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Abstract—A proposition for the nucleosidation mechanism of five-membered glycals promoted by N-iodo-succinimide (NIS), lead-
ing to 2 0-deoxy-2 0-iodo-b-nucleosides, is presented herein supported by semiempirical MO calculations. The proposed mechanism
goes through the formation of multicomponent molecular intermediates that drastically diminish the total energy values when com-
pared to charged intermediates (via iodonium species). The nucleosidation step was performed establishing either bicomponent
(dihydrofuran–NIS) or tricomponent (dihydrofuran–NIS–silylated nucleobase) intermediates. The latter possibility has been shown
to be the most likely (according also to DFT calculations), and suggests that the mechanism should take place in a concerted fash-
ion. According to the tricomponent pathway, we have studied the stereoselectivity of the process, finding that the activation energy
for the b-nucleosidation step is between �6 kcal/mol (AM1) and �10 kcal/mol (PM3) more favorable than that of the corresponding
a-anomer, in agreement with the experimental results. The final step consists in an intramolecular silyl-transfer process accompanied
by the NIS cleavage (in a different way depending on the calculation method employed), giving rise to the ultimate formation of
N-silyl-succinimide.
� 2005 Elsevier Ltd. All rights reserved.
1. Introduction

Nucleophilic addition to a double bond constitutes one
of the most important organic reactions. This kind of
process usually needs the presence of promoters activat-
ing the p-cloud. Particularly in carbohydrate chemistry,
the nucleophilic addition over glycals, catalyzed by I+

sources such as NIS1 or sym-collidine iodonium perchlo-
rate,2 is of great interest. For instance, this approach has
been widely employed in the case of glycosidations, even
giving rise to oligosaccharides through a successive gly-
cal-glycosyl acceptor coupling,3 and also in the synthesis
of valuable 2-deoxy sugars.4 A concise revision about
new applications of NIS shows noteworthy potential
and great perspectives for this reagent.5
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NIS-mediated nucleosidation reactions using five-mem-
bered glycals were initially carried out by Kim and
Misco,6 and applied some years after by our group on
sugar glycals (obtaining 20-deoxy-20-iodo-b-nucleosides
with high stereoselectivity),7 and also on exocyclic sugar
glycals (obtaining b-nucleoside-like derivatives along
with open-chain nucleosides, depending on the nucleo-
base employed, also with high stereoselectivity).8 Another
new NIS-mediated procedure for the selective obtaining
of b-nucleosides has also been recently reported by our
group.9 Motivated by these results, we decided to tackle
the study of the most probable mechanism for these reac-
tions based on theoretical calculations.

Semiempirical MO methods suffer certain well-known
problems, such as the description of the hydrogen bond
(especially problematic in MNDO), the description of
typical organic hypervalent atoms (i.e., S or P), transi-
tion metals, transition states, or molecules that contain
atoms for which a good parameterization does not exist,
or simply, these parameters are not available.10 Never-
theless, these methods can quickly offer qualitative
information about the atomic organization and elec-
tronic distribution of experimentally studied systems.
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Scheme 1. Simplified global nucleosidation process.

Figure 1. RHF–PM3 electrostatic potential representation for 2,3-

dihydrofuran (DHF). Darker zones correspond to negative EP values.

Table 1. The formation of the DHF–I+ complex (values in kcal/mol)

O

I

System AM1 PM3

DHF + Iodonium 0 0

DHF–iodonium complex �121.63 �84.09

1616 A. J. Mota et al. / Tetrahedron: Asymmetry 16 (2005) 1615–1629
For this reason, semiempirical methods have become
very useful tools in current organic chemistry. In spite
of the problems related to the use of these methods in
theoretical calculations, they have been widely em-
ployed, even for transition state calculations.11 Further-
more, AM1 has been shown to be quite consistent in the
study of carbohydrates12 and nucleosides13 compared to
NMR and X-ray diffraction analysis,14 substances that
are present throughout this work.

Hence, we herein report a semiempirical study of the full
NIS-promoted mechanism of nucleosidation of five-
membered glycals (Scheme 1)7 employing the AM1
and PM3 semiempirical methods implemented in the
Hyperchem 7.5 package.15 This study was performed
by the means of multicomponent intermediates as con-
venient models accounting for the particular behavior
of NIS.

To study this mechanism, we first used 2,3-dihydrofuran
(DHF hereafter) as a model, in order to simplify the
numerous calculations that had to be carried out. The
stereoselectivity of the process, however, has been ade-
quately explained using the glycal experimentally stud-
ied, namely compound 1, once the whole mechanism
was elucidated. The nucleobase employed in all calcula-
tions was O,O 0-bis(trimethylsilyl)uracil 2, although the
obtained results could be extended to the other pyrimid-
inic bases and even to other nucleophiles. The proposed
mechanism should be able to answer two important
questions deriving from the experimental results:

(a) Why is the succinimide addition16 not observed to
compete with the nucleobase, and even being an
energetically more favorable process?

(b) Why does the addition of the nucleobase lead to b-
nucleosides in a highly stereoselective way?

