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Domino synthesis of 1,3,5-trisubstituted hydantoins: a DFT studyf

Tommaso Marcelli,* Francesca Olimpieri and Alessandro Volonterio*

Received 15th February 2011, Accepted 3rd May 2011
DOI: 10.1039/ c10b05242j

The mechanism of the reaction between carbodiimides and activated o,3-unsaturated carboxylic acids
yielding fully substituted hydantoins and variable amounts of N-acyl urea by-products was studied
using density functional theory calculations. Two alternative pathways featuring N-acyl ureas and
imino-oxazolidinones as intermediates for the formation of the hydantoin product were taken into
account. The results obtained using two different computational models indicate that the overall
barriers are similar for the two pathways considered. In all cases, inclusion of a second molecule of
carboxylic acid was required to mediate tautomerizations and rearrangement steps. The calculations
successfully reproduce the experimentally observed regioselectivity with respect to both N-acyl urea

and hydantoin products.

Introduction

Small functionalized heterocycles play a central role in medicinal
chemistry.! A large number of either synthetic or naturally
occurring compounds showing high biological activities contain
heterocyclic rings. Furthermore, such rigidified scaffolds act as
valuable building blocks in the development of novel pharmaceu-
ticals, since they can often be readily functionalised with a variety
of pharmacophoric groups.

In this respect, hydantoins represent a very important class of
biologically active heterocyclic compounds, as testified by their
broad medicinal and agrochemical applications. Many hydantoin
derivatives have been identified as anticonvulsants and antimus-
carinics, antiulcers and antiarrythmics, antivirals, antidiabetics,
serotonin and fibrinogen receptor antagonists, inhibitors of the
glycine binding site of NMDA receptors and anticancer.> Fur-
thermore, substituted hydantoins may afford non-natural o-amino
acids via alkaline hydrolytic degradation,® eventually in optically
pure form if submitted to dynamic kinetic resolution.* Thus, the
chemistry of multiple substituted hydantoins has been extensively
investigated during the years.

Such compounds are traditionally prepared by cyclization in
strongly acidic or basic media of ureido acids, obtained from
the reaction of o-amino acids or amino nitriles with alkyl,
aryl, or chlorosulfonyl isocyanates, respectively, which require
extended reaction times or high temperatures.’> Furthermore, only
3,5-di- and 3,5,5-trisubstituted hydantoins are readily accessi-
ble in this way, while a preliminary alkylation of the amino
moiety, by reductive amination or via Mitsunobu reaction, is
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required in order to achieve the synthesis of fully substituted
hydantoins.® Alternative methodologies, reported in the past years
for the preparation of 1,3,5-trisubstituted hydantoins, include a
palladium-catalyzed one-pot carbonylation of aldehydes in the
presence of urea derivatives,” a novel application of the Ugi five-
component condensation® and a base-catalyzed rearrangement
of S-substituted barbituric acids.® Efficient protocols for the
preparation of hydantoins on solid supports are also known.*

In this context, our group recently developed a straightforward
and atom-efficient protocol for the one-pot synthesis of hydantoins
from carbodiimides and activated o,B-unsaturated carboxylic
acids (Scheme 1)."
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Scheme 1 Domino synthesis of 1,3,5-trisubstituted hydantoins.

This approach allowed the synthesis of a variety of heterocyclic
derivatives with mostly good yields and high regioselectivity. In
some cases, formation of the desired product was accompanied
by substantial amounts of N-acyl ureas. Nevertheless, variation
of the reaction conditions (addition of a stoichiometric base
and/or use of a different solvent) allowed isolation of the target
compounds in good yields for nearly all the combination of
reaction partners. Interestingly, both hydantoins and N-acyl ureas
are often formed with complete regioselectivity. In addition, we
could detect small amounts of N-acyl ureas even for high-yielding
substrate combinations. While the synthetic protocols for this
reaction have been described considering reaction times of several
hours, "TH-NMR analysis of a reaction mixture immediately after
mixing of the reactants was inconclusive, in that we were not
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able to detect intermediates or observe significant variations
over time. In this contribution, we present a theoretical study
of the title reaction using high-level density functional theory
calculations aimed at obtaining insights into the mechanism of this
transformation.

