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Abstract: A new chiral serine equiva-
lent and its enantiomer have been syn-
thesized from (S)- and (R)-N-Boc-
serine methyl esters (Boc: fert-butyloxy-
carbonyl). The use of these compounds
as chiral building blocks has been dem-
onstrated in the synthesis of a-alkyl a-
amino acids by diastereoselective po-

Introduction

In the course of our studies towards synthetic routes for
a,o-disubstituted a-amino acids based on the use of five-
membered cyclic N,0-acetals,!! we became interested in dia-
stereoselective alkylations of chiral serine equivalents
(Scheme 1).
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Scheme 1. Five-membered cyclic N,0-acetals as chiral building blocks.

In this context, five-membered cyclic N,O-acetals derived
from L-serine or L-serinal (i.e., Garner aldehyde) have been
extensively used as three-carbon building blocks in organic
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tassium enolate alkylation reactions
and subsequent acid hydrolyses. Theo-
retical studies were performed to eluci-
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date the stereochemical outcome of
both the formation of five-membered
cyclic N,O-acetals and the subsequent
alkylation process, which occurs with
total retention of configuration. This
feature could be explained in terms of
the high degree of pyramidalization of
enolate intermediates.

synthesis.”! Diastereoselective methylation of an N,0O-acetal
serine derivative incorporating a new stereogenic center at
the acetal carbon atom has recently been described.®! How-
ever, due to the propensity of these materials to polymerize,
racemize, and form hydrates, the compounds must be freshly
prepared, and their storage is not recommended. An alter-
native approach to prepare stable and readily available de-
rivatives is therefore needed to overcome these problems,
particularly in terms of scale-up. With this aim in mind, we
envisioned the design of other, more stable, chiral, five-
membered cyclic N,0-acetal serine derivatives by incorpo-
rating a new ring in the structure; it was envisioned that this
ring could also favor diastereoselectivity in subsequent alky-
lations by means of increased rigidity.

Results and Discussion

Synthesis of bicyclic N,0-acetal serine derivatives as chiral
building blocks: We first treated 2,3-dimethoxybutadiene in
the presence of a catalytic amount of triphenylphosphine hy-
drobromidel’! with commercially available N-Boc-L-serine
methyl ester 1 at room temperature. Building block 2 was
obtained in 11 % yield as the only product from a complex
reaction mixture (Scheme 2). In an effort to increase this
yield, we investigated the reaction of 2,2,3,3-tetramethoxy-
butane!® with protected serine 1 in the presence of p-tolue-
nesulfonic acid in refluxing toluene. This again gave chiral
bicyclic N,0-acetal 2, but in this case the yield, on a multi-
gram scale, was 75% under the same conditions. This com-
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Scheme 2. Synthesis of chiral bicyclic serine equivalents 2 and 4. Re-
agents and conditions: a) 2,2,3,3-Tetramethoxybutane, p-TsOH-H,O, tolu-
ene, reflux.

pound was obtained as a single diastereomer, as determined
by 'H NMR spectroscopy (d.r.>20:1).! This bicyclic struc-
ture was assessed by complete NMR analysis, including
NOE experiments.

Starting from N-Boc-D-serine methyl ester 3, this protocol
allows the preparation of bicyclic N,0-acetal 4, which is the
enantiomer of 2, as demonstrated by NMR spectroscopy
and comparison of the optical activities of the two com-
pounds (see the Supporting Information). This finding is not
trivial and implies complete control of stereoselectivity
throughout the whole multistep process. It is noteworthy
that the application of a similar synthetic methodology to
other alkoxycarbonylamino alcohols”*®! proceeds via the
formation of six-membered cyclic butane-2,3-diacetals.

Mechanism of formation of building block 2: The proposed
mechanism for this reaction is depicted in Scheme 3 and in-
volves the typical acid-catalyzed formation of N,O-acetals A
starting from protected amino alcohols and acetalic com-
pounds' as the first steps.

The final steps of the reaction are promoted by the well-
known nucleophilic character of the tert-butyloxycarbonyl
(Boc) group,”'** which is able to trap the intermediate
species generated by expelling the tert-butyl fragment, lead-
ing to stable bicyclic 2. Considering the large number of
equilibria involved in this reaction, we believe that irreversi-

Abstract in Spanish: Se ha sintetizado un nuevo equivalente
de serina quiral y su enantiomero a partir de los ésteres meti-
licos de (S)- o (R)-N-Boc-serina. Se ha demostrado su uso
como excelentes building blocks quirales mediante la sintesis
de varios o-alquil-o-aminodcidos, empleando reacciones de
alquilacién diastereoselectivas con enolatos de potasio y pos-
terior hidrdlisis dcida. Se han realizado estudios teéricos para
elucidar el comportamiento estereoquimico tanto de la for-
macion de los N,O-acetales ciclicos de cinco miembros como
del posterior proceso de alquilacion, transcurriendo éste con
total retencion de configuracion. Esta caracteristica podria
explicarse atendiendo a una importante piramidalizacion en
los enolatos intermedios.
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Scheme 3. Proposed mechanism for the formation of building block 2.

ble participation of the Boc group can be regarded as the
driving force for the global process. A significant piece of
experimental evidence that supports this mechanism is that
when the same reaction was carried out with benzyloxycar-
bonyl (Cbz)-protected methyl serinate instead of Boc-pro-
tected methyl serinate, bicyclic N,O-acetals were not isolat-
ed from the rather complex mixture obtained under the
same conditions.

