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a b s t r a c t

The Michael addition step and the following C5 isomerization in Hayashi’s synthesis of Oseltamivir was
studied by means of a DFT mechanistic study. These steps are crucial for the viability of the process
where the formation of a single stereoisomer is required. The results indicate that the addition reaction is
under thermodynamic and not kinetic control and that the key factor determining the reaction ster-
eoselectivity are the stereochemical constraints imposed by all substituents in the cyclohexane ring. The
DFT results indicate that cyclohexylthiol should behave similarly to p-toluylthiol, the one actually
employed, and tert-butylthiol should increase the ratio between isomers favoring the desired S config-
uration of the C5 atom. This work shows that DFT studies can be useful in the selection of a reactant to
improve stereoselectivity of a chemical step.

© 2020 Elsevier Ltd. All rights reserved.
1. Introduction

Oseltamivir (Fig. 1) was invented by Gilead in 1995 [1] during a
program of search for orally active inhibitors of Neuraminidase for
the treatment and prevention of influenza viral infections. The
active pharmaceutical ingredient (API) was launched as Tamiflu® in
1999, being one of the most potent antiviral drugs on the market
and listed since 2009 as an essential medicine by the World Health
Organization [2].

The API is a fairly small but complex chiral molecule with three
asymmetric centres having a 3,4,5-trisubstituted cyclohex-1-
enecarboxylate ester core structure. The discovery synthesis of
Oseltamivir started from natural (�)-Shikimic acid or (�)-Quinic
acid and resemblance between the three structures is quite evident
(Fig. 1). The carbocyclic system is already present, the double bond
is at the correct position and all carbon atoms of the cycle are at the
right oxidation state i.e. no oxidation or reduction steps are
required to produce Oseltamivir from shikimic acid. It is predicted
. Santos).
that a total synthesis of Oseltamivir would hardly compete with a
semisynthetic process.

Oseltamivir became worldwide famous when it was appointed
as one of the few drugs available active against the avian H5N1
influenza virus as well as the H1N1 swine influenza strain [3].
Oseltamivir is currently being tested against the new coronavirus
(2019-nCoV) [4]. The fear of a disastrous pandemic event back in
2012 triggered an increasing demand for stocking huge amounts of
Oseltamivir and the worldwide annual production of shikimic acid
was short of the material needed [5]. At the time, the emergence of
new Oseltamivir synthetic routes not based on the natural sources
became a priority. Both industrial and academic chemists under-
took a huge effort to develop synthetic alternatives for the syn-
thesis of Oseltamivir. More than 60 syntheses, using very different
strategies along with several variations were published, most of
them were reviewed [5,6]. Many of these can be excluded from
consideration for application at an industrial level because of low
yields, reduced throughput, chromatographic purifications, oily
intermediates and inherent safety hazards. Others may warrant
further investigation and one of themost promising routes was first
disclosed and patent protected by Hayashi [7] and was further
optimized at a gram scale (Scheme 1 [8]).
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Fig. 1. Structure of Oseltamivir, (�)-Shikimic acid and (�)-Quinic acid.
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This short high yielding, simple to operate outstanding syn-
thesis was clearly designed to be industrialized: catalyst for
asymmetric synthesis easily accessible and relatively inexpensive,
one-pot procedures for sequential reactions, isolable crystalline
intermediate serves as a clean-up point and viability proven at
gram scale. However, there are issues associated with availability of
starting materials, odor of p-toluenethiol and the use of azide
chemistry in a Curtius rearrangement to convert the tert-butyl ester
into the primary amine. An efficient, practical, and safe microflow
reaction of the Curtius rearrangement using trimethylsilyl azide as
an azide source was developed [9]. The use OsO4 and CH3NO2 in the
production of the starting materials for the synthesis is also of
concern.