The mechanism has been divided into two main blocks:
firstly, the nucleosidation step characterized by the
generation of a tricomponent nucleoside-complex, and
second, the termination step characterized by an
intramolecular silyl transfer along with the NIS cleav-
age, affording the final products 3 and 4 (Scheme 1). Fi-
nally, it is noteworthy that the complete regioselectivity
experimentally achieved for the nucleosidation process
(the iodine atom always bonds C(3) and the nucleophile
moiety C(2), referred to the DHF molecule) is only a
consequence of the particular charge distribution in
the oxygen-assisted double bond (Fig. 1).
2. Results and discussion

2.1. NIS cleavage. Formation of an oxocarbenium ion

It is generally accepted that NIS (and other iodonium-
source compounds) acts by means of a liberated I+ spe-
cies that would interact with the double bond, leading to
a cationic cyclic intermediate through the establishment
of a p-complex.17 Nevertheless, it has not been possible
to find a stable cyclic-iodonium (DHF–I+) transition
state although the I+ species was directly placed at the
C(3) position of the DHF molecule, with the system
becoming the much more stable oxocarbenium ion
(favored by 25–30 kcal/mol). Kim et al.2a suggested the
possibility of the existence of a hypothetical equilibrium
between both ionic forms (cyclic iodonium–oxocarbe-
nium), although according to these calculations, the cyc-
lic state would not be established at all in this particular
case (Table 1). In any case, the formation of the DHF–
iodonium complex is a very favored process with respect
to the separate components (DHF + iodonium). The
problem is not establishing a cationic intermediate, but
avoiding the counterion, which must also be considered
in the evaluation of the total energy. Since the experi-
mental reaction took place in dichloromethane as
solvent, a hypothetical stabilization of both the
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succinimide anion and the iodonium complex by the sol-
vent should not acquire great importance. Thus, when
taking into consideration all the species involved in the
NIS cleavage, the total energy became very unfavorable
(Table 2). This fact is related with the high energetic
requirements to keep out two opposite charges. Note
that a system of separate charges as the former would
collapse leading to the corresponding nucleoside-like
succinimide derivative, by attack of the succinimide
anion to the C(2) position of the DHF molecule, curr-
ently positively charged. In fact, this process is highly
favored and was experimentally observed in the absence
of the corresponding nucleobase (Table 3).
Table 2. DHF-iodonium/succinimide anion system (values in kcal/

mol)

O

I

N

O

O

System AM1 PM3

DHF + NIS 0 0

A + succinimide aniona +129.26 +144.83

A = DHF–iodonium complex.
a For this species a UHF calculation was done.

Figure 2. DHF–NIS bicomponent intermediate 5 (UHF–PM3). I =

iodine atom. Distances shown are in angstrom.

Table 4. Some geometrical parameters for DHF–NIS and DHF–

iodonium intermediates: d for distance (Å) and A for angle (�)

System Parametersa PM3

DHF d[O(1)–C(2)] 1.380

d[C(2)–C(3)] 1.345

DHF–NIS complex d[O(1)–C(2)] 1.358

d[C(2)–C(3)] 1.466

d[C(3)–I] 2.007

A[C(2)–C(3)–I] 106.3

DHF–iodonium d[O(1)–C(2)] 1.281

d[C(2)–C(3)] 1.477

d[C(3)–I] 2.010

A[C(2)–C(3)–I] 108.4

a d stands for distance and A for angle.

Table 3. The succinimide addition (RHF values in kcal/mol)

O

I

N
O O

System AM1 PM3

DHF + NIS 0 0

DHF–succinimide �33.46 �20.83

Without/with charge separation difference �162.72 �165.66
These results led us to consider that the reaction probably
did not begin with NIS breaking, but through another
waywithout charge separation. One attractive alternative
has then been studied by considering the formation of
multicomponent molecular complexes as intermediates
and transition states. For simplicity, these intermediates
could be roughly considered as charge transfer-like com-
plexes.18 Requirements for this model are the existence of
mobile p-electrons, the presence of hypervalent atoms, or
low-energy unoccupied orbitals admitting lone electron
pairs (and vice versa). It is predictable that the greater
the number of units in the molecular complex, the better
the stabilization energy for thewhole system, due to a bet-
ter effectiveness in the charge dispersion.

2.2. Bicomponent molecular-complex model

Bicomponent complex 5 is formed by the interaction be-
tween the iodine in NIS and the double bond in DHF
(Fig. 2). The formation of this complex avoids the pos-
sible nucleophilic attack on C(2) by the succinimide
since NIS maintains its molecular unity (thus, there will
be no free succinimide).
Despite the distances shown for C(3)–I and I–N bonds
(that seem to be normal r-bonds), bond orders for
C(3)–I and I–N are 0.60 and 0.49, respectively. More-
over, the current bond order for the C(2)–C(3) bond is
1.07 (as expected after the p-rearrangement). Note that
the geometry of this complex (Table 4) is an intermedi-
ate between that of DHF and that of the DHF–iodo-
nium complex.
Complex 5, however, is placed high in energy
(�22 kcal/mol according to PM3) with respect to the
separate DHF and NIS compounds, and can only be
obtained when an unrestricted HF-PM3 calculation is
performed. This leads to a structure with a diradical
character, with the unpaired electrons essentially
located onto C(2) and the iodine atom. A spin density
representation for this structure can also be seen in Fig-
ure 2. Moreover, AM1 was not able to optimize its
geometry within the convergence limits that we estab-
lished for these complexes (see computational details),
probably due to the fact that the potential well is actu-
ally very small for this species. All these features make
the formation of this complex some unlikely, but we
shall profit that PM3 allows to calculate it and we shall
go to the end in order to compare the results obtained
to the next model. Thus, from this bicomponent inter-
mediate it was possible to obtain some important
information.
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For instance, the approximation of the silylated nucleo-
base generates a pre-associative tricomponent complex
(left in Fig. 3) when the approximation angle u (with re-
spect to the DHF plane) lies at about 60� and the C(2)–
NNucl distance is 3.423 Å (being NNucl the incoming
nitrogen atom of the nucleobase). From this pre-asso-
ciative complex, we established a transition state corre-
sponding to the C(2)–NNucl bond formation (right in
Fig. 3). At this moment, the energy roughly shows an
important increase along with significant structural
changes, the C(2)–NNucl distance and the u angle being
1.997 Å and 77.7�, respectively (Table 5). The final point
of the nucleobase approximation (Table 5, entry 6) cor-
responds to the formation of molecular complex of
higher order 8 (Fig. 4). In this complex, the bond order
Figure 3. The pre-associative complex 6 (left), and the transition state

7 (right) for the bicomponent model. Distances shown are in angstrom.

