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The antiinflammatory drug Naproxen has been synthesized
via several enantioselective routes. The recently published
synthesis involving the asymmetric decarboxylation of 2-cy-
ano-2-(6-methoxy-naphth-2-yl)propionic acid (H. Brunner, P.
Schmidt, Eur. J. Org. Chem. 2000, 2119) was investigated by
quantum-chemical calculations. It was found that the stereo-
chemistry of the products was determined by a concerted
protonation/decarboxylation reaction. According to

Introduction

Non-steroidal antiinflammatory drugs (NSAID) such as
Naproxen [(S)-2-(6-methoxynaphth-2-yl)propionic acid;
Figure 1a] or Ibuprofen (Figure 1b) are of considerable in-
terest.[1] The demand for Naproxen increased significantly
after its FDA approval as an OTC drug in 1994, which has
resulted in new efforts to improve the known syntheses or
to find new, more economic ones.

Figure 1. Examples of NSAIDs: a) Naproxen; b) Ibuprofen

Several strategies for the enantioselective synthesis have
been used to date.[2�7] Noyori has very recently received the
Nobel prize for his asymmetric hydrogenation reactions,
also used in the synthesis of Naproxen.[8,9] Another ap-
proach was the synthesis by Larsen et al.[10] at Merck
(Merck Process, Scheme 1). Starting from a racemic mix-
ture they achieved up to 99.5% ee through a stereospecific
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quantum-chemical gas-phase calculations, C−H···O and
N−H···O interactions between the chiral base and the sub-
strate in the transition state stabilize the (S) enantiomer by
3.7 kcal/mol. The postulated planar ketenimine anion inter-
mediate could be ruled out on the basis of B3LYP/6-31G(d)
calculations.
( Wiley-VCH Verlag GmbH, 69451 Weinheim, Germany,
2002)

addition of chiral alcohols to a ketene intermediate, separ-
ating the racemic mixture. This reaction has recently been
investigated computationally and it was found that the key
feature was the ‘‘concertedness’’ of the reaction between
base, chiral alcohol, and ketene, forming a termolecular
complex in the gas phase. The rate-determining step was
the nucleophilic addition to the ketene carbonyl group, as-
sisted by the deprotonation of the alcohol by the base. A
stabilizing C�H···O hydrogen bond plays an important role
in the transition states of this reaction.[11]

Scheme 1. Merck process

Yet another synthesis has been published by Brunner and
Schmidt[12,13] (Scheme 2). The key compound was the 2-cy-
ano-2-(6-methoxynaphth-2-yl)propionic acid (3), prepared
by literature procedures from the readily available 2-me-
thoxynaphthalene (1) by iodination to give 2-iodo-6-me-
thoxynaphthalene (2) and coupling under basic conditions.
The stereochemistry was set in the subsequent step, a de-
carboxylation in the presence of a chiral base. Hydrolysis
of the nitrile finally afforded Naproxen, (S)-4, and (R)-4.

The chiral bases used in the decarboxylation step all had
the same backbone, shown in Figure 2a. The best result
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Scheme 2. Enantioselective decarboxylation pathway

(70% ee) for an (S) enantiomer was obtained with the
ethoxyphenyl substituent R (Figure 2b). Experimental in-
vestigations and the calculated nuclear charges both indic-
ated that the reaction center in the reprotonation step was
the tertiary amine in the quinuclidine part of the chiral
base.

Figure 2. The chiral base that yielded the highest ee out of the 30
bases screened[12]

To explain the optical induction, Brunner suggested that
a planar ketenimine anion was created as a prochiral inter-
mediate, and that this could be attacked from the Re and
Si faces.[12,13] In the presence of an optically active base,
induction could be seen from the resulting ee values. The
reprotonation of the anion was discussed as the step in
which discrimination between the two sides was effected by
the base.[12] The cinchona ligands are well known for their
ability to induce chirality and are certainly able to distin-
guish between the enantiotopic sites of a molecule,[14�16]

but the mechanism by which they induce chirality is ques-
tionable. The thermal reaction without a base yielded a ra-
cemic mixture.

In contrast with the mechanism described above, which
could be termed a two-step mechanism (loss of CO2 and
reprotonation), there is also the possibility of a concerted
mechanism, with the loss of carbon dioxide being induced
by the reprotonation and happening simultaneously in a
one-step mechanism.