Key reactions on this route are clearly the ones where the
configuration of the chiral centres of Oseltamivir is set. The first
organocatalyzed Michael addition establishes the configuration of
the C3 and C4 carbons of Oseltamivir and was extensively studied
[8b] (Scheme 2, step 1). The second stage of the cycle build-up
Scheme 1. One of the most promising non-shikim

Scheme 2. Build-up of the cyclohexa
involves domino reactions under basic reaction conditions: a
Michael addition with vinylphosphonate (ethyl 2-(diethox-
yphosphoryl)acrylate) followed by an intramolecular Hor-
nereWadswortheEmmons reaction to form the cyclohexene
carboxylate ester (Scheme 2, step 2).

This domino sequence produces directly the core cyclohexene
ring of Oseltamivir, despite the R configuration at the C5 carbon
ring atom of the main isomer formed. This isomers mixture was
unsuitable for industrial production as chromatographic methods
cannot be applied at large scale batches and taking into account the
isomers proportion, a maximumyield of 12% [8a,b] for the intended
5S isomer is very unsatisfactory, ruining the utility of the synthesis.
More, the mixture of the C5 epimers is described as inseparable by
chromatography [8b].

Acid- or base-mediated isomerization of the 5R to the 5S epimer
was partially successful giving in the most favorable cases an
almost equimolar mixture of the two compounds [8b]. The pro-
jected yield of the 5S intermediatewas upgraded to 35% [8a] but the
problem of the isomers separation still remained to be solved. A
breakthrough was found by adding p-toluenothiol to the basic
mixture of the epimers in the reaction mixture to promote a
Michael addition reaction and it turned possible to isolate a sole 5S
cyclohexane thiol-addition product as a crystalline solid in 70%
yield from the starting nitro olefin. That critical base-catalyzed
Michael addition-isomerization step sets the configuration at C5
carbon and allows the isolation of a sole isomer with five chiral
carbon centres at the saturated carbon cycle. At this stage of the
ic acid-based routes to produce Oseltamivir.

ne ring by the Hayashi method.
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synthetic route the presence of carbonate is crucial, acting as a base
in two differentways, promoting both reactions that do not occur in
its absence [8]. However, the stereochemical features involved in
this reaction step were not fully investigated.

Having the configuration of the various carbon centres estab-
lished in theMichael addition product, Oseltamivir was obtained by
conversion of the tert-butoxycarbonyl group into an acetylamino
moiety, reduction of the nitro group into an amine and promoting a
retro-Michael step in basic conditions to reveal the unsaturated
cyclohexene ring (Scheme 1). The ingenious introduction of the
Michael addition step and its reverse reaction was able to allow a
favorable isomerization at the C5 of the cyclohexane intermediate.
This strategy may be applied for other synthetic procedures.

In this work we describe a DFT mechanistic study of the crucial
Michael addition-isomerization step aiming the understanding of
the factors determining its high stereoselectivity, vital for the suc-
cess of the entire API synthetic procedure. The influence of the size
and shape of the thiol substituent on the isomerization of the C5
carbon is discussed.
2. Results and discussion

When the original synthetic plan was devised, it was predicted
that fully isomerization of the C5 carbon atom to the supposed
more stable 5S epimer, with the nitro group at an equatorial posi-
tion, should be easy. As simple base mediated isomerization of the
C5 carbon of the cyclohexene was only partially successful, a
Michael addition of thiolate (TolS�) to the cyclohexene ring was set
as a key step in the synthesis of the anti-influenza active principle
Oseltamivir, in order to obtain an S configuration in the C5 carbon
atom. In fact, the high stereoselectivity of that reaction allows the
effective formation of only one of eight possible diastereomers.
While the configuration of C3 and C4, bearing substituents Et2CHO
and COOtBu, respectively, is pre-established in the reactant and will
not change along the reaction, each one of the remaining three
substituents in the product, COOEt, STol and NO2, could adopt one
of two possible orientations and lead to two configurations of each
C1, C2 and C5 carbon atoms. The mechanism of that reaction was
addressed by means of DFT calculations [10] aiming the under-
standing the observed stereoselectivity.

The structure calculated for the product of the reaction is rep-
resented in Fig. 2. The most stable chair conformation of the ring
Fig. 2. Optimized structure obtained for the product of the Michael addition (A).
has all the substituents in equatorial positions except the thiolate.
In fact, the bulkiest substituents, Et2CHO and COOtBu, dictate the
stability of the ring conformation. These were already present in
the reactant cyclohexene and their orientation will determine the
most stable conformation of the cyclohexane ring in all
diastereomers.

