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The Claisen rearrangement of allyl phenyl ether, allyl phenylamine, and allyl phenyl thioether, together with
the family of H, CH, OCH;, CI, F, and CN, meta-substituted molecules, is studied within a density functional
framework with B3LYP exchange-correlation energy functionals and 6-311G** basis set. Reactants,
intermediates, and products have equilibrium configurations (with no imaginary frequency), and the two
transition states possess one imaginary frequency each corroborating the proposed mechanism of a [3,3]-
sigmatropic rearrangement. The energy profile for the systems containing oxygen and nitrogen atoms mirrors
the hardness profile along the reaction path in agreement with the maximum hardness principle. However,
the molecules with sulfur atom do not follow the maximum hardness principle. This is explained in terms of
the participation of the highest occupied molecular orbital (HOMO) in the reaction. The minimum polarizability
principle is obeyed in all cases.

Introduction likes hard and soft likes soft”. Another hardness-based principle
The T3 3lsi . L f the widel q is the maximum hardness principle!® (MHP), which states
€ [ . ]-S|gmat.rop|c reaction is one of the widely used a7 here seems to be a rule of nature that molecules arrange
reactions in synthetic organic chemistrfumong these reactions themselves so as to be as hard as possible”. The MHP has been
_the Crtll_aﬁen rearrangen:éhla_s been fo‘:'.‘d tt?] be thetWOSt u;teful found to be successfilin analyzing molecular vibration and
'Fr; whic dag’(c):xygednha om 1S ?resedn r:n € reacting Ey M. internal rotation, different types of chemical reactions, aroma-
yan and O'Conndrhave confirmed the reaction mechanism ticity, clusters with a magic numbers of atoms, extra stability
of the Claisen rearrangement In terms of a_[3,3]-5|gmatrop|c of a closed-shell species, dynamical problems, electronic
rearrangement when they studied the reactiof“6flabeled excitation in aton® and mo’IecuIeél etc '
allyl phenyl ether. The reactant passes th_r_ough an mterme@ate For anN-electron system with total energy E and external
to go to the product. There are two transition states assoc'ate%otentialv(r‘), electronegativity and hardness are respectively

with Fh's reaction. For the special case of the allyl phenyl ether, defined as the following first-ord&and second-ordétderiva-
the intramolecular nature of this reaction has also been tives. viz

establishe? by a crossover experiment. Effects of solvent,

substituent$,catalysts® and also the kinetic isotope effetin 9E

the Claisen rearrangement have been studied. In this paper = _(w)um 1)
various reactivity indices defined in density functional theory

have been used to study the Claisen rearrangement of the allylyng

phenyl ether, allyl phenylamine, and allyl phenyl thioether,

together with the corresponding H, GHDCHg, CI, F, and CN, 1[9%E

meta-substituted molecules. 7= 3\ one . 2)

Density functional theory (DFTy has been found to be

successful in providing insights into the chemical reactivity and |, e present work we study the variations of various descriptors
selectivity respectivel_y in terms of global reactivity parameters of reactivity and selectivity as given above, along the reaction
such as electr_onega_tlvh&x and hardness » and local ones, path of the Claisen rearrangement of allyl phenyl ether, allyl
such as Fukui functiofi f(r) and local softness s(r). While phenylamine, and allyl pheny! thioether. For this purpose, a
Paulind® introduced the concept of electronegativity as “the density functional route has been adopted to optimize the

power of an atom in a molecule to attract electrons to itsel’, yoometries of the reactant, the product, the intermediate, and
the concept of hardness was put forward by Pearson in hishard o o transition states and then different quantities are