Computational methods

All calculations were performed using the Gaussian03 package.'
The stationary points were fully optimized in the gas phase using
the B3LYP" density functional with the 6-31G(d,p) basis set and
subsequently confirmed by vibrational analysis. When necessary,
different diastercomeric arrangements were taken into account
in the location of the stationary points. For convenience, only
the lowest-energy ones are discussed in the text. The nature of
the transition states was studied either by visualization of the
vibration corresponding to the only imaginary frequency or by
intrinsic reaction coordinate scans. Single-point energies were then
calculated with both the B3LYP and the MPW1K functionals,
using the larger 6-311+G(2d,2p) basis set. Solvent effects were
taken into account by performing single-point calculations on
the optimized structures with the CPCM" continuum solvation
model at the B3LYP/6-31G(d,p) level of theory, using ¢ = 8.93 for
dichloromethane. The final energies were obtained by adding the
zero-point vibrational correction and the CPCM total electrostatic
correction to the electronic energies calculated with the larger
basis set. The two potential energy surfaces obtained using the
different functionals are fairly similar, although there is significant
disagreement with respect to the nature of the rate-determining
steps. Unless otherwise stated, the energies reported in the main
text have been calculated using the B3LYP functional, as these
results compare better with the available experimental data (see
below). The potential energy profiles obtained with MPW1K are
available in the ESI.7The representations of the stationary points
were produced using CYLview.'

Mechanistic hypothesis

The initial evaluation of the various mechanistic pathways
to product formation was performed using a small computa-
tional model composed of acid 1a and dimethylcarbodiimide 2
(Scheme 2).
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Scheme 2 Computational model.

Next to the obvious advantages in terms of computational costs,
the use of a small symmetrical carbodiimide allowed regiochemical
aspects of this reaction to be considered separately (see below). In
an early stage of this project, inclusion of a second molecule of
acid 1a in the computational model was found to be essential
for proton shuttling in conjugate addition and tautomerization
steps. Moreover, the calculations show how a carboxylic acid

could promote the rearrangement of an intermediate imino-
oxazolidinone to the thermodynamically more stable hydantoin
product.

The reaction of carboxylic acids with carbodiimides constitutes
the basis of several peptide coupling protocols and it is known
to proceed via an O-acylisourea intermediate.” One of the main
problems of this approach to amide bond synthesis is represented
by the tendency of O-acyl isoureas to rearrange to the considerably
more stable N-acyl ureas. In amide couplings, this problem is often
overcome by using catalytic amounts of strong nucleophiles which
are capable of creating a second highly electrophilic species with
no risk of degradation.” The mechanistic possibilities which were
scrutinized in this work are depicted in Scheme 3. In principle,
intramolecular conjugate addition might take place from the O-
acyl isourea intermediate 4, instead of the 1,3-acyl shift required
for the formation of the N-acyl urea. In this case, the addition
product would be imino-oxazolidinone 5, which is known to
quickly rearrange to the more stable hydantoin upon treatment
with an aqueous base (Pathway A)." However, the mechanism
for this transformation is not known and the previously proposed
1,3-acyl shift' cannot take place due to geometric constraints.
Alternatively, N-acyl urea 6 might be an intermediate in the
formation of the desired product. In this respect, one of the
nitrogen atoms could act as nucleophile in a conjugate addition
to the o,B-unsaturated ester moiety and generate the hydantoin
heterocycle (Pathway B). Also in this case, literature precedents®
as well as our own experience® testify the feasibility of this reaction
using a weak base in a protic medium.
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Scheme 3 Mechanistic pathways considered in this study.

