C NMR spectroscopy. Unfortunately, no con-
clusive evidence regarding the diastereomeric composition
of the complex could be obtained by the 'H- and '3C-NMR
spectra (see also the Supporting Information). In a control
experiment, N-benzylalanine was partitioned between water
and dichloromethane without the selector, and no N-ben-
zylalanine was extracted into the organic phase. The abso-
lute configuration (S) and the ee value of uncomplexed N-
Bn-Ala (56% ee) were determined by HPLC analysis of the
aqueous phase (Table 1, entry 1); reduction of the Co'™
complex with NaBHy led to the recovery of (R)-N-Bn-Ala
with a consistent ee value.

The experiment described here (a real biphasic liquid—
liquid extraction) differs substantially from the conditions
used by Fujii et al. (homogeneous 5:1 MeOH/H,O solution,
see ref.l!“13)). The results obtained by Fujii et al. (ee = 93—
949%5) could be nicely reproduced by performing this separa-
tion under the original homogeneous conditions.

In order to optimize the enantioselectivity of our extrac-
tion protocol, we decided to investigate the role of substi-
tuted aromatic rings in the salen ligand. Extraction using
the 2,2'-dimethyl-substituted analogue [Co'(2)] under the
same conditions again led to the formation of a cobalt(III)
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Table 1. Extraction of racemic N-Bn-Ala using chiral (salen)cobalt(Il) and cobalt(II) complexes at 10 °C.

European Journal
of Organic Chemistry

Entry Host complex Product Equiv. % ee
extracted (absol. configuration)®l

1 (R,R)-[Co™(1)] [Co™(1)(N-Bn-Ala)] 0.99(1 56 (S)
2 (R,R)-[Co"(2)] [Co™(2)(N-Bn-Ala)] 0.96°1 39 (S)
3 (R,R)-[Co"(3)] - 0ote! -

4 (R,R)-[Co™(1)(OAC)] [Co™(1)(N-Bn-Ala)] 0.92 55 (S)
5 (R,R)-[Co™(2)(OAC)] [Co™(2)(N-Bn-Ala)] 0.99(l 54 (S)
6 (R,R)-[Co™(3)(OAC)] [Co™(3)(N-Bn-Ala)] 0.99 93 (S)
7 (R,R)-[Co™(3)(OAC) [Co™(3)(N-Bn-Ala)] 0.98 93 (S)
8 (R,R)-[Co™(3)(OT)] [Co™(3)(N-Bn-Ala)] 0.92 85 (S)
9 (R,R)-[Co™(3)(PF)] [Co™(3)(N-Bn-Ala)] 0.92 88 (S)

[a] Determined on uncomplexed N-Bn-Ala by chiral HPLC analysis of the aqueous phase (see Exp. Sect. and Supporting Information).
[b] Extractions were run at room temperature. [c] Extraction time of 48 h was necessary, compared to 24 h in all other cases. [d] Second
cycle: [Co™(3)(OAc)] was obtained from [Co'(3)(N-Bn-Ala)] after reductive cleavage and re-oxidation (see text and Supporting Infor-

mation).

species, [Co™(2)(N-Bn-Ala)], through air oxidation of the
metal (Scheme 1).

In this case, N-benzylalanine was also extracted in high
yield (96%), but a decreased enantioselectivity (39% ee in
favor of the S enantiomer) was observed in the unbound
N-benzylalanine (Table 1, entry 2). The 2,2’ ,4,4'-tetra-tert-
butyl-substituted chiral ligand 3 can be easily prepared by
a high-yielding one-pot method,''®? or is commercially
available on a large scale along with its cobalt(IT) complex
[Co"(3)]. When complex [Co"(3)] was employed in the ex-
traction of N-benzylalanine by using our procedure, no oxi-
dation to cobalt(III) occurred, and consequently no com-
plexation/extraction of N-benzylalanine was observed in the
organic phase (Table 1, entry 3). This is only apparently a
disappointing result and is in reality the key for a successful
extraction/counter-extraction cycle. In fact, the attempted
release of the coordinated amino acid from [Co™(1)(N-Bn-
Ala)] or [Co™(2)(N-Bn-Ala)] by using different reductive
(Na,S0Os;, Na,S,04, Na,S,05, Na,S) or hydrolytic (HCI,
CF;COOH, CF3SO;H) methods constantly failed; in gene-
ral, no reductive cleavage occurred, or it may have occurred
but the (salen)cobalt(I) complexes were not compatible
with the released amino acid, i.e. were immediately reoxi-
dized by air to form again the starting cobalt(III) com-
plexes. The only successful reductive cleavage was the pre-
viously mentioned reduction with NaBH,,!'¥! where the
amino acid is quantitatively released but the (salen)cobalt-
(IT) complex is mostly destroyed. On the contrary, the

&

=N_  N=
N H,C O
Co 3 DCM/H,0
R? o "o RZ + >—<
HN  OH ot
R’ R?

CH,Ph

[Co"(1)] R'=R2=H
[Co"(2)] R"=CH; R?=H
[Co"(3)] R'=R?2=1Bu

[Co"(3)] complex is compatible with the released amino
acid (is not oxidized by air in the presence of the amino
acid), and this allows in principle the realization of an ex-
traction/reductive-cleavage cycle. Moreover, the increased
stability of [Co'(3)] towards oxidation!! means that the
ternary complex [Co™(3)(NV-Bn-AA)] (AA = g-amino acid)
should have an increased susceptibility towards reduction
back to cobalt(Il), thus making the extraction/reductive
cleavage cycle potentially easier (see section below: Re-
ductive Cleavage).