. L . . ate
soft acids and bases (HSAB) principle which states'¢éthard calculated for the optimized structures.
; . In connection with the MHP, Chattaraj and Sengépleave
Departamento de Quaica- proposed a minimum polarizability principle (MPP) which says
* Departamento de’Bica. . . . . .
s Department of Chemistry. that “the natl_Jral direction _of e\_/(_)lutlon of any system is toward
' Departamento de Quiica. a state of minimum polarizability”. Both, the MHP and MPP
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TABLE 1: Total Energy (au) and Relative Energy (kcal/mol) of the Claisen Rearrangement Reactions of Allyl Phenyl Ether
and Allyl Phenyl Amine

reaction methods reactant transition state 1 intermediate transition state 2 product
RHF/3-21G —419.1239 51.7 18.4 95.8 —6.1
RHF/6-31G* —421.4617 56.0 9.3 88.5 -7.1
B3LYP/6-31G* —424.1634 36.5 12.6 68.6 —7.7
allyl-phenyl ether MP2/6-311G** /| RHF/6-31G* —423.0168 32.6 21.3 63.8 —16.3
MP2/6-31G* /| RHF/3-21G —422.7688 32.3 10.0 68.5 -11.7
present work —424.1107 34.4 11.7 62.8 —-9.6
RHF/3-21G —399.4050 61.4 30.4 101.3 —-5.9
RHF/6-31G* —401.6351 65.0 22.1 99.0 —6.3
B3LYP/6-31G* —404.3005 44.2 24.5 79.5 —6.9
allyl phenylamine MP2/6-311G** /| RHF/6-31G* —403.1731 48.0 23.1 76.2 —-11.4
MP2/6-31G* /| RHF/3-21G —402.9314 37.3 22.3 80.4 —-9.2
present work —404.2309 445 25.2 71.8 —7.4

a|ncluding the zero-point energy correction.

TABLE 2: Relative Energy (kcal/mol), Hardness (kcal/mol),

R 1 P
and Polarizability (in au) for the Studied Claisen : X R x R X
Rearrangements ©/j 1 m 2 m
7

X: N o S
) relative relative relative oS
reactions E Vi a E Vi o E n o R O-CH:"CH‘ H.CLE.ON
OCHz-¢-X-allyl ; .
R 00 589 184.2 00 862 1741 00 632 2035 Figure 1. General scheme of the Claisen rearrangement.
TS1 42.9 50.1 230.8 34.8 458 227.8 325 39.7 267.9 i
I 21.2 52.1 184.7 9.4 496 179.0 22.0 35.7 239.1 Hardnesg; is calculated as the half of the HOM@Q.UMO
TS2 68.4 47.4 2076 60.4 46.0 2003 605 36.5 258.1 gap, i.e.,
P —7.0 63.8 1856 —9.2 66.3 177.9 —1.6 64.2 201.1
CHs-¢-X-allyl E — E
R 0.0 60.4 178.3 0.0 66.4 1685 0.0 63.3 197.3 p=—MO__ HOMO A3)
TS1 43.9 49.3 2248 33.9 458 220.1 323 40.7 2555 2
I 237 51.3 179.8 9.9 525 171.0 224 36.5 226.0
;sz _770'f é‘asf 12709177 _96%'56748'6171193'5_1 ?2'%6 635'1%42g6'4 This definition comes from eq 2 with a finite difference
H-¢-X-allyl approximation in addition to Koopmans’ theorem.
R 0.0 607 1610 00 67.1 151.3 00 63.4 1798 The static electric dipole polarizability has been calculated
IT81 2454.25 glés.g 12é32752 1314;1 541552 1250325» 2335 31‘?'02 22037657 by analytical differentiation of the dipole moment with respect
TS 2 718 451 1839 6.8 439 1737 639 343 2076 tothe ele.ctr.lc field and for this work only the following mean
P —7.4 635 162.3 —9.6 67.4 1545 —1.6 66.8 176.9 value [@[Jis interesting
Cl-¢-X-allyl 1
R 0.0 61.0 177.7 0.0 66.4 167.9 0.0 62.2 196.6
TS1 447 489 2253 34.0 456 2206 325 40.0 257.3 [ol= o+ ayy + 05) (4)
I 25.3 50.3 180.7 11.3 51.7 1725 23.3 357 229.9
TS2 71.9 451 202.8 62.7 442 1939 63.2 345 251.1 . . .
P —7.2 63.1 1789 —9.5 66.9 171.1 —1.6 65.6 194.1 All calculations have been accomplished with the GAUSSIAN
F-¢-X-allyl 98 progrant?
R 0.0 622 161.3 0.0 683 151.7 0.0 62.5 180.6
TS1 448 495 207.8 34.0 46.2 203.2 32.3 40.6 238.1 ; i
I 249 51.8 162.7 104 53.4 1543 227 36.6 208.2 Results and Discussion
Is2 712 466 1842 617 458 1745 624 360 2295  The general scheme of the studied reactions is presented in
P —7.0 64.8 162.7 —9.3 685 155.0 —1.5 66.0 177.9 . . -
CNp-X-allyl Figure 1. The Claisen rearrangement for the studied molecules
R 00 538 1910 00 505 1811 00 572 2088 9oes from the reactant R to the product P through an intermedi-
TS1 454 465 2408 350 44.4 233.4 329 37.7 2757 ate |l and two transition states TS1 and TS2. All of them have
I 275 46.3 193.6 14.4 47.3 1835 252 32.8 2485 ; ; ;
152 56 412 2176 650 404 208% €47 312 2708 been fully chara}cterlzed. B(_afore o!lscussmg the re_sults for all
p —74 559 193.0 —-96 604 1848 —1.9 599 207.3 systems in detail, a comparison with other calculations for the