Results and discussion
Pathway A

The sequence of elementary steps involved in Pathway A is
depicted in Scheme 4 while the geometry of selected transition
states is given in Fig. 1. Both pathways begin with a concerted
proton transfer—nucleophilic addition (TS;), which was calculated
to be a fast step. Repeated transition state optimizations starting
from different guess geometries consistently converged to TS,,
which leads to the formation of a Z-isourea. We note that the ge-
ometry of this six-membered transition state resembles previously
described saddle points for the hydrolysis of carbodiimide with
two molecules of water.”2 Also in these cases, the transition states
clearly lead to the formation of a Z-imine. A possible explanation
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Scheme 4 Pathway A: aza-Michael addition and imino-oxazolidinone rearrangement.
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Fig. 1 Transition states in Pathway A.

for this phenomenon might involve repulsion between the lone
pairs on the carbodiimide nitrogen and the carboxylate oxygen,
which is minimized in the transition state leading to the Z-product.
A somewhat similar behaviour was observed in nucleophilic
additions to isocyanides®® and rationalized by Nguyen and co-
workers in terms of stereoelectronic effects.*

Coordination of a second molecule of acid 1a yields structure
C, featuring a hydrogen bond between the carboxylic acid moiety
of 1a and the ester of the isourea. This arrangement allows proton
shuttling in the following conjugate addition step (TS,), which
closes the five-membered ring. A second proton transfer takes
place in TS;, resulting in the tautomerization of structure D to the
significantly more stable imino-oxazolidinone.”

Next, we addressed the mechanism for the conversion of the
imino-oxazolidinone intermediate 5 to the hydantoin product 3.
We envisioned that this formal 1,3 O— N acyl shift, which requires
a sequential ring-opening/ring-closure, could be promoted by the
reversible nucleophilic addition of the carboxylate of compound
1a. In this scenario, a mixed anhydride would be the acyl donor
reacting with one of the urea nitrogens to yield the hydantoin
ring. The first step of this sequence requires protonation of the
imine moiety of compound 5, yielding the required carboxylate as
well as a sufficiently electrophilic heterocycle for the subsequent
nucleophilic addition. In this respect, several attempts to locate a
transition state for proton transfer to the imine nitrogen were
unsuccessful. However, we managed to locate an alternative
pathway from E to G, involving the formation of a temporary
C-0 bond between the carboxylate oxygen and the imine carbon
(see Scheme S1 in the ESIt). This is most likely a computational
artefact and we ascribe it mainly to the shortcomings of DFT

(and the B3LYP functional in particular)® in the optimization
of stationary points with significant charge separation. For this
reason, these results are not discussed further.

Starting from structure G, ring-opening via attack of the
carboxylate to the oxazolidinone carbonyl (TS,) was calculated
to be a facile process. The following ring-closure to the hydantoin
product is accompanied by proton transfer to the carboxylate
(TS,), hence liberating product 3 and carboxylic acid 1. This last
step was found to be the most energetically demanding one with
respect to the imidazolidinone rearrangement.

Fig. 2 summarizes the calculated energy profile for Pathway
A using the B3LYP functional. From these data, the conjugate
addition leading to the first ring-closure is predicted to be rate
determining, with an overall barrier of 22.7 kcal mol™ (A—TS,).
On the other hand, the highest barrier predicted by MPW1K
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Fig. 2 Potential energy profile for Pathway A.
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involves the final step of the ring rearrangement (H—TS,, 18.7
kcal mol™).

Pathway B

In this second mechanistic hypothesis, the intermediate O-
acyl isourea rearranges to the more stable N-acyl urea and
the hydantoin ring is formed by an aza-Michael addition
(Scheme 5); relevant transition states are depicted in Fig. 3.
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Scheme 5 Pathway B: O— N acyl shift and aza-Michael addition.
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Fig. 3 Transition states in Pathway B.

Z-4 cannot undergo 1,3 O—N acyl transfer due to geometric
constraints, therefore we optimized a transition state for the
thermal E/Z isomerisation of the O-acyl isourea (TS;g). The
barrier for this transformation was calculated to be appreciably
higher than for the previous step and isourea E-4 was found
to be less stable than its Z isomer by 1.3 kcal mol"'. On
the other hand, the subsequent 1,3 O—N acyl transfer was
found to be a very fast process, with the formation of N-acyl
urea 6 being accompanied by a significant thermodynamic gain.
This transformation is a pseudopericyclic rearrangement, which
takes place through a concerted four-membered transition state
(TS,) featuring simultaneous C-O dissociation and C-N bond
formation, in agreement with previous computational studies
on related transformations.”®?” While the calculations reported
here address the behaviour of a specific type of carboxylic acid
and should not be uncritically extrapolated to other systems,
our results shed light on some aspects of carbodiimide-mediated

amide couplings. In particular, the predicted stereoselectivity in
the formation of O-acyl isoureas indicates that £/Z isomerisation
of the C=N double bond could be a relevant process for the
formation of the undesired N-acyl urea product.