At this point, (salen)cobalt(IIT) acetate complexes
[Co™(1-3)(0OAc)] (Scheme 2) were tested in the extraction
of N-Bn-Ala. These complexes were readily prepared from
complexes [Co'(1-3)] by oxidation with air in the presence
of acetic acid.!*?! During this investigation, it became appar-
ent that there was a significant correlation between tem-
perature and enantioselectivity, with extractions performed
at 10 °C giving the optimal results.?’] For example, the
enantioselectivity of extraction of N-benzylalanine using
complex [Co™(3)(OAc)] improved substantially (from
75.0% to 93.0% ee) when the temperature was lowered
from 25 °C to 10 °C, while extractions run at room tem-
perature (not thermostatted) gave erratic results (ee =
83 £10%). The results of extraction using one equivalent
of complexes [Co™(1-3)(OAc)] with two equivalents of ra-
cemic N-benzylalanine, under thermostatted conditions at
10 °C, are summarized in Table 1 (entries 4-6). In all cases,
extraction of N-benzylalanine was very efficient and the co-

=N_ N=
Co NH  OH
R? o \osz cpd R
) HC O
R =¥
NH O
P

HC O

[Co"(1)(N-Bn-Ala)]
[Co"(2)(N-Bn-Ala)]

Scheme 1. Resolution of a racemic mixture of N-benzylalanine by liquid-liquid extraction using salen—cobalt(II) complexes.
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=N N=
\ / N7
DCM/H,0 Co NH  OH
oo 2 R2 o \ObRZ e —
HN OH 10°C HiC O
R OAc CH,Ph R! R
NH
P
H,C O
[COIII(1)<OAC)] R1 = RZ =H [Co”'(1)(N—Bn-Ala)]
[Co"(2)(0Ac)] R'=CH; R2=H [Co"(2)(N-Bn-Ala)]
[Co"(3)(OAc)] R'=R2 = tBu [Co"(3)(N-Bn-Ala)]

Scheme 2. Resolution of a racemic mixture of N-benzylalanine by liquid-liquid extraction using (salen)cobalt(III) complexes.

balt (IIT)/amino acid complexes were isolated form the or-
ganic phase in near-quantitative yields. The enantio-
selectivities with the unsubstituted and methyl-substituted
salen ligands were only moderate (ee 54-55%, entries 4, 5)
and practically equivalent to those obtained with the co-
balt(Il) derivatives (ee 39-56%, entries 1, 2). The striking
result came from the tert-butyl-substituted complex
[Co™(3)(OAc)], which gave a remarkable 93% ee (entry 6).
In addition, similar results (ee 85-88%, entries 8, 9) were
obtained when the extractions were conducted with co-
balt(I1I) complexes [Co™(3)(X)] bearing alternative, less co-
ordinating counterions (X = OTf, PF; Table 1, entries 8, 9).
The substantial independence of the results from the type of
counterion present in the complexes [Co™(3)(X)] can be
easily understood invoking a thermodynamic control for
the entire process (see section below: Mechanistic Studies).

Reductive Cleavage

In order to realize a satisfactory separation protocol by
liquid-liquid extraction, an efficient counter-extraction step
is necessary. The counter-extraction, besides releasing quan-
titatively the complexed amino acid, should lead to a sub-

stantial recovery of the chiral transition metal selector, to
be reused in a subsequent extraction cycle. Initial attempts
to replace the amino acid in the cobalt(IIl) complex with
acetate or other anions were not successful, despite the use
of a huge excess of the corresponding acid or salt. In the
original Fujii protocol,['¥ the release of the amino acid was
obtained with a NaBH, reductive cleavage, which gave a
quantitative release of the amino acid but, in our hands, a
very poor recovery of the reduced [Co'(3)] complex
(=10%, Table 2, entry 1). Several other reducing agents
were also tested, and are listed in Table 2.

No reaction took place with several water-soluble reduc-
ing agents such as ferrous chloride, sodium thiosulfate and
sodium sulfide (Table 2, entries 2-4). Sodium dithionite is
a versatile and cheap reagent, which has been employed to
reduce a variety of organic compounds containing a range
of unsaturated oxygen and nitrogen functionalities,**l and
has also been known as a reducing agents for transition
metal complexes including cobalt(II1) complexes.*>! It has
also been reported that dithionite dissociates into the SO,
radical anion which is the real reducing agent and that this
radical reacts with oxygen.[>°!

Table 2. Reductive cleavage of the [Co'!(3)(N-Bn-Ala)] complex with various reducing agents.

- - Reducing N N—
oo _agent cd NH OH
“Solvent, g, 0" "o Bu * P
time H3C e}
Bu Bu
HSC 0 [Co"(3)]
[Co"(3)(N-Bn-Ala)]

Entry Reducing agent Solvent Time % Recovery of the chiral selector!]
1 NaBH, (1 equiv.) MeOH 24 h 10
2 Fe''Cl, (10 equiv.) water/DCM 24 h -
3 Na,S,0;5 (10 equiv.) water/DCM 24 h -
4 Na,S (10 equiv.) water/DCM 24 h -
5 Na,S,0,4 (10 equiv.) water/DCM 16 h 78
6 L-ascorbic acid (1.5 equiv.) MeOH 30 min 75

[a] Recovered as Co'(3) complex.
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We found that by vigorously mixing a solution of the
[Co"(3)(N-Bn-Ala)] complex in dichloromethane with an
aqueous solution containing excess sodium dithionite
(10 equiv.), the bound N-benzylalanine was cleaved from
the complex and recovered in the aqueous phase in quanti-
tative yield (Table 2, entry 5). The ee value of this counter-
extracted N-benzylalanine was consistent with the expected
value based on the ee value of the N-benzylalanine which
remained in the aqueous phase after the initial extraction
step. Furthermore, cobalt(Ill) was reduced back to co-
balt(Il) during the cleavage of complex [Co™!(3)(N-Bn-
Ala)]; after separation, the pure [Co'(3)] complex could be
isolated from the organic phase by simple evaporation of
dichloromethane, trituration in methanol and filtration
(78% recovered yield). The drawback of this methodology
resides in the excess of sodium dithionite necessary to max-
imize the recovery of the cobalt(I) complex and in the yield
of the recovered [Co"(3)] complex, which, besides not being
quantitative is not always reproducible.

An alternative reagent which has been used for the re-
duction of Co™ complexes containing ligand 3,[!7%27] is L-
ascorbic acid. In this case, the reaction was performed in
methanol using 1.5 equiv. of L-ascorbic acid at room tem-
perature. Under these conditions, [Co'™(3)] precipitated
from methanol and was isolated virtually pure by simple
filtration (75 % recovered yield; Table 2, entry 6). The meth-
anolic filtrate was then applied to a Dowex 50W-X8 resin,
to eliminate dehydroascorbic acid and excess L-ascorbic
acid, and eluted with 2 M ammonia to give pure N-benzyl-
alanine in quantitative yield. Although the [Co"(3)]
recovered yield is comparable to the dithionite procedure,
this methodology is cleaner and more reproducible.

