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A study of the regioselectivity of the photochemicat{2] cycloaddition of triplet enones with a series of
ground-state electron-rich and electron-poor alkenes using density functional theory (DFT)-based reactivity
descriptors is presented. Using the concepts of local softness combined with a local hard and soft acids and
bases principle and a softness matching approach, the regioselectivity of this reaction can only be explained
in the case of the interaction of the triplet enones with electron-rich alkenes. In the next part, the regioselectivity

was assessed within the framework of conceptual spin-polarized conceptual DFT, considering response functions

of the system’s external potentiglnumber of electronBl, and spin numbeNs (with Ns being the difference
between the number af andf electrons in the spin-polarized system). Within this theory, the concepts of
local spin philicity and donicity are introduced. Using the spin philicity concept, the regioselectivity can
almost be completely interpreted as resulting from the interaction of the site on the alkene with the highest
spin philicity (i.e., lowest destabilization upon increasing spin number) with the site showing the highest
change of spin number on the enone expected to result in the largest stabilization of this species.

1. Introduction

(0] (0] (@]
. " R3 X 3 3 X
The photochemical [22] cycloaddition ofa,S-unsaturated | + m v K + R
carbonyl compounds (enones) to substituted alkenes, shown in g2 g1 R\ X R,
HT HH

Figure 1, is an important, widely used reaction, because it

constitutes a particularly useful tool in the synthesis of cyclo- N _

butanes. It is, by now, well-established that this photochemical Figure 1. [2+2] Photocycloaddition of a triplet,, f-unsaturated

cycloaddition involves the attack of an alkene to the triplet S2rPonyl compound to a singlet ethylene, with an indication of the head-
. . - to-head (HH) and the head-to-tail (HT) regioselectivities.

(m— *)- excited enone, leading to the formation of an 1,4-

biradical intermediate, which, after intersystem crossing to the 0

singlet ground-state potential energy surface, can react to yield

the cyclobutane derivativeNext to a vast amount of experi- c & 7

mental datd, this reaction has also been the subject of many I I

theoretical investigation.10 Cp s 5+Co

Initially, it was postulated that the reaction proceeded through
the interaction of &(nz*) excited enone with the alkene, where 0
the regioselectivity would then be determined by the specific
electrostatic interaction between reacting molecules in shis C, c
complex or excipleX2 This exciplex, shown in Figure 2, will I I
result in the head-to-head (HH) regioselectivity in the case of Cp o 3+ G
electron-deficient alkenes (i.e., with an electron-withdrawing ) ) X ) .
substituent Z on the double bond) and the head-to-tail (HT) i':r:%ﬁge[izl]zgﬂgtlgéyrggggljitt(i)oflxggaa";ritglimHg-l\;rslsgtTurftgelgﬁrebcct)lr\s/tly
regioselectivity for eIeCtrqn'”Ch alkenes (the st_Jbstltuent X on compound to an electron-deficient (substit’uent Z) and an electron-rich
the double bond now being an electron-donating group). The (sypstituent X) alkene.
regioselectivity for the first biradical producing step in the
addition of 2-cyclohexenone to alkenes was studied by Broeker corey, but found that the minimum energy triplet is &wer*)
et al.? using acrolein to model the 2-cyclohexenone. These state of the enone, showing the reverse polarity attbed
authors indeed confirmed thgnz*) polarity put forward by ¢ atoms of the enone. From calculated activation barrier
differences, these authors concluded that, in the case of electron-
* Author to whom correspondence should be addressed. Telephone: 32-deficient alkenes, the enone attacks the alkene on the least-
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reaction of some cyclic enones using a frontier molecular orbital molecules. Ola et all® investigated a large set of substituted
(FMO) methoc® These authors have concluded that the regio- carbenes, silylenes, germylenes, and stannylenes using the spin
selectivities are mainly determined in the initial biradical potential, spin hardness, spin-philicity, and donicity. In this
formation step, in agreement with the conclusions made by work, next to a study involving the more-traditional DFT-based
Broeker et ak More specifically, the addition to electron-rich  reactivity indices such as Fukui functions and local softnesses,
alkenes was determined to be well-correlated with the FMO a local version of spin-philicity and spin-donicity concepts will
interaction factors associated to the first biradical formation step. be derived to investigate the spin coupling in the first biradical
In the case of the electron-deficient alkenes, the data suggesformation step of the [22] photocycloaddition of triplet enones
that also the reversal of the biradical intermediates is relatively to substituted alkenes.

efficient. Very recently, the effect of the alkene ring size on

the regioselectivity of the addition of 2-cyclohexenone with 2. Theoretical Background