Generation of 2 and 4 with three stereogenic centers as
single diastereomers necessarily involves a high level of dia-
stereocontrol in all reaction steps. We observed that the con-
figuration of the starting material governs the configuration
of the final product. In this sense, when the enantiomer of
the reacting serinate 1 (serinate 3) was employed, the abso-
lute configuration of all stereocenters was inverted in the
final product 4, as mentioned above.

To gain insight into this synthetic route, we carried out
theoretical calculations employing DFT methods (see Com-
putational Details). Due to the greater complexity of model-
ing the initial reaction steps, we centered our study on dia-
stereoselective ring closure to give the five-membered N,O-
acetalic species, promoted by the action of the Boc group.

The reactant in this final stage was considered to be
mainly A on account of its greater thermodynamic stability
compared to that of its epimer at the N,0-acetalic carbon
atom (A_ep, Figure 1). All calculated conformers of A are
about 1 kcalmol ! lower in Gibbs free energy, which is in ac-
cordance with the diastereomeric ratio previously reported
for the reaction of 1 with pivalaldehyde (3:1).®! This situa-
tion is probably due to the more stable trans disposition of
bulky groups in the five-membered ring.

Several approaches to the intramolecular attack of the
Boc group on the remaining acetalic region were investigat-
ed, including the pure carbocationic form and others with
pseudo-concerted loss of methanol. Unfortunately, none of
the transition structures (TS) involved in these pathways
could be located by the theoretical methods used in this
work, and consequently “kinetic” information for this pro-
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Figure 1. Calculated [B3LYP/6-31 + G(d)] minimum-energy geometries of
intermediate A, its epimer at the N,O-acetalic carbon atom A_ep, bicycle
2 and its epimer at the O,O-acetalic carbon atom 2_ep. Relative energies
are given in kcalmol ™' and distances in A.

cess could not be obtained. This problem is due to the ex-
treme flatness of the potential-energy surface (PES) in the
neighbourhood of the TS, which precludes convergence of
the desired structures. Therefore, only the thermodynamic
stabilities of the products could be evaluated. Several con-
formers of the bicycle 2 and its epimer 2_ep were calculated
(see the Supporting Information and Figure 1). The struc-
tures with the experimentally observed distribution of ste-
reocenters (Re attack) were found to be significantly more
stable (by ca. 3—4 kcalmol ') than their epimers at the O,0-
acetalic carbon atom, and this led to the exclusive formation
of compound 2. This feature is mainly due to the lower
steric congestion in the trans disposition of the acetalic me-
thoxyl group and the N,O-acetalic oxygen atom in 2 with re-
spect to its epimer 2_ep. Therefore, in the absence of more
helpful experimental information, we propose thermody-
namic control along the whole
reaction profile, which leads to
the most stable compound at
the end of the global process.

Diastereoselective  alkylation
of building block 2: Given the
easy access to chiral serine-de-
rived building blocks 2 and 4,
and with the aim of assessing
their use as precursors for the
asymmetric synthesis of a-alkyl
o-amino acids, we attempted
the alkylation of these com-
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pounds under standard conditions. Treatment of 2 with
methyl triflate (MeOTf) at —78°C in THF as solvent, fol-
lowed by the addition of potassium hexamethyldisilazide
(KHMDS), produced the methylated derivative as a single
diastereomer (d.r.>20:1).5

The reaction proceeds with high yield in a short time
(5 min). For other less reactive alkyl groups or worse leaving
groups (Table 1), the addition of four equivalents of hexa-

Table 1. Diastereoselective alkylation of building block 2.

RX, KHMDS,
ﬂ; THE HMPA., §Me | OMe

y (¢] ~78°C. 5 mi HO "'LFOH
oFIE) mn SR GAC)

e T N N

O H COo,Me O R COMe O CO,Me
2 5a-d 6
Entry RX HMPA Conversion®! 5a-d/ Product
(equiv) 6 (yield [%])!

1 MeOTf 0 100 57/10  5al’ (85)
2 Mel 4 100 10/10  5al! (50)
3 EtOTf 4 80 70/10  5b' (70)
4 Bnl 4 100 43/10 5cl! (30)
5 Allyll 4 100 23/10  5d (70)
6 none 0 100 - 6l (95)

[a] Determined by integration of the CH, signal in the "H NMR spectra.
[b] Yield after column chromatography. [c] Stereochemistry predicted by
NOE. [d] Stereochemistry determined by X-ray analysis.

methylphosphoramide (HMPA) was required. The stereo-
chemistry of some of the new compounds (5b and 5d) was
unambiguously determined by X-ray diffraction analysis®! of
single crystals obtained by slow evaporation of hexane/ethyl
acetate (Figure 2). The bridgehead carbamate N atom is
strongly pyramidalized in these compounds, and both five-
membered rings are folded, in accordance with similar struc-
tures previously published."! In all cases, we detected the
formation of a secondary product along with the alkylated
compounds. This side product, which could be almost quan-
titatively obtained when an electrophile was not added, was
found to be an acrylate generated by the well-known retro-
O-Michael reaction involving the potassium enolate.']

Mechanistic considerations on the stereochemical outcome
of the alkylation process: The stereochemical course of the

Figure 2. X-ray diffraction structures of the alkylation products Sb and Sd.

Chem. Eur. J. 2007, 13, 4840—-4848


www.chemeurj.org

Pyramidalized Bicyclic Serine Enolates

alkylation reaction involves a process with retention of con-
figuration. To gain insight into the origin of this feature, we
carried out a thorough theoretical study of all reaction chan-
nels accessible from the enolate of bicycle 2 (see Computa-
tional Details). The initial pathways to be evaluated were C-
alkylation (5a), O-alkylation (although experimentally this
was not detected) and retro-O-Michael reaction (6). Bromo-
methane was chosen as the alkylating agent in calculating
the aforementioned pathways. The choice of this electro-
phile allowed us to study thoroughly the complex reaction
scenario using a good level of theory while maintaining a
good approximation to the real system. Additionally, the
charged nature of most of the analyzed species forced us to
include solvent effects in the estimation of energies in order
to better reproduce the experimental conditions (see Com-
putational Details).