The stability of all the isomers that result from two possible
configurations of C1, C2 and C5, that is, the position occupied by
COOEt, STol and NO2, was evaluated through the optimization of
the corresponding geometry and the results are schematically
represented in Fig. 3. Their structures are depicted in Fig. S1 (Sup.
Information).

The stability of all isomers is within DG ¼ 5.3 kcal/mol but the
product observed (A) is the most stable of all forms, despite the fact
that the thiolate group occupies an axial position. In fact, the size
and number of all the substituents around the ringmake the isomer
with all groups in equatorial position (F) only the second most
stable form, 2.2 kcal/mol above A. This result indicates that the
Fig. 3. Comparison between the stability of all calculated diastereomers resulting from
different configurations of C1, C2 and C5 in the cyclohexane ring. Free energy values
(italics) in kcal/mol, relative to the product, A.



Fig. 4. Comparison between transition states TS12 and TS34.
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isomer experimentally obtained corresponds to the thermody-
namic product of the reaction.

The free energy profiles for the addition of thiolate, TolSe [11], to
the cyclohexene ring are represented in Scheme 3. From our cal-
culations, two possible approaches of the nucleophile were found
possible and compared. In one case, TolSe attack occurs on the side
opposite to most ring substituents (all except COOtBu), going
through transition state TS12 and leading to product F, after pro-
tonation. On the other orientation, the nucleophile attack happens
at the side of the ring most occupied by other groups. In this case,
the reaction goes through transition state TS34 and the final product
is A, that is, the one experimentally observed.

Although A is the most stable of the two products, as discussed
above, the corresponding reaction involves the highest barrier, with
TS34 3.9 kcal/mol less stable than TS12. In TS12, the ring conforma-
tion tends to the twist-boat that is fully present in the resulting
intermediate, 2. This will be protonated yielding product F after the
rearrangement of the ring to a chair conformation that brings all
substituents, including STol, to equatorial positions. Along that
path, TolSe reaches the cyclohexene ring from the side of C6-ring
that is most uncrowded from the stereochemical point of view (see
Fig. 4). Conversely, in the case of TS34 the ring is moving to a chair
conformation, completely formed in intermediate 4. This confor-
mation is maintained after protonation and in the final product, A.
One major difference between the two paths is that, in the second,
the nucleophile has to approach the ring from the same side were
most substituents lie. This is particularly important in the case of
the OCHEt2 group since this is located on the C-atom adjacent to the
one where the addition occurs (Fig. 4). The consequence is a
Scheme 3. Free energy profiles calculated for the step of thiolate attack of the synthesis of O
and free energy values (kcal/mol) are relative to the separated reagents: substrate þ TolSH
destabilization of transition state TS34 and a higher energy barrier.
This is reflected in the geometry of the two transition states, with a
closer SeC distance in the case of TS12, compared with the one in
TS34. This means that once the transition state is reached and the
CeS bond is about to be formed the two reactants are closer in the
seltamivir. Nucleophile attack on the two sides of the cyclohexene ring was considered
þ NH3 (as model for the base catalyst).
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case of TS12, resulting in a stronger interaction and a more stable
transition state.

Thus, the results indicate that although the product observed, A,
is the most stable one its formation requires a higher energy bar-
rier, that is, the reaction is under thermodynamic and not under
kinetic control. Moreover, the major difference between the two
possible reaction paths is caused by stereochemical repulsion be-
tween the incoming nucleophile and the substituents in the
cyclohexene ring.

The observed thermodynamic control can be explained by the
reversibility of the Michael addition step. This assumption is sup-
ported by the fact that the last step of Hayashi’s route is the removal
of the thiolate to form Oseltamivir which follows an E1cB mecha-
nism with the assistance of sodium carbonate as base. This final
elimination step that is in fact the reverse of the Michael addition
step, uses same base and solvent as the Michael addition step but
obviously different molar quantities of reactants to promote the
desired reaction efficiently. Our calculations are in total agreement
with the experimental results as the prolonged reaction times and
excess of both nucleophile and base will help the equilibrium to be
reached.