1-cyclpalkenecarquylates was studied using trans!tion-state Conceptual DFT8 offers the possibility to rationalize well-
energies, deformation energies, and an FMO anafysis. known empirical but rather intuitively defined chemical concepts
Weedon et at! performed biradical trapping experimetts  as hardnes¥,!8softnes¥’1°and electronegativit§®2and gives
for several enonealkene systems. From the study of the trapped their theoretical definition to calculate them from first principles.
biradical intermediates, they concluded that the regioselectivity For aN-electron system with external potential (i.e., potential
of the reaction is governed by the competition of the ring closure due to the nucleiy(r) and total energyg, Parr et al. showed
step of the biradical and the reversal of this intermediate to the that the electronegativity could be identified as the negative
ground-state reagents. The complete reaction path of theof the electronic chemical potential
cycloaddition of acrolein to ethylene was studied by Wilsey et
al.” using the CASSCF method, both for the singlgtBund y=—u= _(3_E) ~_1TA )
state and thers* triplet excited-state T In a subsequent oNJu() 2
contribution, the ground and first triplet excited-state potential
energy potential energy surface for the addition of 2-cyclohex-
enone, methyl acrylate, and methyl crotonate to ethylene was

i tigated using CASSCF and DFT-B3LYP levels of théory. . X o X ;
mvestigared using an evess o v in 1963 when he was studying and classifying Lewis acid and

Next to the competition of the ring closure step and the frag- . . .
mentation path, these authors have also considered the competi@ase interactions. He formulated the hard and soft acids and

tion between the deactivation of ther* triplet enone and the bases (HSA.B) principle “h.ard acids prefer to bond t,o hard bases
reaction of this species with the alkene. It was concluded that and softdaC|ds prefer to mtzract with .SOf.t ba(jgf.".‘ .1983]; hi
the outcome of the reaction is governed by the competition Earcrj anéBPearson proposed a quantitative definition of this
between the deactivation of tiérz*) enone and its reaction ardness:

with the alkene, leading to the formation of the 1,4-biradical. 1[52E 1/3 I~ A

In a theoretical analysis of the photochemical addition of chiral n= —(—2) = —(—”) N — 2

and polyfunctional 2-cyclohexenones to 1,1-diethoxyethylene, 20N oy 20N 2

Garée-Expaito et al. concluded that the regioselectivity is
determined by the relative rate of the biradical formation and
not by the relative stabilities of these sped&ertrand et al?
also studied the complete reaction profile for the addition of 1

acrolein to ethylene, to model cycloenones, on various theoreti- S= o 3)

cal levels to provide guidelines for choosing an appropriate g

computational method to describe the photochemic&i22  The local counterpart of the softness, the local softness, was

wherel and A are the vertical ionization energy and electron
affinity, respectively.
Chemical hardness and softness were introduced by Péarson

measuring the system’s resistance toward charge transfer.
The softnessSis defined as the inverse of the hardn&ss:

cycloaddition. introduced by Parr and Yang'442

In this work, the regioselectivity of the {22] photocycload-
dition of triplet o.,5-unsaturated carbonyl compounds to alkenes or) = (3P(r)) _ (3P(r)) (@) —sin) ()
is investigated using density functional theory (DFT)-based au o N Jur)\ou/ u(r)

reactivity descriptors. Generally, for systems in the triplet state, ) ) . . . )

the o and 3 electron densities will be different and one must N this equationf(r) is the Fukui function, which, because of
work within the framework of spin-polarized DFE.Spin- the discontinuity of the(r), with respect ta\, can be computed
polarized conceptual DPFallows the researcher to obtain more ~ €ither for nucleophilicf(*(r)) attack, electrophilicf(*(r)) attack,
insight into the chemical properties of systems with spin OF @ radical attackf(r)):?*

polarization (i.e. with a difference between— andj-electron ap(n)\+

density), which is the case for the triplet enones, and properties f*(r) = (p_) ~ pnea(r) = pn(r) (5)
related to the change in spin number@® N, —Ny), which is IN /o)

the case in this cycloaddition. Within this framework, many B ap(r)\~

response functions have been introduced that can be used to f(r)= (8_N) ~ pn(r) = pn-a(r) (6)
describe the chemical reactivity of spin-polarized systéhhs. 10

1988, Galva, Vela and Gaquez introduced spin-polarized 0 f5r) +17(r)

conceptual DFT, deriving expressions for the spin poteptal f(r) = - 2 (7)
the spin hardnesgssand the Fukui functionsg, fns, and ts132

Peez et al. defined the concepts spin philicity and spin doritity ~ wherepn(r), pn+1(r), andpn—1(r) are the densities of thid, N
within this spin-polarized conceptual DFT. In their work, they + 1, andN — 1 electron system, which are computed at the
demonstrated the applicability of these indices in the interpreta- equilibrium geometry of thé\y electron system (at a constant
tion of the spin-catalytic effect of some diatomic and triatomic external potentiab).
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The theoretical justification of the HSAB principle was given
by Chattaraj, Lee, and Pat.Recently, this HSAB principle
has been applied, both at the local and the global level, for the
rationalization of regioselectivity and reactivity of many
problemstéf.25

It is important to mention that the aforementioned response
functions are governing changes from one ground state to
another. The famous Hohenberiohn-theoremsg® on which
DFT is based, were also initially developed for the ground states
but later could be generalized to time-dependent electron
densities and external potentidl$8 Applications of these DFT-
based reactivity indices to excited states have, however, bee
scarcet>2?

