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Abstract. Acridizinium cation (ACR) and 2,3-dimethylisoquinolinium ion (DMIQ) undergo [2 + 4]
addition with dienophiles methyl vinyl ether (MVE) and propylene (PY) and the addition takes place
across the diene unit containing the cationic centre and the dienophile acts as the electron donor. These
reactions have two regiochemical paths and in each of them two possible stereo adducts could be formed.
DFT calculations performed at B3LYP/6-31G(d) level have shown that the reactions pass through con-
certed mechanism and the TSs are highly asynchronous. Methoxy group in the dienophile can take up cis
or trans orientation with respect to the double bond and in that frans orientation of the methoxy group is
preferred. Calculations further show that syn 2 adduct is kinetically and thermodynamically more
favoured in both the reactions in excellent agreement with the experimental observations. ACR is found
to be more reactive than DMIQ as a diene and as a dienophile MVE is found to be more reactive than PY.
Computed bond orders establish that the syn 2 transition states are the most ‘reactant’ like. Though the
reactions have both electrostatic control and frontier orbital control the former dominates in the initial

stages of the reaction.

Keywords.
vinyl ether; 2,3-dimethylisoquinolinium ion.

1. Introduction

In polar or ionic cycloadditions both or either of the
addends is ionic, and they can be either a cation or
anion but anionic cycloadditions are very rare. When
both the addends are neutral partners, the reaction
generally prefers concerted mechanism and intro-
duction of electronegative atoms like, oxygen, nitro-
gen in the reaction site induces asynchronicity in the
transition states. In dipolar or ionic cycloadditions
mechanistic cross over from concerted to step-wise
path has been observed.' The effect of heteroatom
substitution in ionic addends could have a different
effect and have not been investigated before, spe-
cifically in terms of mechanism and this has been
the main motivation for this work. In ionic cycload-
ditions, in addition to frontier orbital control, elec-
trostatic control could have a significant influence
and affect the course of the reaction. Further cati-
onic addends have a low-lying LUMO and anionic

'Presented in the Theoretical Chemistry Symposium 2006 held
during 11-13 December 2006 in Tiruchirappalli, India
*For correspondence
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addends have a high-lying HOMO and this enhances
the reactivity of these addends towards addition.
This reaction principle has been used in the synthesis
of many carbocycles, heterocycles, less reactive 7
systems and heteromultiple bonds.” ACR and DMIQ
have been specifically chosen here as they have been
reported to undergo 1,4 as cycloadditions with some
dienophiles.” " Bradsher and co-workers have shown
that ACR undergoes [2 + 4'] DA reaction with MVE
and PY to give stereoselective isomer which is syn
to the phenylene ring® '’ with the methoxy/methyl
substituent maximally displaced from ring nitrogen.
Further, they have investigated the reaction of DMIQ
with CP® and MVE"’ for the understanding of high
regio and stereoselectivity. In the ionic cycloaddition
of ACR, stereoselectivity,” peri strain® and electro-
static repulsion’ play an important role. We have
modelled DMIQ-CP reaction and analysed the role
of electrostatic control on this reaction.'' In the case
of DMIQ reaction with MVE, 97% of stercoselec-
tive adduct has the methoxyl group directed over the
phenylene moiety (syn 2). These interesting observa-
tions have also stimulated us to explore mechanism
of the ACR/DMIQ reactions with MVE/ PY, inves-
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Scheme 1. Possible reaction pathways for the [2 + 4] reaction between PY, MVE
and ACRs. Trans and cis orientations of MVE is given in the inset.
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Figure 1. Free energy profile for the [2 + 47| reaction of ACR with MVE (a) cis orientation,

(b) trans orientation.

tigate further the factors that influence the reaction
pathway and its regio and stereoselectivity.

2. Computational details

Density functional theory (DFT) calculations have
been performed using B3LYP method with 6-31G(d)

basis set. The optimizations were carried out using
the Berny'” analytical gradient optimization method.
Stationary points have been located and character-
ized by computing the vibrational frequencies for
reactants, products and transition states. In all cases,
reactants and products had all real frequencies and
the transition states had a single imaginary frequency.
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Figure 2.