The profiles in Scheme 3 correspond to thiolate attack on the
cyclohexene reactant with a S configuration in the C5 atom. The
mechanism of the Michael addition reaction was also addressed
starting from the cyclohexene reactant with opposite configuration
in C5 (R), maintaining the configuration of all the other C-atoms.
The free energy profile obtained is presented as Supporting Infor-
mation (Fig. S4). The calculated energy barriers (29e30 kcal/mol)
indicate processes clearly less facile than the ones obtained for the
reaction with the S isomers.

In order to validate the conclusions above, the same reaction
Scheme 4. Free energy profiles calculated for the thiolate attack on the two sides of a cycloh
(kcal/mol) are relative to the separated reagents: substrate þ TolSH þ NH3 (as model for th
mechanism was calculated with a cyclohexene ring without any
substituents apart front the acceptor COOEt group on the C]C
double bond. The free energy profiles obtained are represented in
Scheme 4.

The energy profiles in Scheme 4 show that the most stable
product (J) is the onewith both substituents in equatorial positions,
as expected from simple stereochemical reasoning. In fact, this
molecule is more stable by DG ¼ 2.0 kcal/mol than the alternative
one (I) where the thiolate occupies an axial positionwhile the ester
group remains equatorial. Interestingly, the energy barriers are
reversed with respect to that stability order. That is, the product
that is formed through a lower energy barrier is the less stable one,
I. Thus, when the thiolate approaches the substrate by one side of
ring the resulting transition state (TS56) presents a chair-like
conformation of the ring, a conformation that is maintained in
the ensuing intermediate, 6, and in the product yielded after pro-
tonation, I. On the other hand, if the relative position of the two
reagents is the opposite, i.e., if the thiolate attacks on the other side
of the cyclohexene ring, the transition state (TS78) has a twist-boat
conformation of the ring, also present on the following interme-
diate, 8. Here, after protonation and rearrangement of the ring to a
chair conformation, there is formation of the product with the two
equatorial substituents, J. Overall, the second barrier is higher than
the first one by 2.3 kcal/mol. Therefore, the major factor controlling
the reaction barrier is the conformation of the C6-ring in the
transition state, while stereochemical repulsion dictates the prod-
uct stability, in good accordance to what is generally known [12].

In summary, without bulky substituents the kinetic product is
the one that follows axial attack of the nucleophile and the most
stable product is the one with the substituents in equatorial posi-
tions, contrarily to what was found in the case of the substituted
exene ring without substituents (ethylcyclohex-1-enecarboxylate). Free energy values
e base catalyst).
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cyclohexene intermediate in the synthesis of Oseltamivir. This
provides strong support to the conclusion that the outcome of that
reaction is due to the presence of bulky substituents in the C6-ring.

The final configuration on the second C-atom of the double bond
(C1) is accomplished after protonation of the species that results
from the attack of the thiolate, intermediate 4 in the profile Scheme
3. The most stable isomer is obtained with the COOEt group
occupying an equatorial position, as expected from stereochemical
reasons. In fact, this diastereomer (A) is more stable than the one
with the alternative configuration in C1 (B) by DG ¼ 2.4 kcal/mol
(see Fig. 3 and Fig. S2).

The third and last C-configuration that is defined in the Michael
addition-isomerization step of the synthesis of Oseltamivir is on C5,
the carbon atom bearing the NO2 group. Again, the preferred
configuration (S) corresponds to the NO2 in the equatorial position
of the reaction product, A. The alternative isomer with the sub-
stituent in the axial position (G) is less stable than A by
DG ¼ 3.7 kcal/mol (Fig. 3 and Fig. S2). This value is significantly
higher than the one obtained for the stability difference between
the two corresponding isomers in the cyclohexene reactant with
the C5 atom in R or in S configuration (DG¼ 1.6 kcal/mol, see Fig. S3
in the Supporting Information). This corroborates the experimental
data and, in fact, the need for the Michael addition step in the
synthesis. In the case of the reactant, both enantiomers are present
in practically equal amount after long treatment with base [8].
Conversely, the cyclohexane ring present in the product, being
more demanding from the stereochemical point of view, increases
the stability difference between stereoisomers and allows the
preferential formation of the intended stereoisomer.

