ELSEVIER

Awvailable online at www.sciencedirect.com

“s2* ScienceDirect

Tetrahedron 62 (2006) 10450-10455

Tetrahedron

Stereoselective iodocyclisation of 3-acylamino-2-methylene
alkanoates: a computational insight

Roberta Galeazzi,™ Gianluca Martelli, Giovanna Mobbili, Mario Orena and Samuele Rinaldi

Dipartimento di Scienze dei Materiali e della Terra, Universita Politecnica delle Marche, Via Brecce Bianche, I-60131 Ancona, Italy

Received 10 April 2006; revised 24 July 2006; accepted 3 August 2006
Available online 8 September 2006

Abstract—In order to explain the high stereocontrol occurring in the iodocyclisation of 3-acylamino-2-methylenealkanoates, either the con-
formational space of the starting products or the cyclisation reaction potential energy surface (PES) was explored at DFT level of theory,
the polarised continuum formalism (PCM) for chloroform being used in order to consider the solvent effect. The observed stereoselection
was ascribed to both the near attack conformations (NACs) distribution and the energy differences between the two possible and competitive

cyclisation pathways leading to cis- and trans-diastereomers.
© 2006 Elsevier Ltd. All rights reserved.

1. Introduction

3-Amino-2-hydroxy acids are compounds of particular
interest owing to their biological activity. For example,
N-benzoyl-syn-phenylisoserine 1a' and N-tert-butoxycar-
bonyl-syn-phenylisoserine 1b? occur as the C-13 side chain
of paclitaxel (Taxol®)® and docetaxel (Taxotere®),* respec-
tively. Within a research project directed to induce confor-
mational changes in bioactive oligopeptides by means of
conformationally restricted B-amino acids, starting from
the Baylis—Hillman adduct 3 the racemic compounds
2a—d were prepared, analogues of N-benzoyl-syn-phenyliso-
serine 1a (Scheme 1).%
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In the key step of the synthetic route, 3-acylamino-2-methyl-
ene-3-arylpropanoates 4 underwent iodocyclisation with
NIS in chloroform® to give the corresponding dihydro-1,3-
oxazoles 5 in high yield and with total diastereoselection
(Scheme 2).5 Thus, a computational study was initiated in
order to rationalise the outcome of the cyclisation reaction.’

4 COOR?
a.R'=Ph,R2=Et, R®=Ph g.R'=Ph, R? = -Bu, R®=CCl3
b.R' = Ph, R?=Et, R® = tBu h.R" = Me, R? = t-Bu, R® = CCl3
c. R'=4-CH,0CH,, R2=Et, R®*=Ph j R' = 4-NO,-CgHs, R? = Me, R® = P

1= 2 — 3 —
d. R1 = Ph, R2 = t-Bu, R3 =Ph j.R" = 4-C-CgHs, R? = Et, R® = Ph
e.R'=Ph R"=£Bu,R"=Bn k.R'=Ph, R2 = Me, R® = Ph
f.R' = Ph, R? = t-Bu, R® = CH, Cl

Scheme 2.

2. Computational methods

All calculations were carried out on SGI Octane2 IRIX 6.5
workstations. Molecular mechanics calculation were per-
formed using the implementation of AMBER force field
(AMBER*)® within the framework of Macromodel version
5.5.% The torsional space of each molecule was randomly
varied with the usage-directed Monte Carlo conformational
search.'? For each search, at least 1000 starting structures for
each variable torsion angle was generated and minimised
until the gradient was less than 0.01 kcal/Amol. Duplicate
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conformations and those having energy in excess of 6 kcal/
mol above the global minimum were discarded. The solvent
effect was included by using the implicit chloroform GB/SA
solvation method of Still et al.'!