Optimized transition state geometries for the [2 + 4'] reaction between MVE

(trans orientation) and ACR along with degree of asynchronicity (), quantum of charge

transfer (g.;) and dipole moment ().

Transition states have been further confirmed by
animating the imaginary frequency in MOLDEN.
The intrinsic reaction coordinate (IRC) paths were
traced to check the energy profiles connecting each
transition structure to the two associated minima of
the proposed mechanism by using the second-order

Gonzalez—Schlegel integration method.'>'* Free en-
ergy and enthalpy calculations have been done using
thermochemical calculations. All computations have
been carried out using Gaussian 03, Revision B.01
and C.01." Bond orders have been calculated from
the Wiberg'® indices using NBO analysis and from
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Table 1. Thermochemical parameters for the reaction of ACR with MVE and PY (AG*, AH",
AG,, AH, are in kcal/mol and AS*, AS, in cal/mol/K) and frontier orbital energy gap values (eV).

Addition AGH AH* AS* AG,  AH, AS,  AE, AE,
MVE-ACR reaction
Cis orientation
anti 1 349 217 —44-3 —6-7 -21-1 —48-3
syn 1 34-6 214 —44.3 -0-5 -13.7 —44.2 8-63 0-18
anti 2 28-8 15-6 —44.3 —6-7 -15-6 -29-9
syn 2 27-6 14.7 —43.3 -0-7 -13-5 —43-0
Trans orientation
anti 1 29-8 17-4 —41-6 -84 -21-8 —45-0
syn 1 299 17-6 —41-3 -54 -19-2 —46-3 8-78 0-38
anti 2 23-6 11-5 —40-6 -7-9 -21-8 —46-6
syn 2 19-0 10-6 -28-2 —6-2 -20-0 —46-3
PY-ACR reaction
anti 1 34.7 21-0 —46-0 74 -22-3 -50-0
syn 1 34.3 20-8 —45.3 =77 -22-6 -50-0 9.07 0-50
anti 2 32-3 19-0 —44-6 -74 -22-3 -50-0
syn 2 31-8 18-6 —44.3 -7-5 -22-4 -50-0

AEl HOMO (diene) — ELUMO (dlenophlle) AE:HOMO (dlenophlle) — ELUMO (diene)

Table 2. Percentage of bond formation (BF;) and cleavage (BC)) of selected bonds in the TSs for the

reaction of ACR with MVE and PY.

BF; BC;
Species Ns—Ci,  Ci—Cis Ci~Cs C¢Ns Cip-C;p Ci3-Cis BFawe BFawe BFCye
MVE-ACR reaction
Cis orientation
anti 1 TS 29-60 52-84 23-90 24.27 50-84 55-98 3545 43.70 39.58
syn 1 TS 32-34 54-96 21-37 23-34 54-95 57-88 36-39 4539  40-89
anti 2 TS 4.57 12-10 57-80 46-18 19-78 59-04 24.82 41-67 33.25
syn 2 TS 0-41 12-22 57-06 45-92 18-07 58-28 23.23  40-76 32-00
Trans orientation
anti 1 TS 30-20 50-26 20-65 2277 50-84 53-61 33.70 41.76 3773
syn 1 TS 32-80 53.33 18-46 23-05 54-20 56-04 34.86 4443 39.65
anti 2 TS 1-39 11-83 52-40 42-19 15-83 54-19 21-87 3740  29-64
syn 2 TS 1-43 10-99 52-23 42-79 16-97 54-33 21-55 38-03 29-79
PY-ACR reaction
anti 1 TS 33.26 33.28 38-33 37-38 25-52 48-57 34.96 37-16 36-06
syn 1 TS 35.57 32-60 39.05 39.68 26-11 48-66 3574 38-15 36-95
anti 2 TS 19-56 22:20 48-52 43-18 3.67 50-67 30-09 32-51 31-30
syn 2 TS 20-96 21-69 48.78 44.27 5-27 51-06 30-48 33-54 32-01

them bond formation index BF; and bond cleavage
index BC; have been calculated as described by
Manoharan and Venuvanalingam.'” "’