Table 5. Structural parameters calculated for the nucleobase approx-

imation (UHF–PM3)

PM3 Energy (kcal/mol)

-1
0.5

2
3.5

5
6.5

8
9.5

8 5 3.423 3 1.997 1.547
C(2)-N distance

Entry d[N–C(2)]

(Å)a
u (�) d[C(3)–

I] (Å)

D[C(5)–O–

C(2)–H(2)] (�)
PM3 energy

(kcal/mol)

1 1 — 2.007 �165.89 0

2 4.993 60.2 2.008 �163.97 �0.09

3 3.423 60.7 2.009 �162.13 �0.37

4 3.003 73.8 2.005 �160.97 +1.93

5 1.997 77.7 2.138 +159.62 +8.52

6 1.547 —b 2.044 +126.71 +0.64

a d stands for distance and D for dihedral angle.
b The ring is no longer planar.
of the C(2)–NNucl bond is 0.83, therefore near to the sin-
gle bond. However, as for complex 5, the C(3)–I–NSucc

bonds seem to be a three center-two electron system,
with bond orders of 0.50 for the C(3)–I bond and 0.42
for the I–NSucc bond. This fact constitutes a typical
behavior of hypervalent molecules.19
Figure 4. The PM3 tricomponent nucleoside-complex 8. Distances

shown are in angstrom.
The formation of the tricomponent nucleoside-complex
8 can be considered as the end of the nucleosidation
step, since the C(2)–NNucl bond is already established.
We can summarize the key species found throughout
the bicomponent molecular-complex model in Table 6.
Table 6. PM3 energy in kcal/mol of the significant species found in the

bicomponent complex model

System PM3 energy

DHF + NIS + uracila 0

Bicomponent complex 5 +22.4

Pre-associative complex 6 +22.0

Tricomponent transition state 7 +30.9

Tricomponent nucleoside-complex 8 +23.1

a Uracil means O,O 0-bis(trimethylsilyl)uracil 2 (Scheme 1).
Note that the energy difference between the transition
state 7 and the bicomponent complex 5 is rather small
(�9 kcal/mol). Nevertheless, the more important ener-
getic cost corresponds to the first stage, namely the
DHF–NIS complex formation 5, which requires about
22 kcal/mol. Therefore, the transition state is finally
located �31 kcal/mol above the starting materials, a
quite reasonable value indeed. Finally, the final tricom-
ponent complex 8 has an energy value similar to that of
the bicomponent complex, lying about 23 kcal/mol
(Scheme 2).

Further calculations at the DFT level (B3LYP/6-
31G*),20 established that the bicomponent complex does
not really exist (even as a diradical species), in agreement
with the AM1 results that places NIS away from the
double bond, existing only as a weak interaction
between them. All this led us to establish a high-order
complex discussed in the next section.



Figure 5. The optimal early tricomponent intermediate 9 according to

AM1. Distances shown are in angstrom.
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Scheme 2. Relative energies of the different intermediates obtained in the nucleosidation step: bicomponent molecular-complex model.

A. J. Mota et al. / Tetrahedron: Asymmetry 16 (2005) 1615–1629 1619
2.3. Tricomponent molecular-complex model

Conversely to the previous model, the tricomponent
nucleoside-complex (Fig. 4) could be established in a
single step. This means that DHF, NIS, and the silylated
base, could simultaneously react in order to establish a
high-order complex. This model has several important
advantages: (a) intermediates can be obtained with both
the AM1 and PM3 semiempirical methods; (b) the inter-
mediate involved leading to the tricomponent transition
state is energetically much more favorable, and finally
(c) this situation could imply that a simultaneous addi-
tion takes place, which in turn would justify the fact
for which succinimide does not compete with the nucleo-
base in the nucleosidation step at any moment.

In this model, the nucleosidation step can be divided in
three stages:

(a) The formation of an early tricomponent intermedi-
ate, where DHF, NIS, and the silylated base estab-
lish a pre-associative complex before the formation
of the transition state.

(b) The tricomponent transition state, where a simulta-
neous addition of NIS and the silylated base occurs.

(c) The formation of the already mentioned tricompo-
nent nucleoside-complex.

These stages have been carefully studied by the AM1
and PM3 methods.