Here we report quantum-chemical calculations on both
pathways, that suggested by Brunner (DFT) and the concer-
ted pathway (AM1 and DFT).
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Computational Details

The density functional/Hartree�Fock hybrid model
Becke3LYP[17�19] as implemented in GAUSSIAN-98[20] was
used throughout this study, together with the split valence
double-ζ (DZ) 6-31G* basis set (BS1) and the triple-ζ (TZ)
6-311�G** basis set (BS2). Semiempirical calculations
were carried out with the Austin Model 1 (AM1)[21] as im-
plemented in GAUSSIAN-98.[20] All geometries were fully
optimized, and frequency calculations ensured that they
corresponded either to minima (NIMAG 0) or to transition
states (NIMAG 1) on the potential energy surface (PES).
All values are unscaled, and the energies are reported in
kcal/mol.

The alkaloids used as bases were too large to search the
PES with DFT methods, so we chose to model the base
with N(CH3)3 for the DFT calculations and to use AM1
for geometry optimizations on the full system, followed by
DFT single-points for the energy evaluation. Solvation ef-
fects were calculated by use of the Onsager model[22�27] for
tetrahydrofuran as implemented in GAUSSIAN-98.

Results and Discussion

The decarboxylation of the anion of 3, giving rise to the
planar ketenimine anion, was studied by calculations in
which the distance between C(1) and C(2) (Figure 3) was
varied between 1.7 Å and infinity (modeled by 10.0 Å).

Figure 3. Decarboxylation step
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Table 1. Decarboxylation reaction coordinate (BS1: B3LYP/6-31G*; BS2: B3LYP/6-311�G**)

Bond [Å] Angle [°] ∆H (BS1) ∆H (BS2//BS1) ∆Gsolv (BS1)
C(1)�C(2) O(1)�C(2)�O(2) [kcal/mol] [kcal/mol] [kcal/mol]

1.70 134.3 0.0 0.0 0.0
1.80 136.7 �0.4 �1.9
2.00 142.2 �2.2 �9.1
2.20 148.2 �3.5 �12.0
2.40 154.9 �3.9 �13.7
TS: 2.42 155.5 �3.9 �4.0 �13.8
2.60 162.0 �3.7 �14.1
2.80 168.0 �3.1 �13.9
3.00 172.2 �2.8 �14.0
π complex: 3.10 173.6 �2.7 �1.9 �14.8
3.20 174.7 �2.8 �14.6
3.40 176.1 �3.0 �14.9
10.0 180.0 �6.3 �4.2 �13.2

The energy profile for the loss of CO2 and the change in
the carbon dioxide angle O(1)�C(2)�O(2) are shown in
Table 1.

The optimized geometry with a bond length of 1.7 Å was
chosen as the starting point (Figure 3). The geometries were
fully optimized at the B3LYP/6-31G* (BS1) level of theory;
only the distance between C(1) and C(2) was constrained
to the values given in Table 1. For the TS and the π com-
plex, no constraint was used (confirmed by a frequency and
IRC calculation). As can be seen from Table 1, the loss of
CO2 followed the classic profile, with the energy increasing
when the bond was elongated and reaching a maximum in
the transition state at 2.42 Å. An intermediate π complex
could be found at 3.10 Å, where the interaction of the CO2

molecule with the anion could clearly be seen from the
O(1)�C(2)�O(2) angle of 173.6°. B3LYP/6-311�G**
(BS2) geometry optimizations resulted in a transition state
with an enthalpy of �3.7 kcal/mol and a C(1)�C(2) dis-
tance of 2.34 Å, the π complex had a C(1)�C(2) distance
of 3.20 Å and an enthalpy of 1.5 kcal/mol.

The overall reaction profile in the gas phase was endo-
thermic, the energy increasing when the CO2 molecule was
separated. At a distance of 10 Å the carbon dioxide was
linear, the energy being calculated as �6.3 kcal/mol. The
profile was independent of the basis set used. Calculations
with BS2 instead of BS1 showed a similar profile, although
the enthalpy of the model system with a C(1)�C(2) dis-
tance of 10.0 Å was less endothermic at �4.2 kcal/mol.