3. Results and discussion

3.1 Acridizinium ion as a diene

The detailed mechanistic scheme for the [2 + 4] ad-
dition of MVE with ACR is given in scheme 1 and

free energy profile is presented in figure 1. The opti-
mized geometries are depicted in figure 2. Com-
puted thermodynamic data and FOE gap values (eV)
are presented in table 1. Bond order analysis data for
the reaction of ACR with MVE and PY are given in
table 2. ACR has three diene units and therefore, in
principle, the cycloaddition can undergo across any
of these units but C6-N5-C11-C12 unit forms the
LUMO and therefore the reaction undergoes prefer-
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Figure 3.
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Figure 4. Free energy profile for the [2 + 4'] reaction between (a) PY-ACR and (b) PY-DMIQ.

entially across this unit. Therefore, pathways involving
other two units have not been considered for any
further discussion as they are not preferred.

3.1a Reaction between acridizinium ion and
methyl vinyl ether: Computed FOE gap values (ta-
ble 1) show that this is an inverse electron demand
type reaction and this is due to the fact that the diene
is a cation and has a very low-lying LUMO and the

calculated ¢q.; (figure 2) values indicate the transfer
of charge from dienophile to diene. Scheme 1 shows
that four pathways are open for this reaction and
they are described as syn 1, anti 1, syn 2 and anti 2
depending on methoxy group orientation with re-
spect to the phenylene ring and its disposition to-
wards C6 atoms. Regio 1 path will have two stereo
adducts syn 1 and anti 1 and regio 2 path will have
two stereo adducts syn 2 and anti 2. Further, the
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Table 3. Thermochemical parameters for the reaction of DMIQ with MVE and PY (AG,
AH", AG,, AH, are in kcal/mol and AS*, AS, in cal/mol/K) and frontier orbital energy gap

values (eV).
Addition AGH AH* AS* AG, AH, AS, AE, AE,
MVE-ACR reaction
Cis orientation
syn 1 41-9 29.2 —42-6 -14-1 -0-3 202
anti 1 42-6 299 —42.7 —6-2 =77 =5-1 9.21 0-06
syn 2 294 16-2 —44.3 -9.5 —4.3 17-4
anti 2 314 18-3 —43.9 -5-9 -81 -73
Trans orientation
syn 1 37-1 253 -39.7 -7-8 -5.5 7-9 9.37 0-26
anti 1 36-7 24.3 —41-8 -5.7 -8-8 -10-3
syn 2 24.2 12-1 —40-7 74 —6-0 4.7
anti 2 24-8 12-8 —40-2 —4-6 -88 -144
PY-ACR reaction
syn 1 39.0 25-6 —45-0 -5-6 -8-8 -10-7
anti 1 39.9 26-4 —45.3 -5-9 -83 =81 9.-49 0-52
syn 2 352 21-8 —45-0 -5.7 -86 -9.7
anti 2 36-0 227 —44-6 -6-0 -84 8.0

AElHOMO (diene)—ELUMo (dlenophlle) AE:HOMO (dlenophlle) — ELUMO (diene)

Table 4. Percentage of bond formation (BF;) and cleavage (BC)) of selected bonds in the TSs for the re-

action of DMIQ with MVE and PY.

BF; BC;
Species NQ—C3 CG—Cl C5—C4 Cl—Ng C3—C11 C5—C6 BFAve BFAve BFCAve
MVE-ACR reaction
Cis orientation
syn 1 TS 43.18 57-82 30-17 40-01 62:20 61-47 43.69 5456 49-13
anti 1 TS 40-65 52-18 2983 40-81 55.51 5491 40-88 5041 45-65
syn 2 TS 562 1128 67-00 5665 0-00 65-83 2796  40-82 34-39
anti 2 TS 4.62 11-16 6577 5550 0-00 64-36 27-18 3699 32.09
Trans orientation
syn 1 TS 42-55 5932 25.03 38-54 6452 60-95 4230  54-67 48-48
anti 1 TS 41-17 5232 3039 4126 56-02 56-69 4129 5132 46-30
syn 2 TS 6-41 1036 61-06 53-05 0-63 61-49 2594 3839 32-16
anti 2 TS 4636  11:26 61-56  52.30 2-17 61-37 39.73 38-61 39-17
PY-ACR reaction
syn 1 TS 31-57 3130 49-31 50-56  33.99 54-14 3739 4623 41-81
anti 1 TS 31-59 3191 4865 4920 33.37 53.74 3738 4544 4141
syn 2 TS 19.60 21-03 5842 54.13 18-39 57-92 33.02 4348 38:25
anti 2 TS 1995 2153 5752 5265 19-26 57-31 33.00 43-07 38-04