For atomic and molecular systems in the triplet state, the
density of thea and 5 electron densities will differ and one
must work within the framework of spin-polarized DFIThe
spin-polarized conceptual DFT was introduced by Gal\&éela,
and Gaquezi3a

The first-order partial derivative of the energy, with respect
to the total number of electrons at constant spin numgrig
the equivalent of the chemical potentiain the spin-restricted

caset?
— [E
M= (aN)NS,U(r),B 8)
whereB is the external magnetic field amd is the spin number,
Ns =N, = N; ©)]

which represents the difference in the numbeiioélectrons
(No) andp electrons Kp).

The spin potentials ang andus are introduced as the partial
derivatives of the energ¥, with respect to the number of
electronsN (at constant external potentiglr) and spin number
Ns) and spin numbeNs (at constant external potentig(r) and
the number of electronN), respectively:3

_(iE
Hn = (3N)Ns,u(r),B (10)
oE
=\ 11
IMS (aNJN,y(r),B ( )

un is equivalent to the chemical potential in the spin-restricted
case, except that the derivative is taken at condtgrthe spin
potentialusis a measure of the tendency of the system to change
its spin polarizatiot? The variations inuy and us can be
expressed a3

duty = 7 AN + 77s0Ng + [T (r)ow(r) dr —
ug [ Tudr)OB(r) dr (12)
and

dus = 17ysdN + 7ggdNg + fst(r)év(r) dr —
ug [Ts4r)OB(r) dr (13)

n
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i (Bﬂs) (82E)
SST | an 2
9N N,u(r),B 3st N,o(r),B

s Iy
Nsn= (1Ind = (m)NS’U(r)]B (m . (15)

()
ON /Ngu(r),B

Here,nnn is the equivalent of the hardness in the spin-restricted
case, except, again, that the derivative is evaluated at a fixed

(14)

TINN (16)

spin numbeiNs, 77ssis called the spin hardness and is evaluated
at a constant number of electroNsand provides information
about the different valence states of the systéirhe different
Fukui functions in egs 12 and 13 are giver®as

) = (ag_(Nr))Ns,v(r),B - (;lfz?))N,Ns,v(r) 40
W)= (ag'f‘rs))w,um,s - (gzrs))N,Ns,vm 9
. (ags’slr))Ns,v(m,B - _!i(éiﬂ(?))wwgv(r) 49
R oy W o

The functiondndr), fs\(r), andfsdr) are the equivalents of the
Fukui functionfyn(r) of the spin-restricted case (except, again,
that the derivative is evaluated at a fixed spin numNgr!3
As can be seerfydr) andfsqr) will measure the response of
the electron density(r) and the spin densityg(r), relative to
changes in the spin numbBi,

After the total energy is known, one can study the energy
change as a function of the spin number, the energy change
from a ground state to a promoted state of different multiplicity.
The total energy of a system can be expanded in a Taylor series
around the reference ground state and the energy difference
between the ground and promoted state, at a constant number
of total electrons and external potential, can be written up to
second order a%4

1
AE, % tsANs + 51134 ANg? (21)

In this expressionﬂg must always be calculated in a given
direction, substitutin@g by us™ when describing changes with
increasing spin number and by~ when the spin number is

decreasing. The chemical potentialst and us™ can be
approximated &8

s (€lumo — 6Eiomo)

and
_ (€homo — umo)
,US ~ HOMO LUMO (23)

2

whereusg is the electron Bohr magneton. The hardnesses in thesewhereeoyo, €homor €Cumos @Ndel o are the orbital energies

equations are given B

of the o« and § HOMO and LUMO orbitals, respectively,
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TABLE 1: Regioselectivity of the [2+2] Photocycloaddition
of Triplet Acrolein and 2-Cyclohexenone to a Set of Singlet
/ \C/H Ethylenes Studied in This Worle

||a i a Regioselectivity

AN—0
O

H

/Cﬁ\ Cp acrolein 2-cyclohexenone

ethylene G Cs®

H H acrylonitrile G—C,(HH) HH

CN C; allene G—Co(HH) HH
>~ e I methyl vinyl ether G—C2(HT) HT
| I G isobutene G—Co(HT) HT

| 1,1-dimethoxyethylene HT

H H 2In the case of acrolein, the regioselectivity was determined from
the computed relative activation barriers of thg &hd G atoms of
acrolein to the @ atom of the alkene%,assuming that the final
regioselectivity is determined in this first step of the reaction. In the
C : I case of 2-cyclohexenone, the regioselectivities are Iisteds deter-

| mined from experimental head-to-head (HH)/(head-to-tail) HT product
H ratios.? Head-to head (HH) vs head-to-tail (HF)Taken from ref 8.

H H dThis entry corresponds to the experimentally observed regioselectivity.
Figure 3. Molecular structures of the different compounds investigated In ref 9, Garca-Expaito et al. concluded from ab initio calculations
in this work. that the first bond formed is between, Gf the enone and Lof the

alkene, confirming the experimentally observed HT regioselectivity.

computed for the ground state of the system. The spin-hardness

can be evaluated s where the double bond is substituted by an electron-accepting
group), whereas in the case of electron-rich alkenes (the
1 (M) — u (M) substituent on the double bond being an electron-releasing

ﬁgs*‘ S 5 S (24) group), the head-to-tail (HT) adduct is formed predominatithy.