The recovered [Co'(3)] was then reoxidized with air in
the presence of acetic acid, and the cobalt(III) acetate thus
formed was reused in a second extraction with no loss of
activity or enantioselectivity (Table 1, entry 7).

The significance of the substituents on the salen ligand
is further apparent when the counter-extraction of com-
plexed N-benzylalanine from ternary complex [Co'-
(1-3)(N-Bn-Ala)] is examined. Complexes [Co™(1)(N-Bn-
Ala)] and [Co™(2)(N-Bn-Ala)] were not reduced by either
dithionite or L-ascorbic acid (or may have been reduced but

European Journal
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were immediately reoxidized by air in the presence of the
released amino acid), and the only way to release the com-
plexed amino acid was to use NaBH, as originally reported
by Fujii,l'¥ albeit with a very poor recovery of the co-
balt(IT) selector.

In conclusion, the use of complex [Co™(3)(OAc)] in the
biphasic extraction procedure is particularly attractive over
the complexes derived from other salen ligands (1, 2). In
fact: i) the enantioselectivities obtained with this complex
are definitely higher; ii) [Co'(3)] is not oxidized by air in
the presence of the amino acid; iii) [Co™!(3)(N-Bn-Ala)] can
be reduced back to [Co'(3)], in good yield and with quanti-
tative release of the complexed amino acid derivative; iv) an
extraction/reductive-cleavage cycle can be realized; v) al-
though one equivalent of chiral selector is necessary to re-
solve the racemic amino acid, its good recovered yield
makes the cycle virtually “catalytic” in the chiral metal
complex.

Substrate Scope: N-Benzyl Amino Acids

The scope of this methodology has been investigated
with particular interest in adapting the procedure to sub-
strates of varying hydrophilicity relative to N-benzylalanine.
The results of extractions of a range of racemic N-benzyl
amino acids (N-Bn-AA) using complex [Co™(3)(OAc)] are
summarized in Table 3. Although all the screening was con-
ducted on a relatively small scale (typically 0.15-0.60 mmol
of racemic N-benzyl amino acid), larger scale experiments
(5.0 mmol) gave consistent and reproducible results.

The extraction of water-soluble N-benzylthreonine and
N-benzylserine proceeded in high yield (94% for N-Bn-Thr
and 90% for N-Bn-Ser) and high ee values (96 % and 90 %),
thus leaving uncomplexed (S)-N-Bn-amino acids in the
aqueous phase (Table 3, entries 1 and 2). Extraction of race-
mic mixtures of N-benzylvaline, N-benzylleucine and N-
benzylphenylalanine were also investigated (Table 3, entries
3-5). These substrates, with increased lipophilicity com-
pared to N-benzylalanine, are essentially insoluble in both
neutral water and dichloromethane. In the cases of N-ben-
zylvaline and N-benzylleucine, however, all of the substrate

Table 3. Resolution of racemic N-Bn amino acids using [Co"(3)(OAc)] at 10 °C.

Entry Substrate Method®! Product Equiv. extracted % ee (absol. configuration)
1 N-Bn-Thr A [Co™(3)(N-Bn-Thr)] 0.94 96 (R)®!
2 N-Bn-Ser A [Co™(3)(N-Bn-Ser)] 0.90 90 (S)
3 N-Bn-Val A [Co™(3)(N-Bn-Val)] 0.98 90 (S)
4 N-Bn-Leu A [Co™(3)(N-Bn-Leu)] 0.99 99 (S)ll
5 N-Bn-Phe B [Co™(3)(N-Bn-Phe)] 0.99 93 (S)
6 N-Bn-Val C [Co™(3)(N-Bn-Val)] 0.99 94 (Sl
7 N-Bn-Phe C [Co™(3)(N-Bn-Phe)] 0.98 93 (S)
8 N-Bn-Ala C [Co™(3)(N-Bn-Ala)] 0.98 16 (S)!
9 N-Bn-Ala C [Co™(3)(N-Bn-Ala)] 0.98!] 66 (S)

[a] Method A: biphasic water/dichloromethane extraction. Method B: biphasic water/dichloromethane treatment and recovery of the
uncomplexed amino acid by filtration. Method C: stirring a suspension of the racemic N-Bn amino acid with a dichloromethane solution
of [Co'™(3)(OAc)] and recovery of the uncomplexed amino acid by filtration. [b] Determined by chiral HPLC analysis on N-Bn-Thr,
following treatment of [Co'(3)(N-Bn-Thr)] with aqueous sodium dithionite. [c] Determined on the uncomplexed N-Bn amino acid by
chiral HPLC analysis. [d] Performed at —10 °C; 72 hours were necessary, compared to 24 h in all other cases.
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was drawn into solution to form two clear phases over the
course of the extraction. One equivalent was extracted into
the dichloromethane phase to form the complexes [Co'l-
(3)(N-Bn-AA)], while the second equivalent was dissolved
in the aqueous phase. The enantiomeric excesses were deter-
mined by HPLC analysis of the aqueous phase and were
found to be 90% and 99% in favor of (S)-N-benzylvaline
and (S)-N-benzylleucine, respectively (Table 3, entries 3, 4).
The extraction of N-Bn-phenylalanine under the same con-
ditions also proceeded in high yield, with one equivalent of
substrate extracted into the organic phase through forma-
tion of complex [Co"(3)(N-Bn-Phe)] (Table 3, entry 5). The
unbound substrate, (S)-N-benzylphenylalanine, remained as
a suspension and could be isolated by filtration or dissolved
into the aqueous phase by treatment with NaOH. Again, a
high ee was observed (93 % ee). In all the above mentioned
cases, reductive cleavage of the complexes [Co™(3)(N-Bn-
AA)] with either aqueous sodium dithionite or L-ascorbic
acid released the opposite enantiomer in quantitative yield
and with consistent ee values.