methoxy group in dienophile can take up two orien-
tations, cis or trans with respect to the double bond
as shown in (inset) scheme 1. Then, there are eight
stereo adducts possible for this reaction. Both con-
certed and step-wise paths for all these stercoselec-
tive additions have been attempted but concerted
paths alone could be located and all the transition

structures are found to be asynchronous as reflected
in the o values (figure 1) and this is in view of
asymmetry in the structure of diene and dienophile.
In all these eight possible paths C6—-C13 bond is found
to be shorter than C11-C14 in the concerted TS and
this gives clear evidence that in the beginning phase
of the reaction electrostatic control is dominant. C6
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Figure 5. Optimized transition state geometries for the [2 + 4] reaction between PY and
ACR along with degree of asynchronicity (), quantum of charge transfer (g.,) and dipole

moment (£).

is more eclectropositive and interacts strongly with
the negative end of the dienophile and forms the bond
quickly over the other forming bond C11-C14. The
latter bond develops at a slower pace and this leads
to asynchronous TSs. The computed free energies of
activation data presented in table 1 show that the
trans orientation is more favoured compared to cis
orientation by approximately 5 kcal/mol. So, further
discussions are restricted to frans adducts.

The free energy of activation for the anti 1, syn 1,
anti 2 and syn 2 reactions are found to be 29-8, 29-9,
23-6 and 19-0 kcal/mol respectively and this clearly
indicates that syn 2 adduct is the most favoured one
from kinetic considerations. Computed enthalpy of
activation of syn 2 is 10-6 kcal/mol and on compari-
son with all the adducts entropy loss is found to be
less in syn 2. This is in good agreement with the re-
port of Bradsher and co-workers.® IRC calculations
are found to connect the reactant and the corre-
sponding products. When newly forming bonds ma-
ture at different rates asynchronous structure forms
but this has to be carefully distinguished from TSs
leading to step-wise intermediates. This can be done

by moving the TS ‘forward” along intrinsic reaction
coordinate (IRC). If the weaker bond starts growing
in the forward direction the TS is concerted asyn-
chronous and if the second bond does not mature it
is a step-wise TS. This can be verified by examining
the bond length of newly forming bonds in halfway
structures. By ‘halfway’ structures it is meant that
species that lie on the reaction path originating from
TS and ending at the product. There is a gradual in-
crease in the formation of C11-C14 bond on moving
the reaction system from the TS towards the products
and this confirms that the TSs are concerted. TSs
and the corresponding structure of the species which
lie at ‘half way’ between the TS and the product are
shown in figure 3(a). The possibility of step-wise
mechanism is thus ruled out. Bond order analysis
shows the bond formation and cleavage indices and
their average. BFCa,. gives the average percentage
of all main bond forming and cleaving processes at
various species. Lower BFC,,. value, that are less
than 50, indicate ‘early” or ‘reactant’ like or ‘loose’
nature of the TS and higher values indicate ‘late” or
‘product’ like or ‘tight” nature of the TS. This is the
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usual measure to position the TS on the reaction
path and locate them precisely. BFCa,. (table 2) re-
veals that the TSs are ‘reactant’ like and show that
syn 2 TS is the most reactant-like. The regio and
stereoselective formation of sy»n 2 isomer is also fur-
ther supported by the stereoselective rule’ that says
that the system tends to choose an orientation so as
to have a maximum dipole moment®' and syn 2 TS
has the highest dipole moment among all TSs and
therefore is preferred.