Broeker et al? using acrolein as a model system, confirmed
these regioselectivities by computations of the activation barriers
for the first bond-making stepThey considered the triplet enone
to be a nucleophilic alkyl radical at thfecarbon, linked to the
more-electrophiliax-acyl radical at thex-position. As a result,
the g carbon will attach to the least-substituted site of the
electron-deficient alkenes (i.e., the formation of a bond between
C;s of the enone and £of the alkene) resulting in a HH adduct
after ring closure of the biradical. In the case of electron-rich
All calculations were performed at the (U)B3LYP le¥l  alkenes, ther carbon of the enone will be attached to the least-
using the Gaussian 03 progrénThe regioselectivity in the  substituted site of the alkene ((i.e., the formation of a bond
[2+2] cycloaddition of¥(z*) acrolein and(wwr*) 2-cyclohex- between G of the enone and £of the alkene), yielding the
enone to the alkenes ethylene, allene, methyl vinyl ether, HT compound after ring closure. For the addition of acrolein
acrylonitrile, 1,1-dimethoxyethylene, and isobutene (Figure 3) and 2-cyclohexenone to ethylene, the lowest activation barrier
was investigated. All geometries were fully optimized with the occurs for the bond formation with thfecarbon of the enone.
6-311+G** basis set' and were confirmed to be minima on A summary of the previously obtained regioselectivities for the
the potential energy surface. All reactivity indices considered compounds studied in this work is given in Table 1; for each
in this work were calculated by Single point calculations on these combination of an enone with an a|kene, the main reaction
geometries with the 6-311G** basis SBtAs can be seen, no  adduct, i.e., head to head (HH) or head to tail (HT), is given.
diffuse functions are present in the basis set to compute the |n a first part, we have studied this regioselectivity using the
reactivity indices, because this turned out to be more suitable ye|l-known “non-spin-polarized” DFT-based reactivity indices
in the case of the calculations of the Fukui functions and local and the local HSAB pr|nc|p|é5 In this approach, one is looking
softnessf* and s*, where anionic metastability is frequently  at the resemblance of the two interacting sites of the enone with
observed? the two sites on the alkene, by considering the smallest quadratic
Atomic populations were obtained using the Natural Popula- difference in local softness between the different interacting
tion Analysis (NPAJ*to compute the condensed Fukui functions  sites. To explain these regioselectivities, the local HSAB
and local softnesses. Next to its modest basis-set dependenceyrinciple, using two different approaches, was invoked. In a
this orbital-based population analysis was shown to be a reliablefirst approach, the local softness difference betweemtbes
method to compute the Fukui function and local softnesses for carbon (G and G, respectively) of the enone and one of the
a series of test systems, including ambident ani®iMoreover, two unsaturated carbons of the alkene (eithgodC,), leading
in a performance study of DFT methods in the calculation of to four possibilities (—Cy, Co—Co, Cs—Cy, or G—Cy), was
atomic populations, NPA turned out to be the only orbital-based computed. When applying this approach, one thus assumes that
methods, which yield charges that approximate topological the formation of the 1,4-biradical will determine the geometry

whereus (M') is the spin potential of the higher multiplicity
(M"), toward a decrease in the spin number agt{M) the spin
potential of the lower multiplicity M) toward an increase in
Ns. It measures the curvature of tBevs Ns curve in the given
interval.

3. Computational Details

methods® of the final adduct, thus assuming that the second ring closure
. . step of the reaction is fast, in comparison to the formation step
4. Results and Discussion of the biradical. This would then yield the HH adducts in the

From experimental studies, it is known that the photocy- cases where the first bond formed is the bond betweeand
cloaddition of cyclohexenones to alkenes yield the head-to-headC; or between ¢ and G. The HT adduct is predicted in the
(HH) adducts in the case of electron-deficient alkenes (i.e., case when the initial bond formation occurs betwegna@d
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TABLE 2: Vertical lonization Energies, Electron Affinities, Global Softnesses, Fukui Functions, and Local Softnesses for the
Triplet Acrolein and 2-Cyclohexenone, Obtained at the B3LYP/6-311G**//B3LYP/6-311+G** Level

Fukui Functions Local Softnesses
vertical ionization  electron affinity, global softness,
energy, (eV) A(eV) S(au) atom  f*(au) f~ (au) 0 (au) s* (au) s (au) < (au)
acrolein
9.159 1.132 3.394 (0] 0.270 0.286 0.278 0.915 0.970 0.943
Ca 0.474 —0.016 0.229 1.608 —0.053 0.779
Cs —0.039 0.415 0.188 —0.132 1.409 0.639
2-cyclohexenone
7.609 1.555 4,501 (0] 0.217 0.205 0.211 0.976 0.923 0.949
(oM 0.369 0.019 0.194 1.662 0.086 0.874
Cs 0.122 0.333 0.227 0.550 1.498 1.024