Resolution of racemic N-Bn amino acids using only
dichloromethane and no water was also attempted (Table 3,
entries 6-9, Method C). In all cases, one equivalent of the
substrate was complexed by [Co™(3)(OAc)] and dissolved
into the dichloromethane phase, while the uncomplexed
amino acid could be isolated simply by filtration. Enantio-
meric excesses of 94% and 93 % were observed for the reco-
vered N-benzylvaline and N-benzylphenylalanine, respec-
tively (Table 3, entries 6, 7). Thus, method C represents a
more practical procedure for less hydrophilic amino acids
with no loss of enantioselectivity. Conversely and surpris-
ingly, N-benzylalanine showed only poor enantioselectivity
by this method (Table 3, entry 8), which could be somewhat
improved by lowering the temperature, with an ee of 66%
obtained at —10 °C (Table 3, entry 9).

Substrate Scope: Nitrogen Substitution

Since good to excellent enantioselectivities were obtained
in the extraction of all the N-benzyl amino acids tested,
irrespective of their side-chain (see Table 3), we decided to

explore the scope of our method with reference to the nitro-
gen substitution. On one side, this investigation might lead
to the use of more practical o-amino acid derivatives (e.g.
carbamates), while on the other side it might shed new light
on the role of the a-amino acid nitrogen substituents (com-
pared to the original H and Bn) in promoting the stereose-
lective formation of the cobalt(IIT) complexes. Carbamate
protected amino acids were initially tested (Boc-Ala and
Cbz-Ala), but unfortunately no complex formation was ob-
served and the substrates were completely extracted into the
organic phase due to their increased lipophilicity. Since the
presence of a basic nitrogen atom is apparently necessary,
several racemic N-mono- and N,N-disubstituted alanine
and phenylalanine derivatives were prepared and tested in
the extraction/resolution experiments using [Co™(3)(OAc)].
In addition, unsubstituted phenylalanine and proline were
also included in this screening. The extraction protocol was
essentially identical to that described above for the N-ben-
zyl amino acids: two equivalents of the racemic compound
were dissolved or suspended in water (depending on their
hydrophilicity) and thoroughly mixed with a dichlorometh-
ane solution containing one equivalent of [Co™(3)(OAc)]
at 10 °C for 24 h. The results are summarized in Table 4.
In the extraction of N-unsubstituted (Table 4, entry 1)
and N-monosubstituted (entries 2, 3, 6, 7, 11) a-amino ac-
ids, the corresponding Co'' complexes were formed and
characterized. In particular, in the case of phenylalanine
(entry 1), this amino acid was extracted in high yield
(0.98 equiv. extracted into the organic phase) but with poor
enantioselectivity (ee 10%, by chiral HPLC). A similar re-
sult was observed for proline (entry 2): low enantio-
selectivity (ee 10-12%) and a slightly reduced extraction
yield (0.85 equiv. extracted into the organic phase). In both
cases, the complexes between the amino acid and chiral se-
lector were fully characterized by '"H NMR, 3C-NMR and
HR-MS spectroscopy. Additionally, in the NMR spectra of
both [Co™(3)(Phe)] and [Co™(3)(Pro)] two diastereomeric
complexes were clearly detectable, with a ratio in complete
agreement with the ee of the unbound amino acid deter-
mined in the aqueous phase. In the extraction of racemic

Table 4. Extraction of racemic N-unsubstituted, N-mono- and N,N-disubstituted a-amino acids using [Co(3)(OAc)] at 10 °C.

Entry Substrate Product Equiv. % ee % ee
extracted (absol. configuration) (absol. configuration)
uncomplexed!@ released!®!

1 Phel [Co'™(3)(Phe)] 0.98 10 (S) 10 (R)
2 Prol [Co™(3)(Pro)] 0.85 10 (S) 12 (R)
3 N-Me-Phell [Co™(3)(N-Me-Phe)] 0.97 20 (S) 20 (R)
4 N,N-Me,-Phell [Co™(3)(N-Me,-Phe)] 0.66 50 (S) 100 (R)
5 N-Bn-N-Me-Phel¥! - 0.90 0 -

6 N-Bn-Pheld] [Co™(3)(N-Bn-Phe)] 0.99 93 (S) 93 (R)
7 N-Me-Alal®! [Co™(3)(N-Me-Ala)] 0.20 0 0

8 N,N-Me,-Alal! - 0.20 0 -

9 N-Bn-N-Me-Alal] - 0.60 0 -

10 N,N-Bn,-Alal! - 1.10 0 -

11 N-Bn-Alal‘! [Co™(3)(N-Bn-Ala)] 0.99 93 (S) 93 (R)

[a] Determined on the uncomplexed amino acid by chiral HPLC analysis. [b] Determined by chiral HPLC on the released amino acid
after treatment of the cobalt(IIl) complex with L-ascorbic acid or sodium dithionite. [c] Method A: biphasic water/dichloromethane
extraction. [d] Method B: biphasic water/dichloromethane extraction and recovery of the uncomplexed amino acid by filtration.
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N-Me-Phe (entry 3), almost one equivalent was transferred
into the organic phase with formation of the cobalt com-
plex, and again with a modest enantioselectivity (20% ee).
In the case of the more hydrophilic N-Me-Ala (entry 7), a
poor extraction yield (0.20 equiv. extracted into the organic
phase) and no enantioselectivity were observed. In all the
above mentioned cases, reductive cleavage of the complexes
with either aqueous sodium dithionite or L-ascorbic acid
released the opposite enantiomer in quantitative yield and
with consistent ee values.

A completely different behavior was observed in the case
of N,N-disubstituted derivatives, namely: N-Bn-N-Me-Phe
(entry 5), N,N-Me,-Ala (entry 8), N-Bn-N-Me-Ala (entry
9), N,N-Bn,-Ala (entry 10). In no case was the formation
of the complex observed, by analysis (NMR and HR-MS)
of the organic phase after extraction and evaporation. All
these N,N-disubstituted derivatives were extracted into the
organic layer by simple partitioning between water and
dichloromethane.

A strikingly different behavior was observed when N,N-
dimethylphenylalanine was extracted under the same condi-
tions (entry 4). This N,N-disubstituted amino acid, unlike
the others discussed above, was extracted to a lesser extent
into the organic phase (0.66 equiv.) leaving the unbound
(S)-enantiomer in the water phase with a 50% ee. The
NMR and HR-MS(ESI) analysis of organic residue ob-
tained after evaporation of the solvent revealed that the
complex [Co™(3)(N,N-Me,-Phe)] was actually formed.
Cleavage of the complex with aqueous sodium dithionite
released enantiomerically pure (R)-N,N-Me,-Phe (100%
ee). The smaller ee value of the unbound (S)-enantiomer is
fully consistent with the reduced extraction yield (66%).