3.1b Reaction between acridizinium ion and pro-
pylene: ACR undergoes [2 + 4] reaction with PY
and there are two regiochemical paths (regio 1 and
regio 2) possible and in each of them two stereo se-
lective adducts (syn 1 and anti 1 and syn 2 and anti 2)

could be formed. Calculated FOE gap (table 1) and
g (figure 5) values show that the reaction is inverse
electron demand type. The LUMO of ACR is C6-
N5-C11-C12 #* and therefore addition takes place
across this unit. Computed free energy of activation
and reaction (table 1) points out that the sy» 2 is ki-
netically and thermodynamically the most favoured.
Optimized asynchronous TSs shown in figure 5 and
a values reveal that formation of C14-C6 bond is
much faster than the C13-C11 and the most electron
deficient carbon atom is C6 and the first attack takes
place involve this carbon atom. The entropy loss is
less for the syn 2 isomer than the other isomer. In
addition to that, dipole moment values suggest that
the syn 2 TS has maximum separation of charges
and is the most stable and preferred one.”’ This is in
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Figure 6. Optimized transition state geometries for the [2 + 4] reaction between MVE (¢rans orientation) and DMIQ
along with degree of asynchronicity (), quantum of charge transfer (¢.;) and dipole moment ().
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agreement with the experimental report of Bradsher
and coworkers.® Calculations have been done for the
ACR-Ethylene reaction to compare the reactivity
trends and the dienophile reactivities follow the order
MVE > ET > PY as revealed by free energy of acti-
vation and it could be understood from that the
HOMO of these dienophiles are progressively stabi-
lized in the same order. The trend obtained is well
expected as these additions are HOMO dienophile
controlled. Bond order analysis (table 2) shows that
syn 2 TS is more reactant like.

3.2 2 3-Dimethylisoquinolinium ion as a diene

3.2a Reaction of 2, 3-Dimethylisoquinolinium-methyl
vinyl ether: DMIQ and MVE undergo inverse elec-
tron demand [2 + 4'] addition through synchronous
concerted mechanism and as explained earlier two
regioselective modes are possible due to asymmetric
nature of diene and dienophile, i.e. carbon bearing
methoxyl group can react with either C1 or C4 atom
of DMIQ and further in each of these additions the
methoxy group can have syn or anti orientation rela-
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Figure 8. Optimized transition state geometries for the [2 + 4'] reaction between PY and DMIQ
along with degree of asynchronicity (), quantum of charge transfer (q.;) and dipole moment ().

tive to phenylene ring ultimately giving rise to four
adducts (scheme 2). The four regio and stereo adducts
are named as syn 1, anti 1, syn 2 and anti 2 and are
shown in scheme 2. In the above adducts methoxyl
group makes cis or trans orientation with respect to
the double bond. FOE gaps given in table 3 confirm
that the reaction is inverse electron demand type and
is also well explained from the points of view of g,
values shown in figure 6. Further, LUMO of DMIQ
fixes the reactive unit in DMIQ. Computed asynchro-
nous TSs shown in figure 6 reveal that the bond C1-
C6 is formed much faster than the other bond C5-
C4 for the reason mentioned earlier. These reactions
are also found to follow concerted mechanism with
asynchronous transition states and step-wise paths
could not be located. Free energy barriers ( given in
table 3) for the addition with MVE with methoxy
group having cis orientation to the reacting double
bond are found to be higher, approximately by
4 kcal/mol than the frams orientation and thereby
adducts with frans orientation is favoured. Free en-

