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ABSTRACT
A theoretical study of the kinetic and mechanism of 3-a7a-Cope rearrangement {a gas phase was performed using
DFT methods a1 B3LYP leveis of thetty with 6-311++G(d,s) basis set at 298, 15K, Equilibrium meleculay
geometries and harmone vibrational frequencies of the reactaat, transion state and product were calculated. Then,
rate cdastant and activation thermodynamics parameiers were caleulated and the results showed a fairly good
agreCment with expenmental reslts that cited m the reference 25, These caleulatioas 1adicated that the regetiyn

proceeds through an asynchronous concerted mechanism.
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INTRODUCTION

Organic rcactions usuatly end up with products that are
in agree with accepted mechanisms, Cooscquently the
products are uften called mormal products. In some
cases. reactions do not fead to cxclusively and solely the
expected products, but may give other oncs that come
from mcchanistically  different  pathways. These
unexpected products are called, abrormal produces, or
rearrunged  products, The rearmanged  product s
SOMCLimes nut ondy the abnortmal but also the major one.
This may result from an expectable rearranzement
oecwting during the reaction to fulfilt the prnciple of
the minivmum energy stare of the whole system. A certain
cnergetic relief or a certain ease of lhe system must
manifest to yield the stable product, the rearrangement
product. This can be supplied through several
phenomena: a) a delocalization of the penerated radical,
cation or anion specics over the atoms of the moleeules
with  the mostly probable localization on the
thermodynamically  favored  site, which s called
resonorce; (s final stage of the intermediate. that is,
postulate, b) a shift or a migration of oac atomora
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the aciivated complex, would resemble the
resulted product it accord with the Hammond
group of atoms {radical) from onc site to another
via a breaking-formiog bond rule. Probably all of
thesc mechanistic phenomena oocur
itramolecularly,. In some  situalwms,  the
rearrangement gives products of an isomerization,
coupled with some slercochemical changes. An
encrgetic requirement shuuld be provided in order
for a reamangement (o take place: because of this
fact, the rearrangement usually involves 8 hcut
evolution to be able w produce a more stable
compoundg.

The aza-Cope rearrangement is a sigmalropic
process which has been coxiensively utilized
synthesis. The 3-az-Cupe rearrangemint (Scheme
1) first sppeared in the chemical lterature during the
early 1960's [1], even though ils oxygen analogue,
the Claisen rearrangement. had been knuwn since
1912, This was undoubtedly due to the high kinetie
barricr uf the 3-aza-Cope recarmangement [2].
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Tn general, allyl enamine struclurcs require heatinyg
to 100-150 °C in excess nf the temperature far the
analogous rearrangcrnent with allyl enol ethers [3].
This corresponds to a AGY28 keal mol'.

Charpe on the mitrogen atom kineteally
facilitates  the  3-aza-Cope  rearrangemcnt
considerably. In fact, the first reports nf 3-aza-
Cope rearrangements were those of mmmium [4]
and ammonium salts [5]. Since then, the effect of
charge on the kinetics of thesc rcarrangements has
been cxtensively exploited [6]. The aza-Cope
rearrangement is known to he catalyzed by acids
and hascs. There have been a fow attempts to
decrease the energy of activation of the 3-aza-
Cape rearrangement other than hy the generatinn
of ammnnium salts [7-10]. Becausc nf the
syathetic importance nf sueh reactions, in this
wirk we have perfarmed a kinetic study on the
following reactinm.
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Scheme 1. 3-aza-Cope rearrangement.

COMPUTATIONAL DETAILS

The structures corresponding to the reactant, TS, and
praduct were optimized and the clectronic structures
and harmonic vibrational frequencies of all statinnary
points along the reaction pathway were calcutared
using Gaussian 03 cnmputarional package [11] with
DFT methods.

Optimizatinn nf the geometries of the statinaary
points on the potential cpergy surfaces were
performed using Beck’s  (here-parameter  hybrid
exchange functional with the criTetation functinnal
nf Lee ,Yang, Pam(B3LYF) [12-13] using 6-
31 1++HG** basis set [14-15]. The svnchronnus transit
wuided quasi Newton (3TQN) method [16-17] was
used to locate the TS5. The intmnsic reactinn
coordinate (TRC) methnd [18-19] was atse apphed m
order (n check and nbtain the profiles connecting the
TS to the twe associated mumma of the proposed
mechanism. The natural band arbita! (NBO) analysis
{20-2%] was alse applied tn determine the charge
changes oecurning in the studied process. All
minimum and transition state structures are verified

by vibrational frequency analysis. :
The activatina energies and Arthenius factnrs

were  camputed using cqos. (1) and (2,
respectivelv, which were derived from  the
transition state theory [22- 23] i

E =AH" +RT I

A= (ek, T/ h)exp(AS* (T} R) i 2)

RESULTS AND DHSCUSSION .
Scheme (2} shows the optimized structures of
rcactant, TS, and product with the selected
geometrical parameters at the B3LYP/6-311+G"