Similar to what was described for Pathway A, in this case
we found that inclusion of a second molecule of acid 1a in the
computational model was crucial to locate the stationary points
leading to the formation of the hydantoin product. Hence, the
arrangement of the bimolecular complex found in structure L
allows a urea proton to be shuttled to the ester moiety in the
subsequent conjugate addition step (TS,,). This is followed by an
acid-assisted tautomerization of the enol ether (TS;;) to hydantoin
3 and acid 1a.

The potential energy profile for Pathway B calculated with
B3LYP (Fig. 4) indicates that formation of N-acyl urea 6 is
a rather facile process for the system considered and that the
energetically most demanding step is the conjugate addition
closing the hydantoin ring, with an overall barrier of 20.2 kcal
mol™" (K—TS,,). Instead, MPWI1K predicts E/Z isomerization
of the O-acyl isourea (B—TS;) to have the highest barrier
(18.7 kcal mol™) in the sequence of steps considered.
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Fig. 4 Potential energy profile for Pathway B.

Therefore, B3LYP indicate a moderate yet significant preference
for Pathway B (2.5 kcal mol™). Instead, MPW1K predicts both
pathways to have identical overall barriers. As mentioned above,
the two density functionals give significantly different results
with respect to the rate-determining steps for each pathway.
MPWI1K predicts the formation of the postulated intermediate
5 to be a very easy process, while its conversion to hydantoin 3
would be energetically more demanding. For the transformation
studied here, we note that imino-oxazolidinone 5 was never
isolated or detected spectroscopically by 'H-NMR analysis of the
reaction mixture. Likewise, the MPW1K potential energy profile
for Pathway B indicates that the formation of N-acyl urea 6 is
significantly more challenging than its subsequent cyclization to
the hydantoin product. Again, this is not in agreement with the
observation of occasionally substantial amounts of N-acyl urea
by-products in the reaction. On the other hand, the qualitative
trend obtained from the B3LYP energies is opposite and in
better agreement with the available experimental data: 1) rate-
determining formation of imino-oxazolidinone 5 and easy ring
rearrangement to hydantoin 3 in Pathway A; 2) facile formation of
N-acyl urea 6 and rate-determining cyclization to the final product
in Pathway B.

This journal is © The Royal Society of Chemistry 2011

Org. Biomol. Chem., 2011,9, 5156-5161 | 5159



Larger model

As the carbodiimides routinely employed for this reaction are
considerably larger than compound 2 and the steric interactions in
some of the steps described above might significantly alter the two
potential energy profiles, we performed additional calculations
with the B3LYP functional using a larger model, also in order to
address the regioselectivity of the reaction.

Starting from the calculated structures described above, we
optimized selected stationary points for both pathways using a
computational system composed of acid 1a and unsymmetrical
carbodiimide 7. This substrate combination was chosen based on
the complete regioselectivity observed experimentally with acid 1b
in the formation of both hydantoin and N-acyl urea (Scheme 6).
In order to reduce the conformational complexity of the system
as well as its computational cost, in these calculations a molecule
of acetic acid, rather than compound 1la, was used for proton
shuttling.
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Scheme 6 Regioselectivity with an unsymmetrical carbodiimide.

We first addressed the overall regioselectivity of the reaction
which is decided in the ring closure step to the imino-oxazolidinone
for Pathway A (TS,) and in the 1,3 O—N acyl transfer step
for Pathway B (TS,). By doing so, we assumed that the two
tautomeric O-acyl isoureas resulting from the reaction of acid
1a and carbodiimide 7 could rapidly interconvert. According
to our mechanistic hypothesis, in Pathway B, cyclization of N-
acyl urea 9 would yield hydantoin 8 while compound 11 would
be converted to the regioisomeric heterocycle 10.** For both
pathways, the computational predictions are in agreement with
the experimentally observed selectivity.