molecules of allyl-phenyl ether and allyl-phenylamine is made
in Table 1. For the other reactions no literature data are available
for comparison. One can see that the results obtained in this
work compare very well with the other ones. The noted
differences between the results of our calculations and that of
the B3LYP/6-31G* reported in ref 29 is due to the inclusion of
Computational Details the zero-point energy in our calculations. Test calculations on
the allyl-vinyl ether show a complete agreement when the zero-
Equilibrium geometries of the reactant, the two transition point energy is not considered. In Table 2 the relative energy
states, the intermediate and the product associated with the(relative to that of the reactants), the hardness, and the dipole
Claisen rearrangement of all the studied molecules, are obtainedyolarizability for all the species are provided. The calculated
by optimization within a density functional framework using a free energies differ from the reported relative energies in less
6-311G** basis set. The B3LYP exchange-correlation func- than 1 kcal/mol. For all the allyl phenyl ether derivatives the
tional$” are used for this purpose. Vibrational frequencies are product is more stable than the reactant by about 9 kcal/mol,
also calculated at the B3LYP/6-311G** level mainly to check for the amine derivatives this energy difference is about 7 kcal/
the number of imaginary frequencies (NIMAG) and for calcu- mol and decreases significantly to around 2 kcal/mol for the
lating the zero-point energies. thioether derivatives. The metabstitution has little influence

have been extensively studied in the recent y&ai%Therefore,
in this work the change in the static electric dipole polarizability
along the reaction path has also been studied.
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Figure 2. Geometries of the transition states for the N-, O-, and S-substituted species.

on the reaction energy. The barrier heights to pass from theof the transition state for some representative species are
reactant to the intermediate are higher for the amine-substitutedpresented. In the first transition state the distaneeCX (X =
molecules, and they are very similar for the ether and thioether N, O, and S) varies from 2.22 A (N) and 2.16 A (O) to 2.58 A
substituted molecules. However, the intermediates of the ether(S). This is expected due to the larger size of the sulfur atom.
substituted molecules are clearly more stable than the othersHowever, the other important distance-©215 is smaller for
The generic feature of all the reactions is the barrier height to the sulfur substituted molecule (2.10, 2.24, and 1.99 A for the
the second transition state which is very similar for the ether N-, O-, and S--substituted molecule, respectively). For the
and thioether substituted molecules, between 60.0 and 65.0 kcalsecond transition state, the important€12 and C2-H,0 bond

mol, whereas the amine-substituted molecules present a barrietengths do not change in an important way with the nature of
height between 70.0 and 75.0 kcal/mol. In Figure 2 the structure the heteroatom. On the contrary, the-©4 and X—H»0 bond
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Figure 4. Relative energies, hardnesses, and polarizabilities for the
species participating in the Claisen rearrengement of nh€Hs-
substituted allyl-phenyl ether, allyl-phenylamine, and allyl-phenyl
thioether.