The C5eH bond in A is rather acidic due to the neighborhood of
NO2, as clearly demonstrated for the cyclohexene precursor were
the ReS isomerization in C5 is observed under mild conditions in
basic medium, for example with triethylamine at 23 �C along 4 h
[8]. Thus, equilibration between C5 R and S isomers occurs certainly
in the reactant but is also possible in the product, A, justifying the
mechanistic study of the corresponding proton exchange.
Scheme 5. Free energy profile calculated for ReS isomerization in the C5 position of the pro
reagents (K). Distances in Å.
Ammonia was used as model for the base catalyst and the free
energy profile obtained is depicted in Scheme 5.

The isomerization process starts with the pair of reactants,
ammonia and the product A, represented by K in the profile. Here,
NH3 approaches A by the side of ring opposite to the one occupied
by most substituents, and the pair of molecules is stabilized by a
moderate N–H interaction (d ¼ 2.31 Å). The reaction proceeds with
CeH proton abstraction and formation of the ammonium cation,
through transition state TSKL. The corresponding barrier is only
12.7 kcal/mol and, thus, easily overcome in the reaction conditions.
In the transition state the process is well advanced with a CeH
elongated to 1.40 Å and the incipient NeH bond almost formed
(d ¼ 1.31 Å). The resulting intermediate, L, is stabilized by a strong
H-bond established between the ammonium ion and the O-atom of
the NO2 group (dHeO ¼ 1.52 Å). From L to L′, there is a change in the
relative position of the two species with the NH4

þ ion moving from
one side of the C6-ring to the other. Intermediate L′ is also stabilized
by a H-bond between NH4

þ and the deprotonated product, similarly
to what happens with L (dHeO ¼ 1.53 Å). The final step in the
mechanism is re-protonation of C5. This occurs trough transition
state TSL’M, in a way that parallels what was discussed for TSKL
(dNeH ¼ 1.30 Å and dCeH ¼ 1.40 Å). The final species (M) corre-
sponds to the pair of molecules, isomer G plus ammonia, and pre-
sents the NO2 group in an axial position and an R configuration on
the C5-atom, naturally. The overall barrier is accessible (16.0 kcal/
mol, TSL’M) and the overall process is endergonic by DG ¼ 3.9 kcal/
mol, reflecting the stability difference between isomers.

In summary, simple acid-base reactions allow the exchange
between the isomers with R and S configuration in the C5-atom,
both in the cyclohexene reactant as well as in the product A. In the
former the two isomers have similar stability, while in the product
the stability difference increases and the S isomer becomes clearly
the most stable and, thus, the one that is finally obtained. That
stability difference is a consequence of the increased stereochem-
ical constraints of the cyclohexene ring, compared with the cyclo-
hexane and, thus, will depend on the bulkiness of the thiolate
duct, A, catalyzed by ammonia. Free energy values (kcal/mol) are relative to the pair of



Fig. 5. Stability difference (DG in kcal/mol) for the two isomers with different C5
configuration as a function of the thiolate substituent R.
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employed in the Michael addition. This issue was also addressed in
the calculations and the stability difference between the two iso-
mers, with 5R or 5S configuration is represented in Fig. 5 for
selected thiolate substituents.

The results in Fig. 5 indicate that bulkier substituents increase
the stability difference between the two isomers, as expected. The
lowest value, 1.8 kcal/mol, is observed for R ¼ ethyl, a value similar
to one calculated for the cyclohexene precursor (see discussion
above). Both the thiolate actually used (Tol), as well as cyclohexyl
(Cy) have a comparable effect, showing an increase of the isomers
stability difference relative to the one obtained with ethyl, 3.7 and
3.3 kcal/mol, respectively. The use of tert-butyl as thiolate substit-
uent has the greater effect on the stability difference between C5
diastereomers, with a value of 4.3 kcal/mol. It should be noticed,
however, that the greater bulkiness of tert-butylthiolate should also
slow down the Michael addition with the corresponding loss of
effectiveness.