The acceptability of excluding the cation in all calcula-
tions was demonstrated by comparing the structures of
“naked” and potassium enolates (2’ and 2"K, respectively).
In accordance with the well-known weakly coordinating
character of potassium, the geometries displayed in Figure 3
both with and without the cation are very similar, and there-
fore the absence of potassium, which in turn simplifies the
calculations, is justified.

a) OMe OMe
fn,}\% i,
. O A O
") /%%J
AN [l = A \[Kel
0 o) 0 o°
MeO MeO
b)
c2
N3
2 o
a=279

Figure 3. a) Structure of enolate 2’ showing the greater contribution of
the carbanionic resonance form. b) Minimum-energy structures and
HOMO of “naked” (2') and potassium (2-K) enolates, calculated at the
B3LYP/6-31+G(d) level of theory. Distances are given in A and angle a
in degrees.

A key feature found in these preliminary studies was the
abnormally pronounced nonplanar character of both the
“naked” and potassium enolates. Seebach et al.'? measured
this deviation from planarity (pyramidalization) in terms of
the out-of-plane angle a between the C1—C4 bond vector
and the C1-C2-N3 plane, which ranges from 0° in a pure sp?
center to 54.7° in a typical sp’ center. Thus, the large calcu-
lated values of a (ca. 29°), together with the non-symmetric
character (different shape and size of each lobe) of the
HOMO along the C1—C4 bond (Figure 3), provide the first
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strong evidence pointing to retention of configuration of the
stereocenter after deprotonation. This phenomenon is seen
to a greater extent among other carbanionic species,”! but
very little theoretical evidence for pyramidalized enolates
has been reported to date.l' Moreover, to the best of our
knowledge, all reported calculations concerning the stereo-
selective alkylation of enolates refer to cyclic or bicyclic lac-
tams (diazepine-2-ones,!"”” pyrrolidinones,'® oxazolopiperi-
dones!") or lactones, ™ in which the enolate moiety is endo-
cyclic; in our case the enolate is exocyclic.

This theoretically found pyramidalization is supported by
previous X-ray crystal structures of two imidazolidinone-de-
rived silyl enol ethers.'” These cyclic pyramidalized struc-
tures observed in the solid state retain the configuration of
the starting imidazolidinones, which could be correlated
with the high stereoselectivity achieved in the alkylation re-
actions."”!

Unfortunately, the existence of the aforementioned com-
petitive retro-O-Michael reaction, even at very short reac-
tion times, made it impossible to experimentally measure
the stereoselectivity of enolate protonation, at least in an ac-
ceptable way. This could have been a powerful tool to evalu-
ate the energy barrier of pyramidal inversion.

It was possible, however, to isolate a small amount of
starting bicycle 2 when the retro-O-Michael reaction was
not fully complete (1 min). The properties of this compound
(NMR, optical activity) were found to be identical to those
previously measured prior to the reaction. Moreover, on
quenching this test reaction with saturated [D,Jammonium
chloride, the a-deuterated analogue of 2 could be isolated as
a single diastereomer (d.r.>20:1)! with the same starting
configuration at all stereocenters, as demonstrated by NMR
spectroscopy in an analogous manner to 2. These experi-
mental probes demonstrated the retention of chirality
during the deprotonation/protonation (deuteration) process.

With these findings in hand, it was reasonable to believe
that the highly pyramidalized enolate must invert before
being alkylated on the other face. We therefore investigated
pyramidal inversion as a competitive pathway which could
be the true source of the high degree of stereodifferentiation
observed. All of the reaction profiles calculated from eno-
late 2’ are shown in Figure 4 and the energy barriers and in-
termediates (only the minimum-energy conformers) are
summarized in Table 2.

As can be seen from Table 2, the inclusion of solvation
dramatically alters the distribution of relative energies and
makes some reaction channels more accessible in solution.
The reacting species whose negative charge is partially or
completely cancelled (i.e., in alkylation processes) are
poorly solvated compared to those whose negative charge
remains unaltered (i.e., in enolate inversion and retro-O-Mi-
chael reactions). As a consequence, diastereoselective C-al-
kylation (the exclusive reaction in the gas phase) and retro-
O-Michael reaction become competitive pathways in solu-
tion, and this leads to a 94:5 ratio of products Sa and 6
based on the Boltzmann distribution obtained from Gibbs
free energies of each TS under Curtin-Hammett conditions.

www.chemeurj.org — 4843
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Supporting Information). More
interestingly, the barrier for
T3 pyramidal inversion of enolate
ST 2’ (TS1) is about 2 kcalmol™
higher in energy than TS2
(leading to less than 1% of
epimer 2'_ep), a situation that
implies complete retention of
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chirality in the C-alkylation of
this substrate. Moreover, once
the enolate has inverted, it
must overcome a second acti-
vation barrier to complete the
5a-Br disfavored C-alkylation, which

- MEP

Figure 4. Reaction channels including minimum-energy paths (MEP) explored in the computational study
starting from enolate 2": pyramidal inversion, C-alkylation, O-alkylation and retro-O-Michael reaction.