All DFT calculations were carried out using the standard
tools available in the Gaussian 98 package,'? with Becke’s
three parameter hybrid functional having the Lee—Yang—
Parr correlation term (B3LYP),'? with 6-311G™ basis set
for iodine and 6-31G” for all the other atoms. These func-
tional and basis sets have been shown to properly describe
the considered systems and polarisation functions are
required in such calculation to obtain correct results. The
transition states were searched by using the synchronous
transit-guided quasi-Newton method. Frequency analyses
were performed in order to obtain both energetic information
about the reaction pathways and to fully characterise the
nature of the stationary points onto the reaction potential
energy surface (PES). The only imaginary frequency of
the TS structures really corresponds to the correct reaction
coordinate. Solvent effects were modelled using the polar-
ised continuum (overlapping spheres) formalism (PCM).'*
The PCM method models the solvent as a continuum of
uniform dielectric constant, and the solute is placed into
a cavity within the solvent. The cavity is constructed by
placing a sphere around each solute heavy atom. Hydrogen
atoms are always enclosed within the sphere of the atom
to which they are bonded. For the atomic radii, the Bondi
approximation was used. In this method the effects of
solvation are folded into the interactive SCF procedure.
The dielectric constant of the solvent used was ¢=4.9 (for
chloroform).

3. Results and discussion

At first, in order to definitively ascertain the mechanism of
the iodocyclisation reaction taking into account the experi-
mental evidence, we fully explorated the conformational
space of the starting 3-acylamino derivatives 4a—k. This
step was carried out with the aim to localise the near attack
conformations (NACs)'>1® Jeading to the cis- and trans-di-
hydro-1,3-oxazoles through the NIS mediated iodocyclisa-
tion reaction (Scheme 3).
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Scheme 3. Geometry of NACs conformers of compound 4 leading to cis-
and trans-dihydro-1,3-oxazoles.

Table 1. MC-search results for conformers A and B of compounds 4a-k,
obtained with 1000 step/torsional, GB/SA, CHCl;, AMBER* and
AE=6.0 kcal/mol

Compound 4  Conformers Lowest energy ~ Lowest energy
AE=6.0 kcal/mol  conformer type conformer type

A (kcal/mol) B (kcal/mol)
a 52 0.0 2.60
b 44 0.0 2.69
c 132 0.0 2.38
d 23 0.0 2.25
e 41 0.0 227
f 18 0.0 2.23
g 13 0.0 2.08
h 11 0.0 297
i 28 0.0 1.71
j 35 0.0 1.60
k 24 0.0 2.62

Once the NAC has been defined, the problem can be viewed
as consisting of two parts: (a) identifying ground state con-
formational equilibria, including formation of NACs, and
(b) locating the transition state of the NAC to product. Using
the energy of the conformations in a weighed Boltzmann dis-
tribution, we calculated the percentage fraction of con-
formers present as NACs for each compound (Table 2).
Since there is a direct linear free-energy relationship be-
tween the log of the fraction of this kind of conformations
and AG*, the rate constants for the cyclisation can be related
to the mole fraction of the ground state of each amide present
as NACs.

From the data collected, we found out two main groups of
conformations, namely conformer A and B, whose structure
is shown in Scheme 3. In conformer A, the iodocyclisation
reaction can take place with attack of the amidic oxygen to
the re-face of the allylic carbon, leading to the cis-dihy-
dro-1,3-oxazole, while in conformer B the attack takes place
on the si-face forming the trans-product. Since the reaction
proceeds with total diastereoselection to give the cis-dia-
stereomer, exclusively, we expect that a larger number of
the NACs like A must be present and at lower energy with
respect to conformations like B. Indeed, from the energetic
point of view, the calculations strongly agree with the expec-
tations (Tables 1 and 2).

Then, the geometry of each structure obtained from the

conformational analysis was analysed and all the stable

Table 2. Populations of all conformers lying within 3.6 kcal/mol for
compounds 4a-k

Compounds Population Population Population
NACsS cis % NACs trans % not-NACs

a 97.59 0.92 1.49

b 94.55 2.13 3.32

c 93.6 1.40 4.99

d 93.83 4.35 1.84

e 86.19 3.15 10.66

f 92.85 4.33 2.82

g 86.01 2.07 11.92

h 99.89 0.11 0.0

i 76.51 18.70 4.79

j 87.29 5.49 7.22

k 92.85 0.88 6.27
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conformations, which lie in energy gap of 3.6 kcal/mol were
classified into three categories: NACs for cis-cyclisation,
NAGC:s for trans-cyclisation and non-NACs. In Table 2, the
global population of each group is summarised at 7=298 K.