In conclusion, these results indicate that the presence of
a single benzyl group on the amino acid nitrogen is impor-
tant to obtain high enantioselectivity in the extraction pro-
cess. Apparently, benzyl is the most suitable N-substituent
to be accommodated in the chiral environment of the metal
complex (see sections below: Modeling Studies and Spec-
troscopic Studies). N-unsubstituted and N-monosubstituted
amino acids where the substituent is small (e.g. methyl) re-
act with the chiral selector and form a complex; however,
the small substituent does not provide sufficient steric inter-
actions for chiral discrimination. On the contrary, N,N-di-

H DCM/HZO
Bu +pr
10 °C
tBu H3C
/—NH
3C o
1 equiv. 2 equiv.

European Journal
of Organic Chemistry

substituted amino acids are too bulky and this prevents the
formation of the complex. The abnormal behavior of N,N-
dimethylphenylalanine remains without a reasonable expla-
nation.

Mechanistic Studies

The kinetic vs. thermodynamic nature of the resolution
process was then investigated. To this purpose and for run-
ning spectroscopic studies of the complexes in solution (see
below the section on Spectroscopic Studies), it was neces-
sary to obtain the two diastereomerically pure complexes,
containing either enantiomer of the substrate. Therefore,
[Co™(3)(OAc)] was separately reacted with either enantio-
mer of N-Bn-Ala, and the two diastereomeric complexes
were isolated. In particular, the complex [Co'(3)(R-N-Bn-
Ala)] was prepared by extraction of two equivalents of pure
(R)-N-Bn-Ala (the enantiomer preferably bound to the chi-
ral selector) with one equivalent of [Co™(3)(OAc)] in water/
dichloromethane; the complex was readily formed and iso-
lated from the organic phase in quantitative yield. The
other complex, [Co™(3)(S-N-Bn-Ala)], was obtained under
forcing conditions: 10 equiv. of (S)-N-Bn-Ala (the enantio-
mer preferably unbound to the chiral selector) were reacted
for a prolonged time (144 h) with one equivalent of
[Co™(3)(OAc)] in water/dichloromethane. With the “mis-
matched” diastereomerically pure complex [Co™(3)(S-N-
Bn-Ala)] in hands, the key equilibration experiment was
performed. Two equivalents of (R)-N-Bn-Ala (the enantio-
mer which is preferentially bound to cobalt) were reacted,
in a biphasic extraction protocol, with one quivalent of
complex [Co™(3)(S-N-Bn-Ala)] (Scheme 3). After 16 h
mixing, the two phases were separated and the enantiomeric
excess of N-benzylalanine in the aqueous phase determined.
A racemic mixture was found in the aqueous phase, indicat-
ing that an equilibration of the “mismatched” complex had
taken place with formation of the thermodynamically more
stable complex [Co™(3)(R-N-Bn-Ala)], containing the
“matched” enantiomer. This enantiomeric exchange shows
that the liquid-liquid extraction with [Co™(3)(OAc)] is an
equilibrium process operating under thermodynamic con-
trol.128!

Bu +/—NH OH + /—NH OH

Scheme 3. Transformation of [Co'(3)(S-N-Bn-Ala)] into [Co'"(3)(R-N-Bn-Ala)].
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Modeling Studies

In order to rationalize the high enantioselectivity ob-
served in the extraction experiments, we tried to obtain the
crystal structure of at least one [Co™(3)(N-Bn-AA)] com-
plex. Unfortunately, despite several attempts and the use
of different solvent combinations (e.g. toluene, methanol/
water), crystals suitable for X-ray determination could not
be grown.

Several crystal structures of cobalt(II) complexes con-
taining ligand 3 have been reported in the literature. In
these structures, ligand 3 adopts an equatorial disposition
around an octahedral Co™ ion, with two apical coordina-
tion sites,” or in alternative, pseudo square-pyramidal
structures are also found, with the cobalt ion located
slightly above the plane of the salen ligand in the direction
of the axial ligand.*® Only monodentate ancillary ligands
are represented in these structures.

Fujii and co-workers reported two X-ray structures of
cobalt(IIT) complexes containing an achiral a-methylsalen
(a-Me-salen) ligand and L-N-benzylalanine*!! (Figure 2) or
L-N-benzylisoleucine.[3?]

N . CHs
(:)f\ //%/@
N—Co
Z20

0

Figure 2. Crystal structure of Co(a-Me-salen)(L-N-Bn-Ala).3!

In both cases, the salen ligand is in a cis-B-folded ar-
rangement around the octahedral cobalt ion, being the re-
maining two cis coordination sites occupied by the N-ben-
zyl amino acid. The amino acid coordination takes place so

that a meridional arrangement of the three oxygen and
three nitrogen atoms is obtained (meridional N5O5 struc-
ture). In addition, the absolute configuration of the ad-
ditional stereogenic elements present in the molecule (the
octahedral cobalt and the tetrasubstituted nitrogen of ala-
nine) can be deduced from that of the coordinated amino
acid (), and resulted A and R, respectively. In summary,
the structure reported in Figure 2 can be classified as fol-
lows: meridional N3;Os, A (cobalt), S (carbon stereocenter),
R (nitrogen stereocenter). In addition the same authors
have also prepared a series of cobalt(IIT) complexes con-
taining ligand (S,S)-1 and an unsubstituted amino acid, and
demonstrated that the (S,S)-enantiomer of ligand 1 imparts
a A-configuration to the octahedral cobalt complex, irre-
spective of the absolute configuration of the amino acids
and also that the A complex of ligand (S,S)-1 shows a mod-
est selectivity for the L-amino acid.l3!