Table 2. Calculated [B3LYP/6-31+G(d)] activation barriers and relative
energies'® [kcalmol™!] of the intermediates and transition structures
(TS).“’]

Gas phase (¢=1.00) THF (£=7.58)

Structure AE, AG AAG Y AE, AG

2 0.00 0.00 0.00 0.00 0.00
TS1 12.58 13.04 —2.74 9.84 10.30
2'_ep 10.71 10.97 -1.17 9.54 9.80
preTS2 —13.08 -7.13 10.33 -2.75 3.20
TS2 —5.42 1.52 6.79 1.37 8.31
5a-Br —49.20 —41.93 1.56 —47.64  —40.37
preTS2_ep -2.69 3.53 10.47 7.78 14.00
TS2 ep 0.35 7.30 7.39 7.74 14.69
5a_ep-Br —49.06 —41.72 0.67 —48.39  —41.05
preTS3 —10.45 —5.56 10.33 -0.12 4.77
TS3 4.39 10.63 6.15 10.54 16.78
preTS3_ep  —10.23 —4.85 9.34 -0.89 4.49
TS3_ep 3.81 10.15 6.42 10.23 16.57
7a-Br —15.56 -829 1.70 —13.86 —6.59
TS4 6.84 6.73 2.75 9.59 9.48
TS4_ep 13.24 13.81 0.00 13.24 13.81
6 -9.10 —9.43 1.55 —7.55 —7.88

[a] AE, values include zero-point energy (ZPE) corrections at the same
level of theory. [b] The initial enolate and methyl bromide were arbitrari-
ly chosen as the zero level in the relative-energy calculations. [c] Calcu-
lated at the IEF-PCM/B3LYP/6-31 4+ G(d) level.

4844 —— www.chemeurj.org
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about 15 kcalmol™'. Applying
the equations of the Eyring
transition-state theory to the
calculated energy barriers, we
could estimate half-lives (f,)
of 59.2 and 0.3 ms for enolate 2’ in inversion and C-alkyla-
tion processes at —78°C, respectively. These results are in
very good agreement with the experimental observations
discussed before.

The geometries of the minimum energy transition struc-
tures (TS) for each process are shown in Figure 5 (see Sup-
porting Information for complete characterization of all con-
formers located for each stationary point, including pre- and
post-transition structures). The pyramidalization of C1 in all
species, as revealed by their a values, is noteworthy.

Interestingly, TS1 maintains some pyramidalization away
from the ideal planar transition structure due to its late
character, which makes it very similar in geometry and
energy (by less than 1 kcalmol™ in solution) to 2’_ep. The
even more pyramidal character of 2’_ep with respect to 2’
(ca. 8°) is related to the lower energy barrier calculated
from 2'_ep to TS2_ep (4.89 kcalmol™! in solution) with re-
spect to that from 2’ to TS2 (8.31 kcalmol ™' in solution), in
accordance with Hammond’s postulate.

The HOMO in TS1 has a more symmetrical character
than those in 2’ and 2’_ep. The pyramidal inversion from

Chem. Eur. J. 2007, 13, 4840—-4848
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Figure 5. Minimum-energy transition structures for all reaction pathways
evaluated from enolate 2’ including intermediate 2'_ep, calculated at the
B3LYP/6-31+G(d) level of theory. Distances are given in A and angles
o in degrees. HOMOs are displayed for TS1 and 2’'_ep.

enolate 2’ to 2'_ep is rather complex and is associated with a
conformational change at the oxazolidine ring. This is the
reason why IRC calculations failed when following the reac-
tion coordinate to the most stable enolate 2, even when
using a broad range of step sizes (0.1-1.0 amu'?Bohr). For
the remainder of the structures, this lack of planarity is
more noticeable in C-alkylation and, to a lesser extent, in
the retro-O-Michael TS. However, O-alkylation TS have a
more planar character (moreover, Cl has inverted in
TS3_ep), as expected on account of the delocalization of
electronic density along the incipient ketene acetalic system.

In summary, the stereoselectivities achieved with these
substrates along with the theoretical study in this work rep-
resent another case of the proposal enunciated by See-
bach,'"” in which the stereoselectivity of a reaction can be
correlated with pyramidalization.

Synthesis of quaternary a-alkyl a-amino acids: Given the re-
sults on the asymmetric alkylation of chiral building block 2,
we decided to extend this methodology to the synthesis of
some quaternary o-alkyl a-amino acids.””! To achieve this

Chem. Eur. J. 2007, 13, 48404848
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goal, and as a representative example, we transformed Sa
and Sb into the corresponding (S)-a-methylserine (8a) and
(S)-a-ethylserine (8b).

This was achieved by simple acid hydrolysis with 6 N aque-
ous HCI under reflux (Scheme 4). The experimental data

OMe
BN HCI HO
R 0 reflux
oR® ——+  HCIHN—(s)
N 98%
S Mé ‘CO.H
O Me CO,Me
5a 8a-HCI
OMe
6N HCI HO
(R(s) reflux HCI'H-N
(o] —
>7/N A 95% 2 5 (s)
$ Et 'CO,H
O Et CO,Me
5b 8b-HCI
MeOTf,
KHMDS OMe 0

THF, 5 6NHCI
4 -78 °C o TR reflux HCI-HZN%R)
85% )fN%?) 98% Md CoH
O Mé TOo,Me
9a 10a-HCl

Scheme 4. Synthesis of a-alkyl serines 8a, 8b, and 10a.

obtained for these compounds agree with those previously
reported in the literature."™'”) Considering the importance
and the extended use of non-natural a-methylated a-amino
acids,” especially (S)-o-methylserine (8a) as an inducer of
a-helix conformations when incorporated into peptides,?!!
and the small number of suitable methods to obtain them
on a large scale,'*?? we also present here a new synthetic
strategy to obtain the R isomer. Thus, alkylation of chiral
building block 4 with methyl triflate followed by acid hy-
drolysis gave (R)-o-methylserine (10a) in good yield in
three steps from N-Boc-D-serine methyl ester 3 (Scheme 4).