ergy profile of the regio and steroselective additions
given figure 6 show that syn l/anti 1 addition have
high barrier (6—10 kcal/mol) compared to syn 2/anti
2 addition and the enthalpy of activation also follows
the same trend. Between anti 2 and syn 2 pathways,
syn 2 adduct formation has the lower barrier. There-
fore, among eight addition possibilities syn 2 addition
is kinetically and thermodynamically more favoured
which is in total agreement with experimental re-
sults. Bradsher and co-workers’ in their study on the
reaction of MVE-DMIQ have isolated only one
stereoisomer, which is syn 2. The high stereo selec-
tivity has been proved by NMR and X-ray crystal
structure studies. DMIQ-ET reaction was modelled
for comparison and the activation free energy is
found to be 35.3 kcal/mol which is 10 kcal/mol
higher than that of DMIQ-MVE reaction. This is
because the MVE is more electron rich than ethyl-
ene. From the values on the percentage of bond for-
mation and cleavage in table 4, the BFC,,. are found
to be less than 50% and that shows ‘early’ nature of
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the TSs and in particular the syn 2 TS is the most re-
actant like. The IRC calculations provide that the
geometry of the species that lie at ‘halfway” between
the TS and the cycloadducts (figure 3). These ge-
ometries that are located in a smooth drop in energy,
after the barrier height show that C6—C1 bond is
formed very fast about 1.72 A. On the other hand,
C5-C4 bond is much delayed and the distance is
2.95 A. Moving the reacting system from the transi-
tion state towards the product side shows a gradual
increase in the formation of C5-C4 bond and this
confirms that the TSs obtained are indeed concerted
asynchronous TSs and not step-wise TSs.

3.2b  Reaction of 2, 3-dimethylisoquinolinium-propyl-
ene: DFT Calculations have been performed for the
reaction between DMIQ and PY and as described in
scheme 2 four adducts (syn 1, anti 1, syn 2 and anti
2) are possible. Thermochemical activation parame-
ters and FOE gap values are collected in table 3 and
the free energy profile is drawn in figure 7. Opti-
mized transition state geometries of the TSs are
given figure 8. Bond order analysis data for the reac-
tion of ACR with PY are given in table 4. Computed
FOE gap values reveal that the reaction is an inverse
clectron demand type. The whole potential energy
surfaces have been scanned both for concerted and
step-wise pathways but step-wise pathway was not
found. Similar to the DMIQ-MVE reaction, activa-
tion free energy for the formation of the syn 2 TS is
lower than that of all the other TSs. In this case also
a syn 2 approach is found to be favourable. The val-
ues of degree of asynchronicity a confirm the
asynchronous nature of the TSs. The reaction ener-
gies values show that this reaction is exothermic.
The IRC calculations are found to connect the reac-
tant and the corresponding products which show
that concerted TS is on the right reaction path.
BFCay values given in table 4 indicate that the
above transition states are early transitions states.
The free energies of activation of syn 2 adducts in
reactions with MVE and PY show that between
ACR and DMIQ the former is more reactive than the
latter.

4. Conclusions

Cationic dienes ACR and DMIQ undergo regio and
stereoselective [2 + 4] cycloadditions with methyl
vinyl ether and propylene through concerted mecha-
nism. Highly stabilized LUMO in both dienes are
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responsible for the inverse electron demand nature
of the reaction as revealed by computed charges on
the addends in the TS and FOE gap values. Asyn-
chronous nature of the TSs confirm that it is a one
step, two stage process involving the two forming
bonds maturing at different rates. First formation of
the bond between the most electron deficient carbon
atom in the diene with the electron rich carbon in the
dienophile reveals the dominance of electrostatic
control in the initial phase of the reaction. The diene
unit containing the N” in ACR and DMIQ form the
LUMO and is highly reactive and this fixes the regio-
selectivity. Among the four possible stereoselective
adducts syn 2 adduct is favoured in both ACR and
DMIQ reaction and this is in agreement with the ex-
perimental observations. The regio and stercoselec-
tive formation of syn 2 isomer is also further
supported by the stereo selective rule. The reactivity
of the dienophiles employed here are in the order
MVE > ET > PY and this is true with the progres-
sive stabilization of HOMO in them. Between ACR
and DMIQ the former is more electron deficient and
is more reactive diene. Bond order analysis reveals
that all the TSs are ‘reactant’ like. In these reactions
though both electrostatic and frontier orbital control
plays significant role, the former is dominant in the
initial stage of the reaction.