Figure 3. Relative energies, hardnesses and polarizabilities for the
species participating in the Claisen rearrangement ofnth®@CHs
substituted allyl-phenyl ether, allyl-phenylamine, and allyl-phenyl
thioether.

lengths change considerably. For instance, the-Xlond state with a higher hardness than the intermediate. On the other
lengthis 1.32,1.29, and 1.73 A for the N-, O-, and S-substituted hand, the minimum polarizability principle is followed for all
species, respectively. In general, the meta-substituents do nothe reactions with nitrogen, oxygen, and sulfur atoms. Taking
affect in an important way the structure of the transition states. into consideration that the calculated dipole polarizabilities can
From Figures 3-8 one can see that the hardness values follow have an error of about 5 au the discussion should be done only
the maximum hardness principle for the ether and amine in the global aspects and one should not expect to have a clear-
substituted molecules without exception. The hardness profile cut conclusion about the small difference between the dipole
mirrors the energy profile as it is expected. However, for the polarizabilities of the reactants and the products. However,
thioether substituted molecules there is at least one transitionhigher polarizability values for the transition states are clearly
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Figure 5. Relative energies, hardnesses, and polarizabilities for the
species participating in the Claisen rearrangement of the allyl-phenyl Figure 6. Relative energies, hardnesses, and polarizabilities for the
ether, allyl-phenylamine, and allyl-phenyl thioether. species participating in the Claisen rearrengement of rth€l-
substituted allyl-phenyl ether, allyl-phenylamine, and allyl-phenyl
delineated. From Figures-3 it is transparent that the minimum  thioether.
polarizability principle is followed in all cases, whereas the
maximum hardness principle fails for the sulfur containing allyl phenyl thioether and substituted molecules. In Figure 9,
molecules. The reason for this behavior can be understood bythe HOMO and LUMO orbitals for the transition structures,
analyzing the nature of the HOMO in each case. For the TS1, of the Claisen rearrangement of the allyl phenyl ether,
operational definition of the global hardness (eq 3) one seesallyl phenylamine, and allyl phenyl thioether are displayed. It
that the hardness carries information about the HOMO and is obvious that for the allyl phenyl ether and allyl phenylamine
LUMO. Therefore, in the cases where these orbitals are notthe HOMO is important in the region of overlap between the
changing in an important way during the reaction one cannot phenyl and allyl moieties where the bond breaking and formation
expect the operational hardness to be a good reactivity index.are occurring. However, the HOMO of the allyl phenyl thioether
In fact, this is the case for the Claisen rearrangement of the has no overlap between these two regions and it is more
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Figure 8. Relative energies, hardnesses, and polarizabilities for the
species participating in the Claisen rearrengement of théN-
substituted allyl-phenyl ether, allyl-phenylamine, and allyl-phenyl
thioether.

: , Since the polarizability profile mimics the energy profile and

i 181 | TR R the hardness profile mirrors the latter one can, in principle,
obtain all information regarding Claisen rearrangement (both
Figure 7. Relative energies, hardnesses, and polarizabilities for the thelr.mOdyrﬁmlcl and k.meﬂc) in terms of the harldniSS/pma”Z'
species participating in the Claisen rearrengement aftfesubstituted ~ @Pility profile almost in the same way as would have been

allyl-phenyl ether, allyl-phenylamine, and allyl-pheny! thioether. obtained from the corresponding energy profile. The effect of
substitution can also be understood through the variation of these

) ) guantities along a reaction path. In as much as the insight into
concentrated in the electron lone pairs of the sulfur atom. The the feasibility of an unknown Claisen rearrangement could have
MPP is valid for these molecules as well. It is interesting to peen obtained through the study of the energetics of the said
note that recently it has been numerically demonstrated that thereaction a complementary approach would involve the associated
MPP does not hold good for sulfur clust€isecause the HOMO  hardness/polarizability study.
is more concentrated on the sulfur atom lone pairs and does )
not participate significantly in the bonding and accordingly an Concluding Remarks
inverse relationship between the hardness and the polarizability DFT (B3LYP/6-311G**) calculations have been performed
has not been observed. to understand the Claisen rearrangement of allyl phenyl ether,

_g. 1 1
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LUMO

Figure 9. HOMO and LUMO 0.02 isosurfaces of the first transition
state for the Claisen rearrengement of the allyl-phenyl ether, allyl-
phenylamine, and allyl-phenyl thioether.

allyl phenylamine, allyl phenyl thioether and related meta-

substituted molecules. In the case of the oxygen and nitrogen
containing molecules the energy profile of the reaction is a
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