Conclusion

In summary, a short and general strategy for the multigram-
scale preparation of chiral serine-derived building blocks
has been developed. We first investigated their outstanding
diastereoselective alkylation, which occurs with efficient re-
tention of configuration. The mechanism involved in this al-
kylation process has been studied from a theoretical point
of view, with inclusion of solvation effects, and the retention
of the configuration at the defined stereocenter derives
from the high degree of pyramidalization of the ester eno-
late. As a synthetic application, we also synthesized a varie-
ty of enantiomerically pure quaternary a-alkyl o-amino
acids with the serine skeleton. The extensive use of these
chiral serine-derived building blocks as important starting
materials in stereocontrolled organic synthesis will continue
to be explored in the future.
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Experimental Section

General procedures: Solvents were purified according to standard proce-
dures. Analytical TLC was performed on Polychrom SI F254 plates.
Column chromatography was performed with silica gel 60 (230-
400 mesh). 'H and *C NMR spectra were recorded on Bruker ARX 300
and Bruker Avance 400 spectrometers. 'H and *C NMR spectra were re-
corded in CDCl; with TMS as internal standard and in D,0O with TMS as
external standard in a coaxial microtube. Melting points were determined
on a Biichi B-545 melting point apparatus and are uncorrected. Optical
rotations were measured on a Perkin-Elmer 341 polarimeter. Microanaly-
ses were carried out on a CE Instruments EA-1110 analyser and are in
good agreement with the calculated values.
(3S,7R,7aS)-Tetrahydro-7-methoxy-7,7a-dimethyl-5-oxo-2H-oxazolo| 3,2-
cloxazole-3-carboxylic acid methyl ester (2): Method A: Triphenylphos-
phine hydrobromide (20.3 mg, 0.06 mmol) was added to a solution of (S)-
N-Boc-serine methyl ester (100 mg, 0.46 mmol) and 2,3-dimethoxy-1,3-
butadiene (63 mg, 0.55 mmol) in dry CH,Cl, (5mL) at room tempera-
ture. After stirring for 24 h, the mixture was diluted with CH,Cl,
(10 mL). The organic phase was washed with saturated NaHCO; and
dried over anhydrous Na,SO,. The solvent was evaporated and the resi-
due was purified by column chromatography on silica gel (hexane/ethyl
acetate 8/2) to give 2 as a yellow oil (12.8 mg, 0.05 mmol, 11% yield).
Method B: A round-bottomed flask was charged with (S)-N-Boc-serine
methyl ester (11.18 g, 45.58 mmol), 2,2,3,3-tetramethoxybutane (16.26 g,
91.19 mmol), toluene (300 mL) and TsOH-H,O (0.86 g, 4.57 mmol). The
solution was heated under reflux and stirred for 3 h. The reaction mixture
was cooled to room temperature, diluted with diethyl ether (100 mL) and
then quenched with saturated NaHCO; (100 mL). The aqueous phase
was extracted with diethyl ether (2x80 mL). The organic layers were
combined, washed with brine and dried over anhydrous Na,SO,. The sol-
vent was evaporated and the crude product purified by column chroma-
tography (hexane/ethyl acetate 9/1) to give 2 as a yellow oil (9.37 g,
31.91 mmol, 75% yield). [a]53=-118.1 (¢=1.20 in CHCL); 'HNMR
(400 MHz, CDCL,): 6=4.77 (dd, /=59 Hz, J=9.0 Hz, 1H; CH), 4.30 (t,
J=89Hz, 1H; CH,), 4.15 (dd, /=59 Hz, /=8.8 Hz, 1H; CH,), 3.82 (s,
3H; CO,CHs;), 3.47 (s, 3H; OCH,), 1.58 (s, 3H; CH;), 1.36 ppm (s, 3H;
CH,); "CNMR (100 MHz, CDCL): 6=170.5 (CO,CH;), 160.6 (NCO,),
107.1 (CCH;0CH;), 101.5 (CNCH;0CH,), 66.7 (CH,), 59.9 (CH), 52.9
(CO,CH,;), 51.0 (OCH;), 16.2 (CH;), 15.5 ppm (CHs); MS (ESI™): m/z:
246.1; elemental analysis caled (%) for C,(H;sNOg: C 48.98, H 6.17, N
5.71; found: C 48.88, H 6.22, N 5.68.
(3R,7S,7aR)-Tetrahydro-7-methoxy-7,7a-dimethyl-5-oxo-2H-oxazolo[ 3,2-
cloxazole-3-carboxylic acid methyl ester (4): As described for its enantio-
mer 2, compound 4 (1.73 g, 7.03 mmol) was obtained by the same meth-
odology, but by using (R)-N-Boc-serine methyl ester (2.06 g, 9.39 mmol)
as starting material; yield: 75%. [a]5=+120.2 (c=1.27 in CHCL;). The
spectroscopic data are identical to those described for its enantiomer. El-
emental analysis calcd (%) for C,(H;sNO4: C 4898, H 6.17, N 5.71;
found: C 48.91, H 6.15, N 5.69.