TABLE 3: Vertical lonization Energies, Electron Affinities, Global Softnesses, Fukui Functions, and Local Softnesses for the
Singlet Ethylenes Obtained at the B3LYP/6-311G**//B3LYP/6-31+G** Level

vertical ionization  electron affinity,  global softness, Fukui Functions Local Softnesses
energy,l (eV) A(eV) S(au) atom f* (au) f~ (au) 0 (au) st (au) s (au) < (au)
ethylene

10.568 —2.764 2.044 =C, 0.386 0.422 0.404 0.788 0.863 0.826

acrylonitrile
10.741 —0.638 2.394 (0% 0.205 0.205 0.205 0.491 0.491 0.491
C 0.346 0.321 0.333 0.829 0.768 0.798

allene
10.061 —2.565 2.158 (0% 0.143 0.205 0.174 0.308 0.443 0.376
C, 0.217 0.260 0.238 0.467 0.561 0.514
methyl vinyl-ether

8.745 —2.893 2.341 (0% 0.279 0.110 0.194 0.653 0.257 0.455
Ca 0.300 0.380 0.340 0.703 0.889 0.796

isobutene
9.251 —2.643 2.291 (0% 0.165 0.269 0.217 0.379 0.616 0.497
C 0.322 0.377 0.350 0.738 0.864 0.801

1,1-dimethoxyethylene
8.362 —2.726 2.454 C 0.006 0.065 0.036 0.014 0.160 0.087
C 0.014 0.462 0.238 0.034 1.134 0.584
C; or between gand G. The corresponding differences in the  similar to the work by Nguyen et a4°d or using § for both
local softnesse&y, 35, 3, and3) can be defined as reagents, assuming a radieahdical interaction.
In Tables 2 and 3, the reactivity descriptors for the triplet
2!‘ =(s— Sk)z (25) enones and the singlet alkenes are listed. As can be seen in

Table 2, the Fukui functions and local softnesses indeed confirm
the model used by Broeker et al. to assess the regioselectivity.
The Fukui functionf ~ and local softness™ are the highest on
the 8 carbon and thus predict that an electrophilic attack will

\(/:V'F]g?] wgstr;?slit aeg (?:tilfj(i:rﬁhzrv@)'rlino:‘hls gsuey(;onnggeagﬁi?r?ﬁ ec h, occur on the3 carbon of the enone, so that it can be considered
to be the nucleophilic site in the molecule. Note also that

study of the addition of triplet carbonyl compounds to alkenes, f-—and, as a consequenee—is even slightly negative on the

the local softness difference between two pairs of C atoms Wasa carbon. The negativity of condensed and noncondensed Fukui

investigated, combining the carbon of the enone with the;C functions. also with respect to the population analvsis method
carbon of the alkenandthe 8 carbon of the enone with the,C unctions, aiso wi P populatl 1ysi .
used in their computation, has been discussed in a series of

of the alkene and vice versa. In this way, the reaction is B e : L L
considered to be a one-step, concerted reaction, similar to thecontrlbutlons? The Fukui functionf™ and local softness

work by Nguyen et a#% on the [2+2] photocycloaddition are the _h_ighest on _tha carbon and thus predict that a
between an excited carbonyl and an alkene, leading to oxetanenUCI?OPh'“(? attack will oceuron the carbon of the_e_none,_so
' that it can, in turn, be considered as the electrophilic site in the

wheres is the condensed local softness of atopeiCthe singlet
alkene { = 1 or 2) ands, the condensed local softness of atom

derivations. molecule
zu/\sj\/.|th|n this approach, two values can be defmé@g(and Note again the slightly negative Fukui functiéf now on
217"

the atom. No negative values are encountered in the condensed
" ) ) reactivity indices of the alkenes.
=8 T(@§—9) (26) Using the vertical ionization energy)(and electron affinity
(A), one can approximate the energy needed to move an electron
wheres ands are the condensed local softnesses on atoms C from the enone to the alkenéfone — Aaikend and the energy
and G of the singlet alkene ansk ands the condensed local  needed to move an electron from the alkene to the enone
softnesses on the atomg &nd G of the enone. (laikene — Aenong- These energies are listed in Table 4. As can
Within both approaches, one can use fiés -softnesses, be seen, with the exception of the reaction of acrylonitrile with
looking at the electrophilienucleophilic interaction, again  2-cyclohexenone, the energy for the transfer of an electron from
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TABLE 4: Transfer Energies for One Electron from the TABLE 6: Values of X for the Addition of the Triplet
Enone to the Alkene (enone — Aaikend) and Vice Versa Enones to the Alkenes, Computed Using eq 26, Considering
(lakene — Aenond, Obtained at the B3LYP/6-311G**// Either an Interaction between a Nucleophile and an
6-31HG** Level Electrophile (s*/s”) or the Interaction between Two
lenone— lalkene — Radicals (SO/§)
Aalkene Aenone acrolein 2-cyclohexenone
enone alkene (eV) (eV)
- st/s”(au) /L (au)  st/s (au) UL (au)
acrolein ethylene 11.93 9.44
acrolein acrylonitrile 9.80 9.62 ethylene
acrolein allene 11.72 8.93 z‘;g = zg/f 1.927 0.037 0.736 0.041
acrolein methyl vinyl ether 12.05 7.61 o
acrolein isobutene 11.80 8.12 acrylonitrile
acrolein 1,1-dimethoxyethylene ~ 11.89 7.23 s 1.927 0.026 0.612 0.057
2-cyclohexenone  ethylene 10.37 9.01 gg/f 2.176 0.104 1.564 0.430
2-cyclohexenone  acrylonitrile 8.25 9.19
2-cyclohexenone  allene 10.17 8.51 allene
2-cyclohexenone  methyl vinyl ether 10.50 7.19 Z‘fg 1.923 0.085 1.484 0.389
2-cyclohexenone  isobutene 10.25 7.70 Sop 0.525 0.231 1.222 0.668