2.3.1. AM1 early tricomponent intermediate. Interme-
diate 9 is based on weak attractive electrostatic interac-
tions along with Van der Waals interactions,21

predominating one of those mainly in function of the
nucleobase approximation angle (u) to the C(2) position
in DHF. Thus, for this complex, a systematic study of
some structural parameters was accomplished in func-
tion of u, going from 35� to 90�, by 5� step. From the
analysis of several parameter variations, an optimized
geometry could be established for the early tricompo-
nent intermediate 9 (Fig. 5).
Thus, when changing the u value, the O(1)C(2)C(3)H(3)
dihedral angle variation presents a saddle point for
u � 65� [values going far from 180� indicate the weaken-
ing of the bonding interaction between NIS and C(3)],
and the C(2)–NNucl distance becomes minimum for u
values between 60� and 65�, which are the same angle
values for which the C(3)–I distance presents an inflec-
tion (Table 7). In addition, from the variation of the
charge on C(3) it can be concluded that the optimal
interaction with the iodine atom is established between
55� and 75� (for which the higher negative values are ob-
tained). Therefore, according to the AM1 calculations,
we can set the most probable approximation angle at
�65� (Fig. 5). For this value, the associated energy is
only 5.5 kcal/mol above the separate parent compounds.
Note the high accessibility for this intermediate if we
compare with the previous model.
2.3.2. PM3 early tricomponent intermediate. Similar re-
sults were reached by PM3. Thus, the C(2) charge vari-
ation shows an optimal interaction between 70� and 80�.



Table 7. Parameter variations found on changing the u angle value (RHF calculations using the �eigenvector following� optimization algorithm)

Charge variation on C(3) (Mulliken)

-0.37
-0.3675
-0.365

-0.3625
-0.36

-0.3575
-0.355

-0.3525
-0.35

30 40 50 60 70 80 90
ϕ (degrees)

C(2)-N distance variation (Å)

3.05
3.1

3.15
3.2

3.25
3.3

3.35
3.4

3.45

30 40 50 60 70 80 90
ϕ (degrees)

O(1)C(2)C(3)H(3) Dihedral angle (degrees)

-174
-173.5

-173
-172.5

-172
-171.5

-171
-170.5

-170

30 40 50 60 70 80 90
ϕ (degrees)

C(3)-I distance variation (Å)

2.7
2.725
2.75

2.775
2.8

2.825
2.85

2.875
2.9

30 40 50 60 70 80 90
ϕ (degrees)

u (�) AM1 energy

(kcal/mol)

d[C(2)–N] (Å)a d[C(3)–I] (Å) q[C(2)] (Mulliken) q[C(3)] (Mulliken) q[H(2)] (Mulliken) D[OC(2)C(3)H(3)] (�)

35.0 0 3.390 2.877 +0.029 �0.355 +0.218 �173.34

40.0 +0.08 3.323 2.849 +0.034 �0.358 +0.217 �172.84

45.0 +0.19 3.255 2.834 +0.039 �0.361 +0.216 �172.51

50.0 +0.34 3.188 2.815 +0.046 �0.364 +0.214 �172.12

55.0 +0.50 3.135 2.803 +0.052 �0.367 +0.211 �171.91

60.0 +0.64 3.120 2.795 +0.055 �0.367 +0.208 �171.97

65.0 +0.88 3.117 2.793 +0.058 �0.367 +0.205 �172.03

70.0 +1.13 3.122 2.782 +0.060 �0.367 +0.202 �171.85

75.0 +1.39 3.128 2.772 +0.062 �0.367 +0.200 �171.69

80.0 +1.64 3.135 2.761 +0.064 �0.366 +0.198 �171.23

85.0 +1.86 3.138 2.756 +0.064 �0.364 +0.195 �171.00

90.0 +2.11 3.140 2.752 +0.064 �0.362 +0.193 �170.83

a d stands for distance, q for charge and D for dihedral angle.

1620 A. J. Mota et al. / Tetrahedron: Asymmetry 16 (2005) 1615–1629
In addition, a minimum exists for the C(2)–NNucl dis-
tance between 65� and 75�, and another one for the
C(3)–I distance between 70� and 75� (see Table 8 within
supporting information). Hence, we presume that the
optimal u angle value is �70� (Fig. 6), and the associ-
ated energy is only 4.8 kcal/mol above the separate
components.

2.3.3. Affording the tricomponent nucleoside-com-
plex. From the early tricomponent intermediate, a
transition state (10) can be established where the two
bonds [C(2)–NNucl and C(3)–I] would form simulta-
neously. Unlike the previous model (where a sequential
mechanism takes place), this fact leads to the idea that
a concerted nucleosidation mechanism can occur.
Thus, even though this transition state is formally the
same than that obtained in the bicomponent model
(according to PM3),22 the way to obtain it, is com-
pletely dissimilar. This transition state can be seen in
Figure 7.

The final approximation of both NIS and the nucleo-
base leads to the key-step intermediate, namely the inter-
esting tricomponent nucleoside-complex already
described in the case of PM3 (see Fig. 4 and related
explanation in the text). With regards to AM1 (Fig. 8),
for this complex the bond order for the C(2)–NNucl bond
is 0.78, which means that the bond is almost formed. As
before, C(3)–I–NSucc bonds seem to be a three center-
two electron system with bond orders of 0.53 for the
C(3)–I bond and 0.35 for the I–NSucc bond. Relative
energies for all the species implicated in the nucleosida-
tion step according to the tricomponent model are
shown in Table 9.