General procedure for alkylation reactions: Compound 2 or 4
(0.90 mmol) was dissolved in dry THF (15 mL) under argon atmosphere
and, if necessary, HMPA (3.60 mmol) was added with a syringe, and then
the solution was stirred at —78°C. Alkylating agent (2.70 mmol) and a
0.91Mm solution of KHMDS in THF (1.35 mmol) were added with a sy-
ringe (KHMDS was added slowly). After the reaction mixture was stirred
for 5Smin, the reaction was quenched with saturated NH,CI solution
(15 mL). This mixture was warmed to room temperature and vigorously
stirred. The crude product was diluted with diethyl ether and the aqueous
phase was separated and extracted again with more diethyl ether. The or-
ganic layers were combined, washed with brine and dried over anhydrous
Na,SO,. The solvent was evaporated, and the crude purified by column
chromatography on silica gel to give Sa—d (from 2) or 9a (from 4).
(3S,7R,7aS)-Tetrahydro-7-methoxy-3,7,7a-trimethyl-5-oxo0-2H-oxazolo-
[3,2-cloxazole-3-carboxylic acid methyl ester (5a): Compound 5a (1.81 g,
6.96 mmol) was obtained from compound 2 (2 g, 8.20 mmol), after purifi-
cation (hexane/ethyl acetate 1/1), as a colourless oil; yield: 85%. [a]} =
—95.4 (¢=1.05 in CHCL;); '"HNMR (400 MHz, CDCLy): §=4.59 (d, /=
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8.8 Hz, 1H; CH,), 3.87 (d, /=8.8 Hz, 1H; CH,), 3.81 (s, 3H; CO,CHs;),
3.46 (s, 3H; OCHs;), 1.81 (s, 3H; CHjs), 1.54 (s, 3H; CHj;), 1.34 ppm (s,
3H; CH;); "CNMR (100 MHz, CDCly): §=173.2 (CO,CH;), 155.0
(NCO,), 106.8 (CCH;0CHj;), 102.6 (CNCH;OCH,), 76.5 (CH,), 66.2
(CCO,CH;), 53.0 (CO,CH;), 51.3 (OCH;), 20.5 (CH;), 17.8 (CHa),
16.3 ppm (CH;); MS (ESI*): m/z: 260.1; elemental analysis calcd (%) for
C; H;;NOg: C 50.96, H 6.61, N 5.40; found: C 50.66, H 6.70, N 5.38.
(38,7R,7aS)-Tetrahydro-3-ethyl-7-methoxy-7,7a-dimethyl-5-oxo-2H-
oxazolo[3,2-c]oxazole-3-carboxylic acid methyl ester (5b): Compound 5b
(64 mg, 0.24 mmol) was obtained from compound 2 (46 mg, 0.17 mmol),
after purification (hexane/ethyl acetate 1/1), as a colorless solid; yield:
70%. m.p. 71-73°C; [a]5=-39.1 (¢=1.02 in CHCL); 'HNMR
(400 MHz, CDCL,): 6=4.64 (d, /=89 Hz, 1H; CH,), 391 (d, /=89 Hz,
1H; CH,), 3.81 (s, 3H; CO,CHs;), 3.45 (s, 3H; OCH,), 2.44-2.53 (m, 1H;
CH,CHj;), 2.05-2.14 (m, 1H; CH,CHj;), 1.54 (s, 3H; CH,), 1.32 (s, 3H;
CHs), 0.95 ppm (t, J=7.4, 3H; CH,CH;); *C NMR (100 MHz, CDCl):
0=172.5 (CO,CH;), 1546 (NCO,), 106.7 (CCH;OCH,;), 1024
(CNCH;0CH,), 739 (CH,), 70.0 (CCO,CH;), 52.8 (CO,CH;), 51.2
(OCH,), 26.0 (CH,CHs;), 18.1 (CH3;), 16.5 (CHs), 9.2 ppm (CH,CH,); MS
(ESI*): m/z: 274.1; elemental analysis caled (%) for C;,H;yNOg: C 52.74,
H 7.01, N 5.13; found: C 52.70, H 7.03, N 5.13.
(38,7R,7aS)-Tetrahydro-3-benzyl-7-methoxy-7,7a-dimethyl-5-oxo-2H-
oxazolo[3,2-c]oxazole-3-carboxylic acid methyl ester (5¢): Compound 5S¢
(80 mg, 0.24 mmol) was obtained from 2 (196 mg, 0.80 mmol), after pu-
rification (hexane/ethyl acetate 8/2), as a white solid; yield: 30%. m.p.
111-113°C; [a]5=-1174 (c=1.09 in CHCL); 'HNMR (400 MHz,
CDCly): 6="17.32-7.10 (m, 5H; Ph), 4.56 (d, /=9.1 Hz, 1H; CH,), 4.18 (d,
J=9.1Hz, 1H; CH,), 400 (d, /=13.8 Hz, 1H; CH,Ph), 3.74 (s, 3H;
CO,CH;), 3.45 (s, 3H; OCHs;), 3.23 (d, J=13.8 Hz, 1H; CH,Ph), 1.41 (s,
3H; CH,), 1.32ppm (s, 3H; CH,;); "CNMR (100 MHz, CDCl,): 0=
171.4 (CO,CH;), 154.6 (NCO,), 134.4, 130.0, 128.7, 127.6 (Ph), 107.3
(CCH;0CH;), 102.2 (CNCH;0CH,), 73.5 (CH,), 69.6 (CCO,CHj;), 52.9
(CO,CH,), 51.5 (OCH,), 38.2 (CH,Ph), 18.5 (CHj;), 16.4 ppm (CH,); MS
(ESI*): m/z: 336.1; elemental analysis caled (%) for C;;H,;NOg: C 60.89,
H 6.31, N 4.18; found: C 60.81, H 6.32, N 4.21.
(3S,7R,7aS)-Tetrahydro-3-allyl-7-methoxy-7,7a-dimethyl-5-oxo0-2H-
oxazolo[3,2-c]oxazole-3-carboxylic acid methyl ester (S5d): Compound 5d
(28 mg, 0.10 mmol) was obtained from compound 2 (35 mg, 0.14 mmol),
after purification (hexane/ethyl acetate 8/2), as a white solid; yield: 70 %.
m.p. 47-49°C; [a]5=-745 (¢=1.04 in CHCly); 'HNMR (400 MHz,
CDCLy): 0=5.82-5.64 (m, 1H; CH,CH=CH,), 5.15-524 (m, 2H;
CH,CH=CH,), 458 (d, J=9.1 Hz, 1H; CH,), 4.04 (d, J=9.1 Hz, 1H;
CH,), 3.79 (s, 3H; CO,CHs;), 3.45 (s, 3H; OCHj;), 3.12 (dd, J=14.1 Hz,
J=6.6Hz, 1H; CH,CH=CH,), 2.86 (dd, J=14.1Hz, J=7.8Hz, 1H;
CH,CH=CH,), 1.53 (s, 3H; CH,), 1.33ppm (s, 3H; CH;); “C NMR
(100 MHz, CDCl;): 6=172.1 (CO,CHs;), 154.6 (NCO,), 131.2 (CH,CH=
CH,), 120.9 (CH,CH=CH,), 107.1 (CCH;0CHj;), 102.5 (CNCH;0CH,),
739 (CH,), 68.6 (CCO,CH;), 53.1 (CO,CH;), 51.5 (OCH;), 37.3
(CH,CH=CH,), 18.0 (CH3;), 16.7 ppm (CHs); MS (ESI*): m/z=286.1; el-
emental analysis caled (%) for C;;H;(NO4: C 54.73, H 6.71, N 4.91;
found: C 54.82, H 6.68, N 4.89.
(45,5R)-2-(4-Hydroxy-5-methoxy-4,5-dimethyloxazolidin-2-one-3-yl)-
acrylic acid methyl ester (6): Compound 2 (28 mg, 0.11 mmol) was dis-
solved in dry THF (5 mL) under argon atmosphere. The solution was
cooled to —78°C and stirred. A 0.91m solution of KHMDS in THF
(0.18 mL, 0.17 mmol) was added slowly with a syringe. After 10 min, the
reaction was quenched with saturated NH,CI solution (5 mL). The mix-
ture was heated to room temperature in a warm water bath and vigorous-
ly stirred. The crude product was diluted with diethyl ether and the aque-
ous phase was extracted with more diethyl ether. The organic layers were
combined, washed with brine, and dried over anhydrous Na,SO,. The sol-
vent was evaporated and the crude product was purified by column chro-
matography on silica gel (hexane/ethyl acetate 6/4) to give compound 6
as a colourless oil (26 mg, 0.10 mmol); yield: 95%. [a]5=-122.7 (c=
1.10 in CHCL;); '"H NMR (400 MHz, CDCLy): 6=6.57 (s, 1H; C=CH,),
5.99 (s, 1H; C=CH,), 4.71 (s, 1H; OH), 3.87 (s, 3H; CO,CHj;), 3.44 (s,
3H; OCH;), 1.62 (s, 3H; CH;), 1.36 ppm (s, 3H; CH;); "CNMR
(100 MHz, CDCl;): 6=166.1 (CO,CHj;), 154.9 (NCO,), 131.8 (C=CH,),
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129.1 (C=CH,), 108.7 (CCH;0CH3;), 90.8 (CNCH;OH), 53.2 (CO,CHs;),
50.7 (OCHa;), 19.6 (CH;), 14.6 ppm (CHs); MS (ESIY): m/z: 246.1; ele-
mental analysis calcd (%) for C;,H;sNOg: C 48.98, H 6.17, N 5.71; found:
C 49.03, H 6.15, N 5.77.