Solvent calculations (THF) with the Onsager method[22�27]

for the same geometries showed that the solvated decarb-
oxylation was even more endothermic than the gas-phase
reaction. For the separated model geometry, a free energy
of �13.2 kcal/mol was calculated. The energy profile of the
solvated decarboxylation (Table 1) was shifted relative to
the gas-phase counterpart. The free energy increased up to
a point near the transition state with a local maximum of
�14.1 kcal/mol. At the geometry of the separated molecules
it decreased to the value of �13.2 kcal/mol mentioned
above (Table 1).
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The second step of the mechanism, which according to
Brunner determines the stereochemistry, was the proton
transfer from the base to the anionic intermediate, modeled
by the planar anion and a trimethylammonium cation (Fig-
ure 4). The distance between the nitrogen center N(1) in the
HN(CH3)3

� cation and C(1) was fixed to 2.7 Å, approxim-
ately the sum of the two individual bond lengths. The dis-
tance between N(1) and the hydrogen atom H(1) transferred
from the nitrogen center N(1) to the planar anion was va-
ried, the results are shown in Table 2.

Figure 4. Reprotonation step

Table 2. Reprotonation coordinate data (BS1: B3LYP/6-31G*)

Distance [Å] ∆H (BS1) ∆Gsolv (BS1)Distance [Å]
N(1)�H(1) H(1)�C(1) [kcal/mol] [kcal/mol]

1.03 1.77 �23.4 �18.6
1.10 1.65 �20.0 �16.1
1.20 1.51 �16.9 �14.1
1.30 1.40 �13.3 �15.5
1.40 1.30 �8.5 �7.8
1.50 1.20 �3.8 �3.8
1.624 1.11 0.0 0.0

The gas-phase calculation showed the expected result.
The charge-separated complex was very unfavorable. The
trimethylammonium ion, with an N�H bond length of 1.03
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Å, and the ketenimine anion were about 23 kcal/mol higher
in energy than the N(CH3)3/Naproxen product. The solvent
calculation results were similar, the free energy dropped
from 18.6 kcal/mol (compared to 23.4 kcal/mol in the gas
phase) to 0.0 kcal/mol.

The energy penalty imposed on the molecule when the
hydrogen was first transferred from 3 to the base, creating
the anionic intermediate, was calculated as 112.5 kcal/mol
in the gas phase. Solvent calculations with the Onsager
model[22�27] for THF showed that this energy dropped dra-
matically to �34.1 kcal/mol for the initial proton transfer
and the decarboxylation step. Together with the exothermic
reprotonation step (�43.9 kcal/mol), an overall reaction en-
thalpy of �9.7 kcal/mol was predicted by solvent calcula-
tions. This suggests that the mechanism proposed by
Brunner is energetically not favored, though not impossible.

The concerted reaction pathway was investigated by
AM1[21] and DFT single-point calculations. A large molec-
ule such as the base used here can have many conforma-
tions, resulting in a large number of local minima along the
PES. To reduce this problem, we chose the approach in
which the complex between base and Naproxen derivative
3 was built up step by step.[28]

The fully optimized transition states giving rise to the (R)
and (S) enantiomers are shown in Figures 5 and 6, and the
data on bond lengths and energies are given in Tables 3
and 4.

Figure 5. Transition-state (S) enantiomer

The calculated activation enthalpy for the TS giving rise
to the (S) enantiomer was 4.5 kcal/mol (AM1) or 3.7 kcal/
mol (DFT) lower than that relating to the corresponding
(R) enantiomer, in agreement with the experimental result.
Analogously with the results for the Merck process,
C�H···O and N�H···O interactions played important roles
in the transition states of the decarboxylation reaction. For
the (S) transition state, three stabilizing interactions be-
tween the amide oxygen atom O(4) and hydrogen atoms
could be found. While H(2) in the quinuclidine component
and H(3) at the connection to the quinoline part of the base
provided similar interactions in both transition states, the
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Figure 6. Transition-state (R) enantiomer