As can be seen, AM1 offers the most favorable energy
values; for instance, �25 kcal/mol are necessary in order
to reach the transition state. However, a major differ-
ence is established for the energy of the tricomponent
nucleoside-complex. Thus, PM3 calculations place this
complex �23 kcal/mol above the starting materials,
whereas AM1 only estimates �13 kcal/mol. This signif-
icant difference led us to carry out DFT calculations in
order to establish a proper order of energy for the
key-step nucleoside-complex 8, finding that this tricom-
ponent complex actually exists and AM1 gives the most



Table 8. Parameter variations found on changing the u angle value (RHF calculations using the �eigenvector following� optimization algorithm)

Charge on C(2) (Mulliken)

0.075

0.080

0.085

0.090

0.095

0.100

40 45 50 55 60 65 70 75 80 85 90 95
ϕ (degrees)

PM3 Energy (kcal/mol)

-5790.50

-5790.25

-5790.00

-5789.75

-5789.50

-5789.25

-5789.00

40 45 50 55 60 65 70 75 80 85 90 95
ϕ (degrees)

Distance Nnucl-C(2)  (Å)

3.306

3.310

3.314

3.318

3.322

3.326

40 45 50 55 60 65 70 75 80 85 90 95
ϕ (degrees)

Distance C(3)-I  (Å)

3.050

3.070

3.090

3.110

3.130

40 45 50 55 60 65 70 75 80 85 90 95
ϕ (degrees)

u (�) PM3 energy

(kcal/mol)

d[N–C(2)] (Å)a d[I–C(3)] (Å) q[C(2)] (Mulliken) q[C(3)] (Mulliken) q[H(2)] (Mulliken) D[OC(2)C(3)H(3)] (�)

45.0 0 3.313 3.117 0.081 �0.355 0.164 �174.14

50.0 +0.06 3.312 3.111 0.084 �0.355 0.161 �174.06

55.0 +0.19 3.311 3.102 0.087 �0.354 0.157 �173.81

60.0 +0.34 3.310 3.094 0.090 �0.354 0.154 �173.61

65.0 +0.50 3.309 3.081 0.093 �0.354 0.151 �173.28

70.0 +0.68 3.309 3.064 0.096 �0.354 0.148 �172.95

75.0 +0.80 3.309 3.064 0.096 �0.352 0.145 �172.93

80.0 +0.90 3.312 3.067 0.096 �0.349 0.142 �172.86

85.0 +0.97 3.318 3.068 0.095 �0.346 0.140 �172.71

90.0 +1.01 3.324 3.066 0.094 �0.343 0.138 �172.58

a d stands for distance, q for charge and D for dihedral angle.

Figure 6. The optimal early tricomponent intermediate 9 according to

PM3. Distances shown are in angstrom.

Figure 7. RHF AM1 (left) and PM3 (right) tricomponent transition

states 10. Distances shown are in angstrom.
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accurate energy values and geometries.23 The structural
differences observed between the AM1 and DFT geom-
etries are a direct consequence of the almost planar
description that the AM1 method systematically does
over five-membered rings.24



Figure 8. The DFT/6-31G* (left) and AM1 (right) tricomponent

nucleoside complexes 8. Distances shown are in angstrom.

Table 9. Energy values (kcal/mol) for the species implicated in the

nucleosidation step in the tricomponent model

System AM1 PM3 DFT/6-31G*

Isolated moleculesa 0 0 0

Early complex 9 +5.5 +4.8 n.a.b

Tricomponent TS 10 +25.1 +29.4 +14.8

Nucleoside-complex 8 +13.0 +23.1 +8.1

a DHF + NIS + O,O0-bis(trimethylsilyl)uracil.
b This complex has not been calculated.
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The complete pathway for this model is depicted in
Scheme 3.

2.4. The silyl transfer

After the formation of the tricomponent nucleoside-
complex 8, the cleavage of the molecular complex takes
place affording the final products (Fig. 1). This evolution
probably goes through an intramolecular silyl transfer
from the nucleobase to the NIS, which also promotes
the NIS breaking affording the expected N-silyl-succini-
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Trico
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Silylated uracil
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N

N

OSiMe3

OSiMe3

Scheme 3. Pathway of the nucleosidation process in the tricomponent molec
mide 4 along with the corresponding trans-2 0-deoxy-2 0-
iodo-nucleoside (a or b stereochemistry has no sense
in this case). In order to originate the transfer process,
an adequate approximation of the NIS carbonyl group
to the silicon atom of the nucleobase is necessary, the
TMS group being transferred through an SN1-like
mechanism. This was reached by slight structural
changes with a very low energetic cost by means of an
intermediate that we called �close complex�. Moreover,
it was possible to establish two different pathways that
in turn depend on the method employed: one leading
directly to the formation of 4 if we use PM3, and the
other to the formation of first the isomeric O-silyl-suc-
cinimide if AM1 is employed. Since the latter compound
is thermodynamically less stable than the N-silyl deriva-
tive, the reaction finally evolves toward 4 by a second
intramolecular transfer of the TMS group.

2.4.1. AM1 silyl transfer. In the tricomponent nucleo-
side-complex 8, the ONIS–Si and Si–ONucl distances are
3.814 and 1.865 Å, respectively. From this complex, an
intermediate can be established with the necessary struc-
tural requirements to provoke the silyl-transfer process
between the nucleoside and one of the NIS oxygens
(for which we called it oxygen pathway�). This interme-
diate (�close-complex� 11) has an energetic cost of only
�5 kcal/mol, and now the mentioned ONIS–Si and Si–
ONucl distances are 2.671 and 1.881 Å, respectively. Note
that an important approximation of the NIS oxygen to
the silyl moiety has occurred (more than 1 Å).