The lowest-energy transition states leading to the formation
of the two regioisomeric imino-oxazolidinones are depicted in
Fig. 5. The calculations predict a strong preference for TS,.p,
ultimately leading to hydantoin 8a. The geometries of the two
structures are rather similar, with TS,.c, being a relatively early
transition state compared to TS,p,, as can be observed by the
difference in the key C-N distance. Nevertheless, inspection of
interatomic contacts did not reveal significant steric interactions
in either transition state. In this respect, the strong preference for
TS,.p, seems to originate from the increased nucleophilicity of the
nitrogen atom bearing an aliphatic substituent.

Also in the case of Pathway B, we observed a clear preference
for one of the two isomeric transition states responsible for the
regioselectivity of the reaction. The two saddle-points for the 1,3
O—N acyl transfer have nearly identical geometries and, again,
they do not seem to differ with respect to steric interactions (Fig.
6). In this case, the significantly lower energy of TS,y is likely

TS, (0.0) TS, (3.2)

v v

8a 10a
Fig. 5 Regioisomeric transition states for the aza-Michael cyclization.
Relative energies are in kcal mol™'.

TSy, (4.0)

|

11a

v
8a 10a
Fig. 6 Regioisomeric transition states for the 1,3 O—N acyl transfer.

the result of conjugation of the imine C=N bond with the phenyl
substituent.

Next, we compared the overall barriers for product formation
obtained using the larger model to the results previously obtained
with compounds 1a and 2. These calculations confirmed the trend
observed with the smaller model. In more detail, the overall barrier
for Pathway A (Ap,—TS,p,) was found to be 29.6 kcal mol™, while
the calculations indicate that Pathway B requires 26.4 kcal mol™
(Kpp— TS1o.pn)-

Therefore, B3LYP predicts that the formation of both products
takes place through a common reaction pathway. Again, these
results also indicate that generation of the previously postulated
imino-oxazolidinone intermediate is energetically more demand-
ing and might, therefore, not occur under the reaction conditions.
On the other hand, in a recent report from these laboratories, we
showed that o, -unsaturated acids with higher Michael accepting
capabilities react smoothly with carbodiimides and amines in a
three-component one-pot transformation yielding urea-amides.*
These products are likely to result from nucleophilic opening of
an imino-oxazolidinone intermediate (similar to TSy but with
an amine rather than a carboxylate as nucleophile). Considering
that variations of the substrate structure (e.g. by replacing alkyl
ester with other electron-withdrawing groups) might significantly
change the reactivity of the o,B-unsaturated acid component,
both mechanistic hypotheses should be considered when studying
related transformations.
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Conclusions

The domino reaction between activated o,B-unsaturated car-
boxylic acids and carbodiimides has been scrutinized theoretically
using the B3LYP and the MPWIK density functionals. Two
alternative reaction pathways were taken into account using two
different computational models.

The calculations indicate that both pathways have similar
overall barriers. More specifically, B3LYP predicts a preference
for a mechanism involving initial formation of an O-acyl isourea
followed by E/Z isomerization and 1,3 O—N acyl transfer. The
resulting N-acyl urea can subsequently undergo an intramolecular
conjugate addition and tautomerization to the hydantoin product.
On the other hand, MPWI1K estimates the two pathways to have
identical overall barriers. However, the qualitative predictions
obtained using MPW 1K with respect to the rate-determining steps
do not match with the experimentally formed by-products.

In all the cases considered, inclusion of a second molecule of
acid as proton shuttle and/or nucleophile was found to be crucial
for the modeling. Calculations on an unsymmetrical carbodiimide
correctly reproduced the experimentally observed regioselectivity.
These results clearly indicate that the carboxylic acid serves the
two-fold purpose of reactant and catalyst, a finding which could
be exploited in the development of enantioselective versions of this
transformation.
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