2-cyclohexenone  1,1-dimethoxyethylene 16.34 6.80
methyl-vinyl-ether

zi‘g 0.183 0.025 2.089 0.058
TABLE 5: Values of ¥ for the Addition of the Triplet sop 0.777 0.138 0.683 0.499
Enones to the Alkenes, Computed Using eq 25, Considering 2
Either an Interaction between a Nucleophile and an isobutene
Electrophile (s*/s7) or the Interaction between Two s 0.214 0.027 1.193 0.055
Radicals €%/s’) o 2.506 0.099 0.640 0.420
acrolein 2-cyclohexenone 1,1-dimethoxyethylene
st/s™ (au) /L (au) st/s™ (au) /< (au) s 2.160 0.480 2.596 0.812
ethylene 34 1.927 0.343 0.429 0.961
=35 0.555 0.002 0.638 0.002
H=3 0.988 0.035 0.098 0.039 of acrolein, an HT addition is predicted in the case of the
acrylonitrile electron-rich compounds (i.e., lowest values of eitBgror
by 1.248 0.082 0.164 0.146 ). Only in the case of isobutene, an initial bond formation
% 0.707 0.000 0.551 0.006 between G and G on the alkene, as put forward by Broeker et
b 0.387 0.022 1.013 0.283 al., is predicted. In the case of the reaction of 2-cyclohexenone
P2 0.808 0.025 0.448 0.051 with allene and acrylonitrile, one finds a HH regioselectivity
allene whereas for methyl vinyl ether, isobutene, and 1,1-dimethoxy-
o 1.357 0.162 1.484 0.248 ethylene, we find a HT regioselectivity, which is in agreement
59 1.096 0.069 1211 0.129 with the experimental data (see Table 1). Also, the bond
i 0.330 0.069 0.011 0.420 formation with ethylene through thg@ carbon is reproduced.
> 0.479 0.016 0.000 0.259 The results within the second approach, by looking at the

cyclobutane formation as a single step reaction, are listed in

methyl vinyl ether Table 6. In this case, the correct regioselectivity is only

% 1.827 0.104 1.974 0.176 recovered again for the electron-rich alkenes.
= 0.518 0.000 0.597 0.006 . . .
5 0.150 0.034 0.085 0.324 However, r_10te that_ this reaction has a rad_lcalar _cha_racter,
leg 1.040 0.025 0115 0.052 because the first step involves the attack of a triplet (blradlcala_r)

2 : ) : : structure on an unsaturated double bond. Because the reaction

isobutene has a radical character, the regioselectivity can be studied using

= 0.985 0.079 1.094 0.142 the  local softness, which is arbitrary chosen as the average
=2 0.554 0.001 0.636 0.005 betweers™ ands™, using both eqgs 25 and 26. These results are
b4 0.557 0.020 0.004 0.278 listed in Tables 5 and 6. Looking at Table 5 for the reaction
P24 0.990 0.026 0.099 0.050 with 2-cyclohexenone we only find the correct regioselectivity

for the reactions with electron-rich alkenes, all the results now

11-dimethoxyethylene predicting the formation of the first bond betweep @h the

* 2.098 0.477 2.255 0.619 .
1 enone and gon the alkene. The same conclusion can be drawn
% 0.225 0.038 0.278 0.084 . . . - .

z for the reaction with acrolein. These findings are in agreement
= 0.085 0-305 0.151 0.877 with the work of Suishi et at.considering the interaction of
zg, 1.600 0.003 0.341 0.193 )

both the HOMO and LUMO of the alkene with the lowest singly
occupied molecular orbital (LSOMO) and highest singly oc-
the alkene to the enone is less than the energy required for thecupied molecular orbital (HSOMO) of the enone, respectively,
reverse process. The alkene will thus act as an nucleophile andhus stressing the radical nature of this reaction.
the enone as an electrophile. Consequently, to study the local Because this reaction involves a singlet alkene and a triplet
HSAB principle,f ~ ands™ should be used for the alkene and «, f-unsaturated carbonyl compound, the regioselectivity will
f* ands" should be used for the enone. be also be studied using the reactivity indices introduced within
The results using eqs 25 and 26 for the electrophile the framework of spin-polarized conceptual DFT. We will
nucleophile interaction are listed in Tables 5 and 6. In the case thereby invoke the concept of spin philicty.Based on the
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energy expansion described in eq 21, the maximum energy TABLE 7: Spin Potentials of the Singlet Ground-State

change upon increasing spin number can be derivedtb be  #"(So), the Triplet Excited-State u~(T,), the Spin Hardness
(gs®) Values, and the Spin Philicity s") Values of the