It was found that for all the compounds examined, the con-
formation type A (NACs for the observed re-face attack) are
more populated than the corresponding type B (NACs for the
not observed si-face attack). Since higher the population of
NACs the lower is the activation energy of reaction,
AG*,'° we could immediately argue that the iodocyclisation
leading to a cis-isomer is strongly favoured with respect to
the iodocyclisation leading to a trans-isomer, since the molar
fraction of the corresponding NACs is much larger for cis
than for trans.

However, even if these data support our findings, this result
alone does not completely explain the total stereoselection
of the reaction, in particular for compound 4i whose con-
former type B at lower energy is significantly populated
(Fig. 1).

This result prompted us to further investigate the mechanism
of the iodocyclisation reaction localising the reaction paths
by means of DFT quantum mechanical calculations starting
from a representative compound of the amides 4a—k having
a simpler structure. Particularly, we choose the model amide
6 having R'=i-Pr, R?=¢-Bu and R*=CHs, i.e., substituent
groups smaller than those considered in the reported reaction
(Scheme 2), which keep however the similar stereoelec-
tronic properties. This allowed us to perform higher level
ab initio calculation saving CPU time.

There are three possible reaction mechanisms, which can
give rise to a cyclic product: (a) the formation of the NIS-
substrate complex followed by iodonium ion formation
and cyclisation (type 1); (b) the formation of the NIS-
substrate complex followed by cyclisation (concerted

d(o-c)=3.13 A ! Y

Figure 1. Lowest energy conformers (NACs for cis) for compound 4g
(type A).
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Scheme 4. Type 1 and type 2 mechanisms for iodocyclisation of 6 leading to
the cis-product 7.

mechanism) (type 2) and (c) the formation of the iodine cat-
ion (I*)-substrate complex, followed by the cyclisation reac-
tion (type 3) (Schemes 4 and 5). In order to validate or to
exclude each one of these possible pathways, we localised
the reaction paths onto the PES minimising the energy of
all the molecular species involved (Scheme 6).

Type 1 mechanism was analysed first beginning from reac-
tion steps 1 and 2 relative to the 7t-complex formation for
both cis- and trans-iodocyclisation. Since a complex forma-
tion is generally a very fast process, so that it cannot be in-
volved in the stereoselectivity control, the reaction step 1
was not explicitly considered being furthermore structurally
and thermodynamically very similar for both iodocyclisa-
tion reactions (namely cis and trans).

The existence of the m-complex was confirmed localising it
as a stationary point onto the PES surface and also the tran-
sition state (TS) leading to the iodonium ion was found both
for the cis- and trans-cyclisation (Fig. 2). All these calcula-
tions were performed in vacuo and in order to obtain more
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Scheme 5. Type 1 and type 2 mechanisms for iodocyclisation of 6 leading to
the trans-product 8.
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Scheme 6. Energy profiles for cis and trans-iodocyclisation step 2 (type 1
cyclisation) both in vacuo and in chloroform (PCM).

Figure 2. Transition structures of ‘cis’ (a) and ‘trans’ (b) TS of the iodonium
ion formation starting from the NIS—amide-NACS m-complex (step 2).
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Scheme 7. Energy profiles for iodocyclisation step 3 (type 1 cyclisation)
leading to either cis-7 or trans-8 both in vacuo and in chloroform (PCM).

accurate results, we included the solvent effect implicitly by
using the PCM model of solvation in chloroform. When
comparing the results of these two different approaches,
we observed in general a change in energy but not in the
relative stability of all the molecular species involved in
the process.

Furthermore, for step 2 (type 1 cyclisation) it was shown that
the solvent does not change the stability of the 7t-complex
significantly or the activation energy of this step but induce
a further stabilisation of the final product, cis-iodonium ion
with respect to the trans cation.