Acknowledgements

Financial support from Council of Scientific and In-
dustrial Research (CSIR), India through major re-
search Grant No: 01(1649)/00/EMR-II is gratefully
acknowledged. V T thanks the Swiss Federal Com-
mission for their financial assistance.

References

1. Kavitha K and Venuvanalingam P 2005 Int. J. Quan-
tum Chem. 104 64

2. Boger D L and Weinreb S N 1987 (San Diego: Aca-
demic Press)

3. Bradsher C K and Solomons T W G 1958 J. Am.
Chem. Soc. 80 933

4. Bradsher C K and Beavers L E 1955 J. Am. Chem.
Soc. 77 4812

5. Bradsher C K and Day F H 1971 Tetrahedron Lett. 5
409

6. (a) Bradsher C K and Stone J A 1969 J. Org. Chem.
34 1700; (b) Bradsher C K, Porter N A and Wallis T
G 1974 J. Org. Soc. 39 1172; (c) Bradsher C K, Wal-
lis T G, Westerman I J and Porter N A 1977 J. Am.
Chem. Soc. 99 2588



236

7.

8.

10.

11.

12.
13.

Venkatachalam Tamilmani et al

Bradsher C K, Day F H, McPhail A T and Wong P S
1973 J. Chem. Soc. Chem. Comm. § 156

(a) Westerman I J and Bradsher C K 1979 J. Org.
Chem. 44 727; (b) Bradsher C K and Day F H 1973 J.
Heterocycl. Chem. 10 1031; (c) Westerman I J and
Bradsher C K 1978 J. Org. Chem. 43 3002

. Fields D L, Regan T H and Dignan J C 1968 J. Org.

Chem. 33 390

Fields D L, Regan T H, Dignan J C, Burnham
W S and Bradsher C K 1972 J. Org. Chem. 37
355

Tamilmani V, Claude Daul and Venuvanalingam P
2005 Chem. Phys. Lett. 416 354

Schlegel H B 1982 J. Comp. Chem. 3 214

Gonzalez C and Schlegel H B 1990 J. Phys. Chem.
94 5523

14

15.

16.
17.

18.

19.

20.

Gonzalez C and Schlegel H B 1991 J. Chem. Phys.
95 5853

Frisch M J et al 2004 Gaussian, Inc, Wallingford CT,
Gaussian 03, Revision C.02

Wiberg K 1968 Tetrahedron 24 1083

Manoharan M and Venuvanalingam P 1996 J. Chem.
Soc. Perkin Trans. 2 1423

Manoharan M and Venuvanalingam P 1997 J. Chem.
Soc. Perkin Trans. 2 1799

Manoharan M and Venuvanalingam P 1997 J. Mol.
Struct. (Theochem.) 394 41

Asynchronicity « is calculated as |a — b|/(a + b) where
a and b are the newly forming bond lengths as cited
in ref [17, 18]

. Domingo L R and Teresa Picher M 2004 Tetrahedron

60 5053




<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (ISO Coated)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.3
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Perceptual
  /DetectBlends true
  /DetectCurves 0.1000
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 150
  /ColorImageMinResolutionPolicy /Warning
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 150
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /ColorImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 150
  /GrayImageMinResolutionPolicy /Warning
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 150
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /GrayImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 600
  /MonoImageMinResolutionPolicy /Warning
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e55464e1a65876863768467e5770b548c62535370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc666e901a554652d965874ef6768467e5770b548c52175370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA (Utilizzare queste impostazioni per creare documenti Adobe PDF adatti per visualizzare e stampare documenti aziendali in modo affidabile. I documenti PDF creati possono essere aperti con Acrobat e Adobe Reader 5.0 e versioni successive.)
    /JPN <>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020be44c988b2c8c2a40020bb38c11cb97c0020c548c815c801c73cb85c0020bcf4ace00020c778c1c4d558b2940020b3700020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken waarmee zakelijke documenten betrouwbaar kunnen worden weergegeven en afgedrukt. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENU (Use these settings to create Adobe PDF documents for journal articles and eBooks for online presentation. Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
  >>
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [595.276 841.890]
>> setpagedevice