7 +)2 Singlet Alkenes Considered in This Work
S
AEq = — T (27) alkene u (Ty) (au) u*(So) (au) ns€ (au) ws™ (au)
sS ethylene 0.0257  0.1404 —0.0573 —0.1718
. PRI acrylonitrile 0.0221 0.1162 —0.0470 —0.1436
As suchégcl)ne can define the spin-philicity indexs() of the allene 0.0469 0.1403 —0.0467 —0.2107
system methyl vinyl ether 0.0273 0.1251 —0.0489 —0.1600
o isobutene 0.0283 0.1327 —0.0522 —0.1687
i (ﬂs ) 28) 1,1-dimethoxyethylene  0.0430 0.1325—-0.0477 —0.1964
g =—F—
2ss Similarly, we define the local spin donicity as
In the direction of a decreasing spin number, the spin-donicity (e 7) 7 7)2 (M 7)2
index (s7) is given ad! wg ()= 2 —Sdss (N = 2 — S5 (N = fssi(r)
~ sy (36)
SS or condensed on an atokn

Both indices were shown to be interesting quantities in the 2
discussion of spin catalysis phenomena and could be invoked -_ (us ) - 37
in si i 14,15 ; i Wk SSk (37)
to explain singlettriplet gapst*1>However, these spin-philicity 2ngs
and spin-donicity indices are global indices, so they cannot be
used for the study of aspects of regioselectivity. We will now Approximations for these spin Fukui functions can be computed
introduce local versions of these global indices. In a first step, using the approximations proposed by Galvan et3l.:
eq 28 can be rewritten as

2 2 25N
ws"= (ZS L 2 8(/42,31 - (u;) (a_s (30) 1
1]ss (Qud S)N,z/ UsIN,v fog (1) & > EH¢HOMO,a|2 + |¢LUMo,ﬁ|ZD (39)

In this equation, the quantityllsdus)n,,, which is the inverse

of the spin hardness, is called the spin softness of the systemwWhereéduomou, $rHomo s, dLumo,a, andgrumos are theo andp

(Ss9. Similar to the local softness given in eq 4, we introduce HOMO and LUMO orbitals, respectively. The condensed values

the local spin softnesssgr) as of densities of these orbitals on the different atoms were obtained
using the Hirshfeld partitioning scherd This partitioning

dps dps 9N scheme has also been found particularly useful to compute
Ssdr) = (_5) = (BW —| =4S (31)
N,v

1
) fso (1) ~ > Eﬂﬁbl_umo,on + |¢’H0M0ﬁ|ZD (38)

MsIn.y =f condensed values of DFT-based reactivity indies.
' The global spin-polarized reactivity indices for the singlet
As can be seen from eq 31, the local spin softness yields thealkenes are listed in Table 7. As can be seen, the global spin

global softness upon integration: philicities for these compounds are all negative, corresponding
to a destabilization upon increasing the spin number from O to
fssir) dr = Sy (32) 2. This is in agreement with the fact that the singlet state is
indeed the ground state of these compounds. Moreover, we have
and combining eqgs 30, 31, and 32, one finds shown that the global spin philicities for singlet ground-state

molecules can be used to explain the magnitude of sirglet
L (us)? B (us)? (ﬂs triplet gapst® From the data in Table 7, it can thus be invoked
g = s u = Sss f fss (r) dr that acrylonitrile possesses the lowest singlet gap, whereas allene
ss 2(—j has the highest gap.
INg/n, (33) In the spin-polarized approach, the first step of the reaction
can now be divided into two parts, both at constant external
We can now define the local spin philicity as potentialy, as schematically shown in Figure 4. In a first step,
a rearrangement of the spin density occurs in both reacting
(ﬂs ) (“s ) (ﬂs ) molecules. This amounts to a decrease in the spin number on
ws (r) = 5 =S dsa () = Seq (r) = fSS (r) the excitedn, S-unsaturated carbonyl compound, resulting in a
stabilization, and an increase of the spin number on the alkene,
(34) resulting in a destabilization of the latter. If one assumes that
this first spin-coupling step will determine the regioselectivity
of the reaction, one thus expects an initial combination of the
site on then, f-unsaturated carbonyl compound, which under-
goes the largest change in spin number locally when the global
spin number of the molecule is decreased (largest valtgg9f
with the site on the alkene that exhibits the smallest destabiliza-
(u +)z tion upon increasing spin number, corresponding to the spin
Lfsslf (35) coupling of the sites with the highest spin philicities and doni-
2ss cities. As can be seen from Tablef8s is always the largest

wherefss"(r) is the Fukui function for increasing spin number.
Integration of the local spin philicity gives the global spin
philicity.