It was surprising to find that the whole transfer reaction
was obtained in one single RHF calculation from the
�close complex� without any energetic barrier, evolving
directly toward the O-silyl intermediate 12 (Fig. 9). This
fact allows us to capture several outstanding intermedi-
ate points that were collected stopping the same calcula-
tion job each time at a different number of optimization
cycles (always starting at the same point: the close-com-
plex intermediate 11). From this data, it should be noted
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Table 10. Following the transfer of the TMS group through the �oxygen pa

Cyclesa AM1 energy (kcal/mol) d[C(2)–NNucl] (Å) d[C(3)–

0 0 1.500 2.117

30 �0.63 1.487 2.116

50 �1.49 1.487 2.114

70 �2.75 1.474 2.080

90 �4.67 1.481 2.098

94 �5.77 1.471 2.072

95 �6.69 1.466 2.057

100 �15.76 1.467 2.040

110 �22.26 1.458 2.056

150 �28.14 1.461 2.065

250 �30.96 1.462 2.071

End �31.76 1.462 2.073

a Tracks: 0–40: soft accommodation of the succinimide moiety; 40–93: quick

94–95: silicon tetrahedron inversion; 95–End: silyl transfer and breaking o

Figure 9. Starting 11 and ending 12 intermediates in the AM1 silyl-

transfer process. Distances shown are in angstrom.
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that NIS remains as a molecular unity until the O!O 0

silyl transfer occurs. This moment is characterized by
a tetrahedron inversion on the silyl moiety: the N–I dis-
tance has changed from 2.120 to 2.399 Å, and in the
neighborhood of this point a great irregularity for the
C(3)–I and C(2)–NNucl distances is displayed (Table 10
and figures therein). From this moment, the I–N bond
is definitely broken, leading to the final nucleoside-O-si-
lyl-succinimide complex 12. It should be noted that this
tetrahedron inversion takes place with no energetic bar-
rier, and then, it does not constitute a transition state
(see the AM1 energy variation in Table 10). Finally,
the nucleoside-O-silyl-succinimide complex 12 (Fig. 9)
is readily converted in its N-silylated isomer owing to
its greater stability. For this new intramolecular O!N
silyl migration 13 the activation energy was found to
be only 8.8 kcal/mol (Fig. 10).

On forcing the system to allow the nitrogen atom to ap-
proach the silyl group instead of the oxygen atom (and
then performing the �nitrogen pathway�), the final ob-
tained product is the nucleoside-N-silyl-succinimide 14
intermediate. However, the �nitrogen pathway� needs
thway�

I] (Å) d(I–NNIS) (Å) d(ONIS–Si) (Å) d(Si–ONucl) (Å)

2.120 2.671 1.881

2.125 2.703 1.886

2.146 2.694 1.905

2.204 2.276 2.057

2.264 2.400 1.963

2.399 2.190 2.071

2.501 2.039 2.163

2.655 1.862 2.362

2.910 1.853 2.562

3.590 1.868 2.672

4.638 1.869 2.608

6.256 1.867 2.603

translation of the silyl moiety toward the oxygen atom of succinimide;

f NIS.



Figure 11. The transition state (left) that leads to the O–I intermediate

in the �nitrogen pathway� (right). Distances shown are in angstrom.

Figure 10. Transition state for the O!N silyl transfer in the final

intermediate. Distances shown are in angstrom.

Table 11. The nitrogen pathway

System AM1 energy (kcal/mol)

Nucleoside-complex 8 0

Close-complex 11 +5.2

O–I–N transition state 15 +10.5

I–O complex 16 +2.3
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to create a new transition state 15 in order to obtain the
necessary O–I intermediate 16 that adequately orientates
Close-complex 11

Nucleoside - O-Silyl
succinimide complex 12

O-I-N Transition Nitrogen pathway

Oxygen pathway

∆H = +5.2

∆H = -34.1

Nucleoside - N-Silyl
succinimide complex

Nucleoside-complex 8

Reaction co

A
M

1 
E

ne
rg

y
(k

ca
l/

m
ol

)

∆H = +5.2

∆H = +

O --> 
silyl

Scheme 4. Nucleoside!NIS silyl-transfer process according to AM1 follow
the nitrogen atom toward the silicon moiety that will be
transferred (Fig. 11, Table 11). The complete silyl-trans-
fer process (according to AM1) is depicted in Scheme 4,
from which an unquestionable preference for the �oxy-
gen pathway� is granted by the AM1 semiempirical
method.
2.4.2. PM3 silyl transfer. In the tricomponent nucleo-
side-complex 8, the ONIS–Si and Si–ONucl distances are
4.741 and 1.732 Å, respectively. In the same manner, a
close-complex intermediate 11 can be established where
these distances are, respectively, 3.988 and 1.736 Å, with
an energetic cost of only �0.3 kcal/mol. As far as both
pathways are concerned, the results afforded by PM3
show a preference for the �nitrogen pathway� against
the �oxygen pathway�, although the energy differences be-
tween them are quite small. According to the PM3 cal-
culations, the reaction always evolves through the I–O
complex independently of the pathway followed. This
means that it takes place first an intramolecular N–
I!O–I interchange in the NIS moiety, in order to allow
a better approximation of the NIS nitrogen atom to the
silyl group in the nucleobase (Fig. 12, Table 12). In addi-
tion, the final product always is N-silyl-succinimide
independent of the pathway followed. This fact is not
surprising in the case of the �nitrogen pathway�. In the
case of the �oxygen pathway� a change of the forthcom-
ing atom in the proximities of the tetrahedron inversion
state 15

Final separate
products

I-O Nucleoside complex 16

∆H = -40.8

 14

∆H = -14.1

ordinate

8.2

∆H = +8.8

N Intramolecular
 migration 13

∆H = +2.2

ing the �oxygen� and �nitrogen pathway�.