(S)-a-Methylserine (8a): A round-bottomed flask was charged with com-
pound 5a (221 mg, 0.85 mmol) and aqueous 6N HCI solution (10 mL).
The mixture was stirred overnight under reflux. The solvent was removed
in vacuo, and the residue was partitioned between water and ethyl ace-
tate. The aqueous phase was evaporated to give the hydrochloride deriv-
ative of compound 8a (130 mg, 98%). An aliquot of this material
(72 mg) was treated with ethanol/propylene oxide (1/1, 2mL) under
reflux for 2 h to give compound 8a (23 mg, 0.20 mmol) as a white solid;
yield 41%. [a]53=+5.3 (c=1.16 in H,0). The spectroscopic data were
identical to those reported in the literature.'d MS (ESI*): m/z: 120.0; el-
emental analysis caled (%) for C;H(NO;: C 4033, H 7.62, N 11.76;
found: C 40.24, H 7.63, N 11.72.

(S)-a-Ethylserine (8b): Starting from compound 5b (64 mg, 0.24 mmol)
and following the protocol described above for 8a, compound 8b (41 mg,
98 %) was obtained as its hydrochloride derivative. The spectroscopic
data were identical to those reported in the literature.'”>) An analytical
sample of this (S)-a-ethylserine hydrochloride (20 mg) was treated with
ethanol/propylene oxide (1/1, 2 mL) under reflux to give compound 8b
(9.5 mg, 0.07 mmol) as a white solid; yield 60 %. [a]5=—1.5 (¢=0.95 in
H,0). '"HNMR (300 MHz, D,0): 6=3.94 (d, J=11.9 Hz, 1H; CH,), 3.68
(d, /=119 Hz, 1H; CH,), 1.62-1.94 (m, 2H; CH,CH;), 0.94 ppm (dd, J=
10.1 Hz, J=5.0 Hz, 3H; CH,CH,); "CNMR (75 MHz, D,0): 6=177.6
(CO,H), 69.6 (CCH,OH), 67.2 (CCH,0OH), 28.4 (CH,CH,;), 10.0 ppm
(CH,CH;); MS (ESIT): m/z: 134.1; elemental analysis caled (%) for
CsH;;NO;: C 45.10, H 8.33, N 10.52; found: C 45.20, H 8.30, N 10.46.
(3R,7S,7aR)-Tetrahydro-7-methoxy-3,7,7a-trimethyl-5-oxo-2H-oxazolo-
[3,2-cloxazole-3-carboxylic acid methyl ester (9a): As described for its
enantiomer 5a, compound 9a (204 mg, 0.78 mmol) was obtained from
compound 4 (200 mg, 0.82 mmol); yield: 95%. [a]5=+92.1 (c=1.05 in
CHCl;). The spectroscopic data were identical to those described for its
enantiomer; elemental analysis caled (%) for C;;H;;NO¢: C 50.96, H
6.61, N 5.40; found: C 50.95, H 6.70, N 5.42.