The activation energy of this process was found to be high
for the trans path and small for the cis-one (Scheme 7). In
addition, the energy of the iodonium ‘cis’ is lower than the
corresponding ‘trans’, suggesting that the cis-process is fav-
oured over the trans-one by both kinetic and thermodynamic
control.

When we subsequently considered step 3, the reaction path-
way shows it to be fast owing to very low activation energy
for both cis and trans-cyclisation processes, with the geo-
metry of TS close to that of reagents according to the Ham-
mond postulate (Fig. 3). Anyway, even if this step cannot
affect stereoselectivity as it is too fast, the iodocylisation
leading to the cis-isomer is again favoured, having a lower
activation energy and forming the most stable product.
From all these results, we could deduce that step 2, i.e.,
the formation of the T-complex, is the steady state of the
overall reaction and is responsible for the stereoselection
observed, according to the mechanism type 1.
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Figure 3. TS structures for type 1 mechanism step 3 leading to (a) cis-7, (b)
trans-8.

These calculations were also performed both with and with-
out considering the solvent effect, and the major changes
were observed in the energy of the two iodonium cations,
which have a high energy gap in relative stability
(1.13 kecal/mol in vacuo, 2.57 kcal/mol in solvent) thus sug-
gesting that stereoselection is strongly related to the forma-
tion of these two species. This result, together with the minor
population of the NACs conformers leading to the trans-
product, is in full agreement with the observed diastereo-
selection.

Eventually, although the type 1 mechanism allows explana-
tion of the experimental data, the other mechanisms pro-
posed must be considered, too, since they can interfere and
superimpose with this latter. In particular the mechanism
type 2 can compete with mechanism type 1 [i.e., iodocycli-
sation directly through the t-complex without formation of
iodonium ion (concerted mechanism)]. However, the 7t-
complex NIS-amide ‘cis’ is more stable than the NIS-amide
‘trans’ one, and the same is observed for the corresponding
cyclic products.

Then, according to the Hammond postulate, it can be de-
duced that the same trend takes place for transition states ob-
served since they are similar to the starting products. Thus,
we expect that the relative activation energy has the same
trend, suggesting that the observed cis-cyclisation is the
more favoured process both kinetically and thermodynami-
cally. Unfortunately the corresponding TS structures arising
from these m-complexes and leading to the cyclisation prod-
uct does not exist as stationary point onto the PES, automat-
ically excluding this iodocyclisation mechanism.

At last, although intuitively it was less probable, mechanism
type 3 was considered, but as expected, we were unable to
find stationary points onto the PES surface corresponding
to a possible T-complex between I* and the double bond
of the substrate. In fact, all the optimisation strategies di-
rectly converge to either the iodonium ion or the cyclisation
product.

4. Conclusions

From the computational results it can be strongly concluded
that the stereochemical outcome of the iodocyclisation reac-
tion of compound 3 relies on two different but concurrent
aspects. On one side there is the conformational behaviour
of the starting compounds, which strongly prefer to adopt
a NAC arrangement leading to ‘cis’ iodocyclisation. On
the other there is energetics of the possible reaction path-
ways. From the data obtained we could exclude the two
competing mechanisms involving either the direct formation
of the iodine cation (I*)-substrate complex (type 3) or the
Tm-complex (type 2) both leading to the cyclized product
without involving a iodonium intermediate. Instead, we
identify an exclusive reaction pathway for iodocyclisation
(namely type 1), which include the formation of an iodonium
cation intermediate. Furthermore from the energetics of this
path, it is found that the formation of the cis-product is due to
both kinetic and thermodynamic control, and thus it is the
only formed product. This is in agreement with the observed
stereoselectivity. Finally, even if the solvent effect is impor-
tant since ionic species are involved, we must remember that
the reaction is conducted in a low polarity environment
(chloroform). In fact, as we can argue, we found out that
this affects only the energy of the species involved and not
their relative stability, thus being not able to change the
nature of the mechanism itself.
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