Based on the crystal structure of Co™(a-Me-salen)(L-N-
Bn-Ala),B a computer model for complex [Co"(R,R-
3)(N-Bn-Ala)] was created. This structure was subsequently
altered systematically to obtain a full range of possible dia-
stereomers. The absolute configuration of ligand 3 (R,R)
and its coordination mode to cobalt were retained. Modifi-
cations consisted of varying (i) the R/S configuration of the
amino acid carbon, (ii) the R/S configuration of the amino
acid nitrogen (nitrogen bound to cobalt cannot change
stereochemistry through pyramidal inversion), (iii) the co-
ordination mode to cobalt of the amino acid (with the
nitrogen and oxygen atoms either facial or meridional), giv-
ing a total of § diastereomers. Conformational search and
Molecular Mechanics calculations (MM+) were performed
within each diastereomer, using HyperChem.*¥ Low en-
ergy conformers were fully optimized using the DFT
method! at the B3LYPREO/LAV3P*137] Jevel of theory. Rel-
ative energies of the optimized conformers of the various
diastereomers were used as input for a Boltzmann distribu-
tion of their population at the temperature of the experi-
ment (283 K). Results for the three lowest energy structures,
with a population of at least 1%, are given in Table 5.

Figure 3. Optimized structures of [Co'(R,R-3)(N-Bn-Ala)], hydrogens of ligand 3 omitted for clarity.
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Table 5. Relative energies and population of diastereomers of
[Co™(R,R-3)(N-Bn-Ala)].

Entry Configuration Relative Boltzmann  Structure in
energy  population (%)  Figure 3
(kcal/mol)
1 A, mer-N;O;, R, S 0.00 94.7 a
A, mer-N;O3, S, R 1.78 4.0 b
3 A, mer-N;O3, R, R 245 1.2 -

The lowest energy structure (structure a in Figure 3) has
a meridional N5O;, A (cobalt), R (carbon stereocenter), S
(nitrogen stereocenter) configuration, imparted by the
(R,R) ligand 3. The second lowest energy structure (struc-
ture b in Figure 3) has a meridional N3Os, A (cobalt), S
(carbon stereocenter), R (nitrogen stereocenter) configura-
tion.

The Boltzmann distribution reported in Table 5 corre-
sponds to a 96:4 R/S enantiomeric ratio for the N-Bn-Ala
carbon stereocenter, which nicely fits with the experimental
93% ee value (see Table 1, entries 6, 7). Our mechanistic
studies (see the section above) show that the liquid-liquid
extraction with [Co™(3)(OAc)] is an equilibrium process
operating under thermodynamic control, thus justifying the
use of a Boltzmann distribution to calculate the dia-
stereomeric ratio.

Spectroscopic Studies

To gain a deeper insight into the structure of the co-
balt(III) complexes, the pure complexes [Co™(3)(S-N-Bn-
Ala)] and [Co™(3)(R-N-Bn-Ala)] were extensively charac-
terized by NMR, IR, and HR-MS analyses. In particular,
examination of the '"H-NMR and COSY spectra of the
“matched” complex [Co™(3)(R-N-Bn-Ala)] (Figure 4, see
the Supporting Information for the complete set of spectra)
revealed that in CDCl; the PhCH  HzNH signals appear at
0 =4.64 ppm (Hu, J 5 = 13.6 Hz, Joyy yu = 12.0 Hz) and
415 ppm (Hg, J45 = 13.6 Hz). One of these two protons
(Hp) is shifted strongly downfield in comparison to the
CH,Ph protons of non complexed (R)-N-Bn-Ala (AB sys-
tem, v4 = 4.25, vg = 4.23, Jop = 12.8 Hz), which suggests
its co-planarity with one of the aromatic rings of the chiral

Figure 4. NOE contacts in “matched” complex [Co"(3)(R-N-Bn-
Ala)].
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ligand (deshielding cone). The protons in the ortho posi-
tions of the N-Bn moiety are particularly shielded (0 =
6.64 ppm), which is probably due to their orientation with
respect to the aromatic rings of the salen ligand.

Non-bonding interactions in metal complexes are gen-
erally well investigated by NMR techniques and in particu-
lar by determining the NOE contacts of the relevant pro-
tons. The NOESY spectrum of [Co™(3)(R-N-Bn-Ala)]
(Figure 4, see the Supporting Information for the complete
set of spectra) revealed the that two protons H, and Hp
strongly interact through space with the zerz-butyl groups
of the ligand. In particular, proton H, gives a cross-peak
with #Bu?, and proton Hg with rBu®. A NOE contact is
also clearly visible between the protons in the ortho posi-
tions of the N-Bn moiety and the tBu’". Additional NOE
contacts are observed between the NH of (R)-N-Bn-Ala
and both the alanine CH; group and Hg. On the other
hand, the a-C-H of (R)-N-Bn-Ala is in NOE contact with
H, but not with the N-H. This suggests that the N-H is
pointing in the opposite direction with respect to the o-C—
H. Therefore, being the nitrogen atom locked in the coordi-
nation to cobalt, its absolute configuration can be deter-
mined as S. The NOESY spectrum also reveals that the
alanine CH; group does not interact with any part of the
salen ligand, nor with the benzyl group of (R)-N-Bn-Ala.
Hence, it looks that (R)-N-Bn-Ala is nicely accommodated
in the “binding pocket” of the chiral cobalt complex. The
distances between the protons for which we could detect
NOE contacts were measured using the calculated lowest
energy conformation for the following complex: (R,R)-3
(salen ligand), meridional N5Os3, A (cobalt), R (alanine car-
bon stereocenter), S (alanine nitrogen stereocenter), see
structure a in Figure 3 and the modeling section above. A
good agreement was found between the calculated structure
and the experimental data:*8! H,—H(:Bu®) 2.2 A (a strong
NOE contact is observed), Hp-H(rBu®) 2.3 A (a strong
NOE contact is observed), H,,,,—H(Bu®) 3.1 A (a me-
dium NOE contact is observed), Hyy—Hp 2.4 A (a strong
NOE contact is observed), Hyy—Heps 2.4 A (a strong
NOE contact is observed), Ha—Hc, 2.3 A (a strong NOE
contact is observed).

The '"H-NMR spectrum of the “mismatched” complex
[Co™(3)(S-N-Bn-Ala)] (Figure 5, see the Supporting Infor-
mation for the complete set of spectra) revealed that in
CDCl; the PhCH HpNH signals appear at 6 = 3.29 ppm
(Ha) and 3.92 ppm (Hg). One of those two protons (H,) is
strongly upfield in comparison to the CH,Ph protons of
non complexed (S)-N-Bn-Ala (AB system, vy = 4.25, vg =
4.23, Jag = 12.8 Hz), which suggests that its position is
above/below one of the aromatic rings of the chiral ligand.