{shown in Table 1}. Throughout this paper, zll
inter nuclcar distances and angles arc in angstroms
and degrees, respectively. t

|
Produoct ‘

Scheme 2. Optimized geometries of rlem:mnt, TS and
product for the studsed reaction at the BILYP6-
31007 gevel
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The concerted mechanism is initiated with the
Ci-Ni2 bond eclesvage and CI3-Ci% hond
formation. The calculatinn shows that the C1.Ni2
bond is elongatcd and the C19-Ni1? bond
shortened to form the TS. According to Table 1
the  transitinn  structure of the aza-Cope
rearrangement has a  breaking CI1-Ni2 hond
distanee of 2,31 angstrom and a forming C13-C1%
hond distance of 2.64 angstrom. The Pauling
relation [24] was used to determine the related
partial hond orders and the valucs of 0.07%nd
0.029 were obtained for C1-N12, and C13-Ci8,
respectively. Thc obtained partial hond orders
indicate that 92.1% of C1-Ni2 hond is hroken,
whereas C13-CL8 has only 2.9% reaching w the
ransition state. The extent of hroken and formed
honds m transition state shows that an
asynichronous concencd mechanism has oceurred

for the aza-Cope rearrangement. B3LYP/s-
311+H-G** results for the reaction paths are shown
n Fig 1. It demfinstrates the energy as » funetion
of the rcactinn coordinate, C1-W12, and represents
the minimum encrgy paths which connect the
reactant (o the product through the saddle pomt.

Table 2 shows the charge distrihution i the
reactant, TS and the charge difference between TS
and reactant {Acharge) hy means of NBO analysis.
The results indicate that a small negalive charge
developed on Cl, and N12 at the TS, which
demonstrates that C1-N12 hond cleavage is faster
than C13-C1& hond formation. In addition, the
charge difference shows that electron donor
groups at Cl, {16, CI8 and Ni2 aceclerate the
reaction while at C19 and C13 positions opposite
results are observed.

Talve 1. Key geometrical parameters (bond lengths io A) of the reactant, TS and product at the B3LYP/6- -
J114+G** teve] of theory for ara Cope rearrangement (the pumbering of atoms is like that mn scheme 2)

Reaciani s Product
C1-C16 1.496 1.38% 1332
C13-Cl6 1330 1.375 1.5058
C13.CL8 — Y. 1.573
CI8-C19 1.336 1.375 1.502
Cl-MN12 1 548 2308 —
C19-MNI12 1.500 1379 1.299
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Fig. 1. Schematic cnergy profile of the potential energy surface for the studied reaction at BILYP/6-31 1-+HG**

level of theory {Reaction coordinate in A),

Table 2. Distributed NBO charges on the reactant and TS at the BILYP/6-31 1-+G** |evel of theory for the studied

regeton (the numbenng of atoms is Like that in scheme 23

C! I3 C/h Ciy
Reactant | -0,1762 -(h2RGE 125349 0.0449 -[1.35381
TS -+ 1841 -1 24033 -0.ze9g QM3 03900
L"n{fharge .79 -0 (242 [IET [WR LT Q.09
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The imaginary frequency for the transition
structure was calculated to confirm the TS (-234.37
em' at BALYP+HG**), Table 3 presents, AG™,
AH™ AS™. E. and rate constants for the reaction,
The Gibbs free energy barrier 1s 19.69 keal mol™ at
B3LYP/6-3114+G*, for the TS formation. The

expenmental  value of Af F for this
rcarrangement 18 23.1(x0.8) [25] and the
calculated value is 19.17 keal mol™ (scc Table 3).
Using the encrgy barrier for this reaction
calculated by the B3LYP/6-311++G {d, p) method,
it is possible to estimate 2 TST rate cocfficient of
227x10787 at 298.15 K in gas phase. The
calculatcd rate constant indicatcs that the reaction
is not top slow apd can be done at room
temperatwre. There was ne ewperimental data
about the reaction in gas phasc but there were
some, in liquid selutions and at the presence of
switable catalyst [25]. As can be seen thers is a

| |

1
||
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fairly good agreement between experimental and
theoretical results.

CONCLUSION
A typical aza-Copc rcarrangement was studicd by
the Demsity Functionai themj,' using 6-3114+HG**
basis sct. The calculated E, in the gas phase by the
B.LYP/6-311++G™* 15 19.76 keal mol! meaning
the TS formation is energetically feasible to oocur,
This formation 15 endothermic and the reaction rate
increases with temperature. 1

The extent of broken and formed bonds in
fransiien  statc shows that an  asynchronous
concerted mechanism has occurred for the aza-
Cepe rearrangement. The charge analysis shows
that electron donor groups at 16 and Cl%
aceclerate the reaction. However, at €1, C13, and
18 positions. opposite result is observed.

Tahie 3, Theoreteal kinetic and 1+:nvatmn paramCiets ﬁ:ur aza—Cope rearrangemanl: m pas phase at 298, ISK AG,
AH® and E, are in kealmol”' and AS” is in cal mol K

BILYD AGY AHY AS? E, ing As™)
6-31 1G> 19.69 19.17 1.76 19.76 12.84 ;
|
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