H(1)�O(4) distance differed significantly (Table 4). The dis-
tance of 3.04 Å in the (R) enantiomer prohibited significant
interaction, whereas the 2.34 Å to H(1) in the (S) enanti-
omer allowed it. This could also be seen in the structure, as
it created steric effects, with the Naproxen methyl group
and the ethoxyphenyl ring of the base in close proximity.
This steric repulsion resulted in a longer O(4)�H(1) dis-
tance and in the energy difference between the two trans-
ition states. For the ethoxy group (Figure 2b), which experi-
mentally gave the best asymmetric induction of all screened
bases, we observed another hydrogen bond between H(4)
and O(3), stabilizing the (S) enantiomer over the (R) enanti-
omer. At 2.46 Å, it was set up for interaction in the (S)
form, while in the (R) transition state the distance was too
long (3.92 Å). This also provided additional stabilization
for the (S) transition state.

IRCs starting from both transition states were carried out
at the semiempiric AM1 level of theory. Figure 7 shows a
part of the energy profile for the (S) enantiomer and the
converging distances between C(11)/C(15) and C(11)/H(1)
along the reaction coordinate, nicely demonstrating the
concertedness of the reaction. As the distance of the CO2

increases, the hydrogen distance to the prochiral carbon
atom decreases constantly. The negative IRC coordinates
point in the direction towards the starting materials, and
the positive values in the other direction towards the prod-
ucts.

The IRC giving rise to the (R) enantiomer looks ident-
ical. The two bond lengths converge in a similar way, show-
ing the same behavior and almost the same values, with
the exception of the calculated enthalpy, which is 3.7 kcal/
mol higher.

It is obvious that these two transition states belong to a
concerted reaction, in which the energy reaches a maximum
at the transition state. The loss of CO2 is induced by the
addition of the proton, one bond length increasing while
the other one decreases all along the reaction path.

The (R) and (S) pathways for this reaction show only a
small energy difference in the transition state (Scheme 3),
as would be expected from the experimentally observed ee
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Table 3. AM1-calculated (R) and (S) transition states

Imaginary frequency C(11)� C(11)� H(1)� ∆H(AM1) ∆H(BS1//AM1)Configuration
[cm�1] (AM1) C(15) H(1) O(4) [kcal/mol] [kcal/mol]

(S) �445.0 1.94 2.95 2.34 0.0 0.0
(R) �413.4 1.96 3.02 3.56 �4.5 �3.7

Table 4. Bond lengths [Å] corresponding to possible O�H interac-
tions

O(4)�H(1) O(4)�H(2) O(4)�H(3) O(3)�H(4)

(S) Enantiomer 2.34 2.22 2.50 2.46
(R) Enantiomer 3.04 2.18 2.26 3.92

Figure 7. IRC profile and changes in bond length for the (S) trans-
ition state

Scheme 3. DFT profile of the two pathways (B3LYP/6-31G*//AM1;
kcal/mol)

values. The DFT energies for the starting materials, the two
transition states, and the products were calculated with
Becke3LYP/6-31G(d)//AM1.

The decarboxylation of the (S) enantiomeric starting
material is an inversion. Formally, however, as the substitu-
ent with the highest priority according to the CIP rules is
replaced by a substituent with the lowest priority, the relat-
ive configuration in the product remains (S).

Unfortunately, the solvent calculations on the concerted
pathway could not be completed due to technical problems.
We expect that a solvent model would also give a moderate
decrease in the calculated energies in this case. Keeping in
mind that the calculated energy values for the ‘‘solvated’’
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two-step mechanism are still higher than those of the ‘‘non-
solvated’’ concerted pathway, we propose that the reaction
follows the concerted mechanism.

Conclusion

From a combined DFT and DFT/AM1 study, we pro-
pose that the asymmetric decarboxylation reaction in the
synthesis of Naproxen proceeds through a concerted trans-
ition state and not by a two-step reaction as originally re-
ported.

The calculated energy profile for the proposed sequence
of deprotonation of the acid, decarboxylation, and repro-
tonation of the intermediate ketenimine anion was several
kcal/mol less favorable (by gas-phase and solvent calcula-
tion) than the concerted reaction, which required a gas-
phase activation enthalpy of 21.2 kcal/mol.

The key interactions in the transition state are C�H···O
and N�H···O ‘‘bonds’’, which stabilize the (S) transition
state more than the corresponding (R) transition state.
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