The NOESY spectrum of [Co™(3)(S-N-Bn-Ala)] shows
that the two protons H, and Hp of (S)-N-Bn-Ala fail to
interact through space with any group of the chiral ligand
(Figure 5). On the other hand, the alanine CHj; group
shows two spatial interactions [which are not seen in the
case of the “matched” complex with (R)-N-Bn-Ala, sce
discussion above] with the aromatic ortho protons of the N-
benzyl substituent, and with tBu? of the salen ligand. An
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Figure 5. NOE contacts in “mismatched” complex [Co"(3)(S-N-
Bn-Ala)].

additional interaction is observed between the aromatic
ortho protons of the N-benzyl substituent and 7Bus of the
salen ligand. The distances between the protons for which
we could detect NOE contacts were measured using the cal-
culated lowest energy conformation for the following com-
plex: (R,R)-3 (salen ligand), meridional N3O3, A (cobalt), S
(alanine carbon stercocenter), R (alanine nitrogen stereo-
center), see structure b in Figure 3 and the modeling section
above. A good agreement was found between the calculated
structure and the experimental data:*8 H,,,,,—Hcws 3.1 A
(a medium NOE contact is observed); Heps—H(/Bu?) 2.8 A
(a medium NOE contact is observed); H,,,,,—H(tBu®) 2.4 A
(a strong NOE contact is observed).

From the analysis of the NOE contacts it appears that
(R)-N-Bn-Ala and (S)-N-Bn-Ala are oriented in a com-
pletely different manner in the respective complexes. (R)-N-
Bn-Ala is nicely accommodated in the “binding pocket” of
the “matched” chiral cobalt complex and the alanine CHj;
group does not interact with any part of the salen ligand,
nor with the N-benzyl group. On the contrary, in the “mis-
matched” chiral cobalt complex, the (S)-N-Bn-Ala CHj;
group shows spatial interactions with both the N-benzyl
group and with the /Bu group of the salen ligand.

In order to further prove the role of the NH-benzyl group
in the chiral recognition, we investigated the cobalt(III)
complexes of unsubstituted phenylalanine. Racemic phenyl-
alanine is extracted in high yield but with very poor
enantioselectivity (ee 10%, see Table 4, entry 1). The 'H-
NMR and "3C-NMR spectra of the complex obtained from
the extraction of the racemic mixture clearly show the pres-
ence of two diastereomeric species in an almost equal ratio
(55:45). The pure complexes [Co"(3)(R-Phe)] and [Co™(3)-
(S-Phe)] were then synthesized by separately reacting
[Co™(3)(OAc)] with either enantiomer of phenylalanine
(water/dichloromethane, 24 h). By examination of the
NOESY spectra of both these complexes, no spatial interac-
tions between the protons of the bound amino acid and
the chiral selector could be observed (see the Supporting
Information for the complete set of spectra). This observa-
tion further supports the crucial role of the NH-benzyl
group in the recognition/resolution process (see also the sec-
tion above: Nitrogen Substitution).
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Summary and Conclusions

In conclusion, we have developed a novel approach to
the resolution of racemic N-benzyl a-amino acids in excel-
lent yields and enantiomeric excesses by using the lipophilic
chiral salen—cobalt(IIT) complex [Co™(3)(OAc)]. The com-
plexed amino acid can then be released by a reductive
(Co™ — Co'y counter-extraction with aqueous sodium di-
thionite or L-ascorbic acid. The original chiral cobalt(IIT)
complex can be regenerated and reused with essentially no
loss of reactivity and selectivity. Investigation on the nitro-
gen substitution indicates that the presence of a single ben-
zyl group on the amino acid nitrogen is important to obtain
high enantioselectivity in the extraction process. The kinetic
vs. thermodynamic nature of the resolution process was
also investigated with an enantiomeric exchange experi-
ment, which shows that the liquid-liquid extraction with
[Co™(3)(OAc)] is an equilibrium process operating under
thermodynamic control. In the absence of a suitable crystal
structure of the [Co™(3)(N-Bn-AA)] complexes, computa-
tional and spectroscopic studies were used to investigate
how the N-benzyl a-amino acids are accommodated in the
“binding pocket” of the chiral cobalt complex.

Experimental Section

General Procedure for the Extraction of Hydrophilic /N-Benzyl
Amino Acids Using Complex [Co'"'(3)(OAc)] (Method A): The fol-
lowing procedure for the extraction of N-Bn-Ala is typical of hy-
drophilic N-benzyl amino acids. To a solution of the cobalt com-
plex [Co™(3)(OAc)] (0.198 g, 0.300 mmol) in dichloromethane
(40 mL) at 10 °C in a 100 mL round-bottom flask, was added a
precooled (10 °C) solution of racemic N-benzylalanine (0.108 g,
2 equiv., 0.600 mmol) in H>O (30 mL). The biphasic mixture was
stirred vigorously for 24 h at 10 °C, then transferred to a separating
funnel, the organic phase removed and the aqueous phase washed
once with dichloromethane (10 mL). The combined dichlorometh-
ane extracts were washed once with H,O (10 mL) before volatile
components were removed under reduced pressure to leave complex
[Co"(3)(N-Bn-Ala)] as a green powder (0.233 g, yield 99%). The
aqueous phases were combined and an aliquot removed which was
filtered through micropore filters before the ee (93%) was deter-
mined by chiral HPLC: Chirobiotic R (50 X 4.6 mm) column (9:1
H,O/CH;CN); 1.0 mL/min; (S) enantiomer, 96.5%, tg = 1.141 min;
(R) enantiomer, 3.5%, tg = 2.754 min. The aqueous phase was
evaporated to leave N-benzylalanine as a white powder (0.053 g,
yield 99%).