The results above indicate that DFT calculations can be used to
predict the stereochemical impact of the thiolate on the obtained
epimer ratio and thus, could help planning the synthetic procedure.
In the case studied, we could foretell that cyclohexylthiol is ex-
pected to have equal effect as toluylthiol, the one actually
employed, while tert-butylthiol should provide a better ratio 5S/5R
ratio, probably at the expenses of a slower addition.
3. Conclusions

The high stereoselectivity of the Michael addition step in the
synthesis of Oseltamivir was addressed by a DFT mechanistic
investigation. The results show that the isomer obtained is themost
stable of all eight possible diastereomers despite the axial position
occupied by the thiolate substituent in the molecule. In fact, the
isomer with all substituents in equatorial positions would be the
kinetic product of the reaction, but it is 2.2 kcal/mol less stable than
the actual product. These results indicate that the reaction is under
thermodynamic rather than kinetic control, and the reason could
be traced to the stereochemical constraints imposed by the number
and by the volume of the substituents around the C6-cycle. It must
be noticed that although the product presents the incoming
nucleophile in an axial position as expected for an addition to a
cyclohexene ring, the factors controlling the reaction outcome are
different [12]. While in the case studied, that is the Michael addi-
tion step in the Oseltamivir synthesis, the product is the thermo-
dynamic one and its stereochemistry is dictated by the
stereochemical repulsion between the incoming nucleophile and
the ring substituents, in the case of a less crowded cyclohexene the
kinetic product is the one expected and the ring conformation in
the transition state is the key factor in the reaction stereoselectivity.

An acid-base equilibrium allows the interchange between the
isomers with different configurations of the C5-atom in both the
reactant as well as in the product. However, in the case of the
reactant both isomers have similar stability, while the S isomer
becomes clearly more stable in the product due to the increased
stereochemical constraints associated with the cyclohexane ring of
the latter, when compared with the cyclohexene ring of the reac-
tant. This is used to hold the C5 S configuration in the product and,
in fact, constitutes the reason for the Michael addition step in the
synthetic sequence of Oseltamivir. The stability difference between
the two C5 diastereomers depends on the bulkiness of the thiol
substituent, the bulkier the substituent, the higher the stability of
the 5S form. However, bulkier thiolates should also be less efficient
nucleophiles for the addition and, thus, a balance between those
factors must exist. Toluylthiolate joints both conditions, being
simultaneously bulky enough to differentiate the stability of the
two isomers and allow the preferential formation of the intended
one, while is still a good nucleophile allowing a feasible Michael
addition step.

This work indicates that DFT studies may be useful in the design
of the synthesis of active pharmaceutical ingredients through the
elucidation of the stability of key intermediates or the unveiling of
preferable reaction pathways.
3.1. Computational details

All calculations were performed using the Gaussian 09 software
package [13], and the M06-2X functional, without symmetry con-
straints. That is a hybridmeta-GGA functional developed by Truhlar
and Zhao [14], and it was shown to perform very well for main-
group systems, providing a good description of long range effects
such as van der Waals interactions or p-p stacking [15,16]. A
standard 6-31Gþ(d,p) [17] basis set was used and solvent effects
(ethanol) were considered by means of the Polarisable Continuum
Model (PCM) initially devised by Tomasi and coworkers [18] with
radii and non-electrostatic terms of the SMD solvation model,
developed by Truhlar et al. [19] Transition state optimizations were
performed with the Synchronous Transit-Guided Quasi-Newton
Method (STQN) developed by Schlegel et al., [20] after a thorough
search of the Potential Energy Surfaces (PES). Frequency calcula-
tions were performed to confirm the nature of the stationary
points, yielding one imaginary frequency for the transition states
and none for the minima. Each transition state was further
confirmed by following its vibrational mode downhill on both
sides, and obtaining the minima presented on the energy profiles.
Electronic energies were converted to free energy at 298.15 K and
1 atm by using zero point energy and thermal energy corrections
based on structural and vibration frequency data calculated at the
same level.
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