Table 12. The formation of the PM3 I–O complex

System PM3 energy d(ONIS–Si) d(Si–ONucl)
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takes place, transforming the O-approaching in an
N-approaching (Fig. 12).
Figure 12. Above: PM3 �nitrogen� and �oxygen pathways�. Points 0, 1,
2, and 7 in the reaction coordinate are common for both pathways and

correspond to the nucleoside-complex 8, the close-complex 11, the I–O

complex 16, and the nucleoside-N-silyl succinimide complex 14,

respectively. Below: the I–O complex 16. Distances shown are in

angstrom.

(kcal/mol) (Å) (Å)

Nucleoside-complex 8 0 4.741 1.732

Close-complex 11 +0.3 3.924 1.733

O–I–N TS 15 +11.5 4.089 1.739

I–O complex 16 +11.7 4.220 1.734

O-I-N Transition state 15

Nucleoside-complex 8

Reaction coo

PM
3 

E
ne

rg
y 

(k
ca

l/m
ol

)

Close-complex 11

Nucleoside-N-silyl-su
complex 14

∆H = +11.3

∆H = +0.3

∆

Scheme 5. Nucleoside!succinimide silyl transfer according to PM3.
From a mechanistic point of view, the �nitrogen pathway�
is similar in both methods. However, the �oxygen path-
way� is quite different. For instance, according to PM3,
the I–N bond in the NIS moiety must be broken before
the approximation to the silyl group (from the I–O com-
plex). In addition, according to PM3 an O!N approx-
imation interchange takes place in the proximities of the
silicon atom. This fact implies that PM3 always prefers
the production of 4, independent of the pathway fol-
lowed. Conversely, the AM1 method first produces the
O-silyl-succinimide when the �oxygen pathway� is consid-
ered. Another difference to be highlighted is that PM3
considers the evolution of the O–I–N intermediate to-
ward the I–O complex as an almost isoenergetic process.
However, the energetics of the whole silyl-transfer step is
shown to be a much more favorable process according
to the description of AM1. All this can be seen in
Scheme 5, where the complete PM3 silyl-transfer step
is shown.

2.5. The diastereoselectivity of the nucleosidation

Once the mechanism had been proposed, it seemed quite
interesting to explore the predictable diastereoselectivity
that this mechanism can afford from a qualitative point
of view; thus, we have taken the same starting molecular
Final separate
products

rdinate

ccinimide 

∆H = -35.6

I-O Nucleoside complex 16

∆H = +3.6

∆H = -51.0

H = +0.2

∆H = +11.7
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system that was employed in the experimental work,7

namely the five-membered glycal 1 (Fig. 1). We began
making a conformational search for compound 1, doing
three times 500 optimizations (molecular mechanics:
Amber 99 force field). The non-repeated conformations
were recalculated by the different semiempirical meth-
ods. Both AM1 and PM3 found three conformations
within 1 kcal/mol, and a different geometry for the opti-
mal conformation.25 Therefore, the analysis was done in
each case with a different conformer, respecting the ob-
tained results from each method (Fig. 13).
Figure 14. The a- and b-NIS-1 bicomponent complexes 17a and 17b.
Distances shown are in angstrom.

Figure 13. AM1 and PM3 lower-energy conformers.

Figure 15. AM1 a-19a and b-nucleoside-complex 19b. Distances

shown are in angstrom.
A moderate distant interaction complex was found be-
tween NIS and the corresponding glycal, where NIS
would be situated at 4.5 Å (AM1). At this distance, there
is no difference between the energy of the a- and the
b-NIS approximation. Furthermore, when NIS was
situated �1 Å closer, only slight differences in energy be-
tween the addition upon both faces appeared, showing
the a-NIS approximation (then, b-nucleosidation) to
be more stable (�1.2 kcal/mol for a C(3)–I distance of
3.26 Å). This means that the approximation of the bulky
iodine to O(3) on the b face generates an increasing elec-
tronic repulsion due to the establishment of an all-cis
derivative. Hence, it is quite acceptable to think that
the substituent present at C(3) is the main responsible
of the stereoselectivity, the steric effects predominating
in order to avoid an all-cis configuration.26

2.5.1. Bicomponent molecular complex. The geometry
of the bicomponent complex is quite similar to that
shown by this molecular intermediate when we used
DHF as a structural model.

As before, AM1 is not able to properly establish the
NIS-1 bicomponent molecular intermediate (in concor-
dance, however, to DFT calculations). Anyhow, it can
be seen that an all-cis complex (NIS approximation on
the b-face) generates a more steric hindered intermediate
(Fig. 14). In fact, the PM3 energy difference between the
a-NIS and the b-NIS complex was found to be 3.3 kcal/
mol, the a-NIS isomer being the more stable. Obviously,
this situation favors the b-nucleobase addition, but it
seems a small value if we want to get a very high
stereoselectivity.
2.5.2. Tricomponent molecular complex. Geometries of
the tricomponent transition states 18 and nucleoside
complexes 19 are quite similar compared to those found
for the DHF model (Fig. 15). In the same way, they
could be established by all the calculation methods
employed.
Remarkably in this case, the energy differences between
the a- and b-addition in the tricomponent complex
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model became greater: �6 kcal/mol according to AM1
and �10 kcal/mol according to PM3. These values
match better in order to explain the high stereoselectiv-
ity found experimentally. Energy differences between
the a- and b-nucleosidation for transition states, nucleo-
side-complexes and final products are summarized in
Table 13.
Table 13. Energy of the nucleoside-complex intermediate and final

products

System AM1 PM3

DiBnDHF + NIS + Uracila 0 0

Transition state (b-nucleosidation) +17.28 +27.26

Transition state (a-nucleosidation) +22.87 +35.94

Diff. transition state b/a �5.59 �8.68

Nucleoside-complex (b) +5.65 +19.94

Nucleoside-complex (a) +11.48 +29.92

Diff. intermediate b/a �5.83 �9.98

Global b-nucleosidation �34.14 �10.84

Global a-nucleosidation �28.93 �3.20

Diff. nucleosidation b/a �5.21 �7.64

a Uracil means O,O0-bis(trimethylsilyl)uracil.
From this data it can be concluded that:

(a) The bicomponent model is not a suitable model for
reproducing this mechanism, due mainly to three
reasons: firstly, only PM3 can establish these com-
plexes, AM1 being in concordance with DFT calcu-
lations. Secondly, the energies displayed for
intermediates are much higher in this model. This
conclusion has an important effect because this
means that the mechanism is more likely concerted
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Scheme 6. AM1 reaction pathway of the whole tandem nucleosidation–silyl
through a tricomponent molecular-complex model.
Finally, the tricomponent model can much better
explain the high b-stereoselectivity for the nucleosi-
dation process encountered experimentally, owing
to the high energetic differences between the a-
and b-nucleobase additions. These significant differ-
ences appear as a consequence of the hindrance
showed in the formation of an 2,3,5-cis derivative.
This points to the fact that these intermediates are
actually the key step of the whole process.

(b) The silyl transfer in the whole system takes place
in the same manner that was shown before for
the DHF model. AM1 again shows a preference
for the formation of the O-silyl-succinimide com-
plex, where a new intramolecular O!N silyl trans-
fer would finish the reaction. Nevertheless, PM3
prefers going directly to the N-silyl-succinimide
complex.

(c) The determining step consists of the nucleosidation
step according to the AM1 calculations, whereas
according to PM3, the determining step is the
silyl-transfer process.

(d) It seems that the AM1 semiempirical method repro-
duces quite well the whole process, displaying the
smaller energies throughout the reaction path and
establishing a valuable concordance with DFT test
calculations. Thus, we can summarize the most
probable complete reaction in Scheme 6.
3. Conclusions

In summary, we have carried out a semiempirical study
of the mechanism for the NIS-mediated addition of silyl-
ated pyrimidinic bases to glycals (even though these
 8
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transfer reaction for DHF: tricomponent molecular complex model.
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results could be extended to other nucleophiles) through
the formation of multicomponent molecular complexes.
The establishment of bicomponent intermediates was
only reached by PM3. From these complexes, the tri-
component intermediates were obtained, which could
be equally obtained from a direct mechanism through
the formation of early tricomponent intermediates.
The advantage is that the necessary energy to get the lat-
ter compounds is much smaller. This means that the
addition took place in a simultaneous way, avoiding,
in this manner, the possible addition of the succinimide
moiety on C(2). The results disclosed herein emphasize
the significance of the tricomponent species in the
NIS-promoted reaction. From this point the termina-
tion reactions begins, namely NIS-breaking and silyl
transfer (from the silylated base to NIS). According to
AM1, it takes place first from the silyl-transfer process
whereas PM3 first breaks the NIS molecule. In any case,
the tricomponent nucleoside-complex seems to be the
key step in the whole process because an easy intramo-
lecular silyl transfer can then take place (uracil!NIS)
along with the NIS breaking that would lead to the final
products in a simple way with a low energetic cost.
Thus, from AM1 we can propose a way that has no
energetic barrier for the silyl-transfer process whereas
according to PM3 an N–I!O–I transference (�11–
12 kcal/mol) is necessary. The application of the pro-
posed mechanism to the experimental target molecule
showed a high preference for the b-nucleosidation
(�6–10 kcal/mol), in agreement with the experimental
results in terms of the high stereoselectivity found. We
can rationalize this fact taking into account that the
NIS approaching leading to an all-cis distribution pro-
duces greater steric repulsions. In addition, AM1 per-
forms better for this particular case with regard to the
DFT calculations carried out. This conclusion is also
in agreement with the literature (see above).12–14
4. Computational details

The computational study was performed by means of
AM1 and PM3 semiempirical MO calculations, all
methods implemented in the HyperchemTM 7.5 pack-
age.15 Calculations were carried out as close-shell type
(RHF), unless otherwise was indicated, using the
Polak–Ribiere optimization algorithm, except for transi-
tion states for which eigenvector-following algorithm
was employed. Concerning geometries, convergence
limits for the optimization process were fixed at
0.01 kcal Å�1 mol�1 (RMS gradient) for the stable com-
pounds and 0.05 kcal Å�1 mol�1 (RMS gradient) for
intermediates and transition states. The limit for the iter-
ative SCF calculations was fixed at 0.001 kcal mol�1.
Transition states were evaluated with estimated initial
geometries using the transition state research imple-
mented in the HyperchemTM 7.5 package, by means of
a trial-and-error sequence, and characterized by its
unique negative frequency. Geometries for the five-
membered glycal 1 (see Scheme 1) were obtained after
a conformational searching, which were done using the
Amber 99 force field. Then, the different conformers
were recalculated by the different semiempirical methods
used. DFT calculations were carried out at the B3LYP
level with the Gaussian 03 program27 using the standard
6-31G* basis set for all atoms except for iodine, for
which SDD basis set was used with an added polariza-
tion d function (exponent 0.266).28
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