General Procedure for the Extraction of Hydrophobic N-Benzyl
Amino Acids Using Complex [Co™'(3)(OAc)] (Method B): The fol-
lowing procedure for the extraction of N-Bn-Phe is typical of
hydrophobic N-benzyl amino acids. To a solution of [Co"!(3)-
(OAc)] complex (0.090 g, 0.150 mmol) in dichloromethane
(20 mL) at 10 °C in a 50 mL round-bottom flask, was added H,O
(15mL) and racemic N-benzylphenylalanine (0.076 g, 2 equiv.,
0.300 mmol). The mixture was stirred vigorously for 24 h at 10 °C,
then transferred to a separating funnel, the organic phase removed
and the aqueous phase washed once with dichloromethane
(10 mL). The combined dichloromethane extracts were washed
once with H,O (10 mL) before volatiles were removed under re-
duced pressure to leave the complex [Co'(3)(N-Bn-Phe)] as a dark
green powder (0.127 g, 99% yield). The aqueous phase was filtered
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to recover N-benzylphenylalanine as a white powder which was
washed with dichloromethane (5 mL), water (5 mL) and acetone
(5 mL), then dried in vacuo (0.037 g, 99% yield). The ee (93%) of
recovered N-Bn-Phe was determined by chiral HPLC: Chirobiotic
R (50 X 4.6 mm) column (9:1 H,O/CH;CN); 1.0 mL/min; (S) en-
antiomer, 96.5%, rg = 1.824 min; (R) enantiomer, 3.5%, tr =
2.776 min.

General Procedure for the Extraction of Hydrophobic /N-Benzyl
Amino Acids Using Complex [Co"(3)(OAc)] without Water
(Method C): The following procedure for the extraction of N-Bn-
Val is typical of hydrophobic N-benzyl amino acids. To a stirred,
cooled (10°C) solution of [Co'™(3)(OAc)] complex (0.045 g,
0.075 mmol) in dichloromethane (10 mL) was added powdered ra-
cemic N-benzylvaline (0.031 g, 2 equiv., 0.150 mmol). The mixture
was stirred at 10 °C for 24 h, then filtered to recover uncomplexed
N-Bn-Val as a white powder, which was washed with dichlorometh-
ane (SmL) and dried (0.015 g, 99% yield). The ee (94%) of reco-
vered N-Bn-Val was determined by chiral HPLC: Chirobiotic R
(50 X 4.6 mm) column (9:1 H,O/CH;CN); 1.0 mL/min; (S) enantio-
mer, 97%, tg = 1.175 min; (R) enantiomer, 3%, tg = 2.199 min.
The dichloromethane phase was concentrated under reduced pres-
sure to leave the complex [Co"'(3)(N-Bn-Val)] as a dark green pow-
der (0.060 g, 99% yield).

General Procedure for the Reductive Cleavage of Complexes [Co!'"l-

(3)(N-Bn-AA)] Using Sodium Dithionite (Na,S,0,): The following
procedure for the reductive counter-extraction of complex [Co-
H(3)(N-Bn-Ala)] is typical. To a solution of [Co'!(3)(N-Bn-Ala)]
(0.050 g, 0.064 mmol) in dichloromethane (20 mL) was added a
solution of sodium dithionite (0.110 g, 0.640 mmol, 10 equiv.) in
H,0 (10 mL). The mixture was stirred vigorously for 5h (or until
the dichloromethane phase became bright red). The organic phase
was separated, washed with H,O (5 mL) and then volatiles were
removed under reduced pressure. The resulting residue was sus-
pended in MeOH (5 mL) and filtered to collect [Co'(3)] as a red
powder (0.029g, 78% yield). HRMS (ESI): calcd. for
C36H35,N,0,Co 603.3360 [M]"; found: 603.3332. C;,Hs5,CoN,O,
(Myw = 603.76): C 71.62, H 8.68, N 4.64; found: C 71.41, H 8.71,
N 4.61. An aliquot was removed from the aqueous phase, filtered
through micropore filters and the ee (93.5%) of the counter-ex-
tracted N-benzylalanine was determined by chiral HPLC as de-
scribed above. The aqueous phase was purified on Dowex 50W-X8
resin (pre-washed with 1 M NaOH, water, 1 m HCI and water). Elu-
tion with water and then with 2 M ammonia gave N-Bn-Ala as a
white powder (11.2 mg, 98% yield).

General Procedure for the Reductive Cleavage of Complexes [Co'''-

(3)(N-Bn-AA)] Using L-Ascorbic Acid: The following procedure for
the reductive counter-extraction of complex [Co!(3)(N-Bn-Ala)] is
typical. To a solution of [Co(3)(N-Bn-Ala)] (0.90 g, 0.115 mmol)
in methanol (15 mL) L-ascorbic acid was added in small portions
(0.030 g, 0.172 mmol, 1.5 equiv.) while stirring. The mixture was
stirred vigorously for 15 min. A red precipitate was formed, which
was filtered, washed with 10 mL methanol and dried under reduced
pressure to give [Co"(3)] as a red powder (0.052 g, 75% yield). The
combined pale yellow methanolic filtrates were purified on Dowex
S0W-X8 resin (pre-washed with 1 M NaOH, water, 1 M HCI and
water). Elution with water and then with 2 M ammonia gave N-Bn-
Ala as a white powder (20.4 mg, 99% yield). The ee (93.5%) of the
counter-extracted N-benzylalanine was determined by chiral HPLC
as described above.

Computational Procedure: Each diasterecomer was subjected to the
conformational search using MM+ molecular mechanics in Hyper-
Chem.’ The following three dihedral angles were varied using a
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conformational search procedure implemented in the program:
C(a-amino acid) — N(amino acid) — C(benzyl methylene) — C(ipso
phenyl), N(amino acid) — C(benzyl methylene) — C(ipso phenyl) —
C(ortho phenyl), and one angle in the cyclohexane ring (with ring
constraint). After removing duplicate entries, conformers were fully
optimized at the B3LYPPOY/LAV3P*B7 Jevel of theory, using Jag-
uarl®¥! with default convergence criteria. Degenerate conformers
were discarded. Final electronic energies were then used as input
for the Boltzmann population analysis at 283 K. See Supporting
Information for more details.

Supporting Information (see also the footnote on the first page of
this article): Synthesis of ligands (R,R)-1 and (R,R)-2, synthesis of
cobalt complexes [Co"(1-2)] and [Co'(1-3)(OAc)], synthesis of N-
substituted amino acids; determination of enantiomeric excesses by
HPLC; transformation of [Co"!(3)(S-N-Bn-Ala)] into [Co"!(3)(R-
N-Bn-Ala)]; extraction of N-benzyl alanine using complex [Co'(1-
2)] and [Co'™(1-2)(OAc)]; experimental procedures using complex
[Co™(3)(OAc)], structural characterization and NMR spectra of
complexes [Co!(3)(N-Bn-AA)]; computational methods.
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