(R)-a-Methylserine (10a): As described for its enantiomer 8a, the hydro-
chloride derivative of compound 10a (109 mg, 98 %) was obtained from
compound 9a (212mg, 0.82 mmol). Similarly, an analytical sample
(53 mg) was treated with ethanol/propylene oxide (1/1, 2mL) under
reflux to give compound 10a (29 mg, 0.24 mmol) as a white solid; yield
70%. [a]5=—6.3 (c=0.98 in H,0). The spectroscopic data were identical
to those described for its enantiomer; elemental analysis calcd (%) for
C,HyNO;: C 40.33, H 7.62, N 11.76; found: C 40.24, H 7.63, N 11.72.

2D NMR experiments: NMR experiments were carried out on a Bruker
Avance 400 spectrometer at 298 K. Magnitude-mode ge-2D COSY spec-
tra were recorded with gradients by using the cosygpqf pulse program
with 90° pulse width. Phase-sensitive ge-2D HSQC spectra were recorded
with a z-filter and selection before t1 with removal of the decoupling
during acquisition by using the invigpndph pulse program with CNST2
(JHC)=145. 2D NOESY experiments were carried out by using phase-
sensitive ge-2D NOESY for spectra recorded in CDCl;.

Computational details: All calculations were carried out with the B3LYP
hybrid functional® and 6-31+G(d) basis set. Full geometry optimiza-
tions and transition structure (TS) searches were carried out with the
Gaussian03 package.” The possibility of different conformations was
taken into account for all structures. BSSE corrections were not consid-
ered in this work. Frequency analyses were carried out at the same level
used in the geometry optimizations, and the nature of the stationary
points was determined in each case according to the appropriate number
of negative eigenvalues of the Hessian matrix. Scaled frequencies were
not considered since significant errors in the calculated thermodynamic
properties are not found at this theoretical level.”! Where necessary,
mass-weighted intrinsic reaction coordinate (IRC) calculations were car-
ried out by using the Gonzalez and Schlegel scheme® in order to ensure
that the TSs indeed connected the appropriate reactants and products.
Solvent effects were taken into account through the polarized continuum
model (IEF-PCM)?" using UAHF radii, as implemented in Gaussian 03.
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Depending on the individual case, the internally stored parameters for
toluene and tetrahydrofuran were used to calculate solvation energies
(AGyy). Zero-point corrected (AE,) and Gibbs free energies (AG) were
used for the discussion on the relative stabilities of the considered struc-
tures. Second-order perturbation energies (E?),*! as well as pairwise
steric exchange energies for disjoint interactions (E%),?"! were calculated
by natural bond orbital/natural localized molecular orbital (NBO/
NLMO) analysis with the NBO 5.G program® and upgraded Gaussi-
an03 as interface. These attractive and repulsive interactions were esti-
mated by means of the localized o, &, n, 0* and mt* valence orbitals.

Cartesian coordinates, electronic energies, entropies, enthalpies, Gibbs
free energies, and lowest frequencies of the different conformations of all
structures considered are available as Supporting Information.

X-ray diffraction analysis: Crystal data for 5b: C,H;(\NO4, M,=273.28,
colourless prism, 0.5x0.3x0.2 mm, 7=173 K, orthorhombic, space group
P222,, Z=4, a=572920(10), b=8.1401(2), ¢=29.1363(8) A, V=
1358.81(6) A%, poua=1.336 gcm™>, F(000)=584, 1=0.71073 A (Moy,),
#=0.107 mm™', Nonius kappa CCD diffractometer, 6 range 0.21-27.88°,
6939 collected reflections, 3156 unique reflections, full-matrix least-
squares refinement (SHELXL97)°! R,=0.0373, wR,=0.0895, [R,=
0.0523, wR,=0.0970 (all data)], GOF=1.036, residual electron density
between 0.227 and —0.139 e A, Hydrogen atoms were located from
electron-density maps. Crystal data for 5d: C;3H;(NOg, M, =285.29, color-
less prism, 0.4x02x0.1mm, 7=173 K, orthorhombic, space group
P222,, Z=4, a=5.83440(10), b=14.2883(2), c=17.2023(3) A, V=
1434.05(4) A®, poaa=1.322gem™>, F(000)=608, 1=0.71073 A (Moy,),
#=0.105 mm™', Nonius kappa CCD diffractometer, 0 range 0.21-27.88°,
22960 collected reflections, 3420 unique reflections, full-matrix least-
squares refinement (SHELXL97)°! R,=0.0395, wR,=0.0930, [R,=
0.0529, wR,=0.0991 (all data)], GOF=1.069, residual electron density
between 0.192 and —0.166 ¢ A=, Hydrogen atoms were located by mixed
methods (electron-density maps and theoretical positions).
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