Using the condensed approach, the spin philicity can be
calculated condensed on an at&rm the molecule, as

+_
Wy =
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TABLE 9: Values of the Density of theo. Homo
(= p HOMO) and the a LUMO (= g LUMO) Orbitals,
Condensed to the G and C, Atoms of Singlet Alkenes

ONs,1 = "SNSJ: &Ny Considered in This Work, Using the Hirshfeld Partitioning
‘ ” | ” Scheme
Ng;=2 Ng,p=0 Ngj=2-8N, Ng=38N; |pHomo.al? |pLumo,al? fss" ws"
) ) ’ atom (au) (au) (au) (au)
ethylene
SN C 0.4386 0.3981 0.4183 —0.071
C 0.4386 0.3981 0.4183 —0.071
allene
C 0.3404 0.3317 0.3361 —0.071
C 0.2599 0.2207 0.2403 —0.050
isobutene
C 0.3122 0.3153 0.3138 —0.053
N, =N, | + 0Ny =2 C 0.4330 0.3466 0.3898  —0.066
: ; ; e ; thyl vinyl ether
Figure 4. Spin-polarized description, at constant external potential, me _
of the first reaction step of the §22] photocycloaddition of a triplet gl ggég% 8232? ggggg _gggg
o, f-unsaturated carbonyl compound to a singlet ethylene. In the first 2 ’ ’ ) )
step, a spin polarization of both reacting molecules occurs (change in 1,1-dimethoxyethylene
Ns), followed by the charge transfer (change in the number of electrons C 0.1858 0.0242 0.1050 —0.021
N of both reacting species), forming the 1,4-biradical intermediate of C 0.4608 0.0751 0.2680 —0.053
the reaction. acrylonitrile
. .24 .244 .24 —0.
TABLE 8: Values of the Density of the o HOMO, gz 83123 8363?1 8 3382 _8 828
o LUMO, g HOMO, and # LUMO Orbitals, Condensed to ' ' ' '
the O, C,, and Cg Atoms of the Triplet Enones Considered a|n the last two columns, the condensed generalized Fukui function
in this Work, Using the Hirshfeld Partitioning Scheme fss", obtained using eq 38 is given, together with the local spin phi-
SS .
[promowl?  |dLumoal®  |dHomosl?  |pLumosl?  fss@ licities ws".
atom (au) (au) (au) (au) (au) ] ) ) o ]
- depicted in Figure 4). The only exception is found in the case
acrolein - . . .
o 0.0967 0.2137 0.6858 02647 o0.s807 Of acrylonitrile, where this approach predicts a HT regioselec-
C. 0.0959 0.1805 0.0738 0.4294  0.2627 tivity, in contract with the observed HH selectivity.
Cs 0.5704 0.0372 0.0175 0.0644 0.3174
2-cyclohexenone 5. Conclusion
O  0.0948 0.1916 0.6375 0.1954  0.1451 _ o
C. 0.1793 0.1641 0.0766 0.3903  0.2848 In this contribution, we have presented a study of the
Cs  0.4255 0.0302 0.0258 0.1521  0.2888  regioselectivity of the photochemical 2] cycloaddition of
a1n the last column, the condensed generalized Fukui funégion triplet enones with ground-state alkenes, using density functional
obtained using eq 39 is given. theory (DFT)-based reactivity descriptors. In a first part, we

have investigated the regioselectivity using the local softness

on the G atom of the enones, with the values on both the O Within the framework of the local Hard and Soft Acids and
and G, atoms always being smaller. This indeed indicates that, Bases (HSAB) principle. Within this approach, the reaction was
upon a global change in the spin number, the change of theconsidered to be either a two-step reaction or a one-step
spin density on gis the largest, and the exchange of spin with concerted reaction. Moreover, the interaction was also inves-
the alkene, resulting in a stabilization of the enone, will, thus, tigated as the interaction between a nucleophile and an elec-
predominantly be through this atom. In the case of the trophile onone hand and the interaction of two radicalar species
2-cyclohexenone, however, the values qpa@d G are very on the other hand. However, all approaches indicate that the
similar to each other. It can be anticipated that, in this case, theregioselectivity can only be explained in the case of the
charge-transfer process, which occurs after the spin couplinginteraction of the enones with electron-rich alkenes.
of the two reagents, between the sites will determine the In a next step, we have introduced, within the framework of
regioselectivity. conceptual spin-polarized conceptual DFT, the concepts of the
The condensed generalized Fukui functidgg, obtained local spin philicity and spin donicity. Using the local spin-
using eq 38, are listed in Table 9. It is interesting to note that, philicity concept, the regioselectivity can be interpreted as
because these compounds are singlet compounds computetesulting from the spin coupling of the local site on the alkene
within a spin-restricted framework, this approximation corre- with the highest spin philicity (i.e., the smallest destabilization
sponds to the approximation f6%, which is the Fukui function upon a global increase of the spin number of the molecule) with
for a radical attack. This is not unsurprising, because this the site of the highest change in spin number upon a decreasing
reaction basically consists of the attack of a triplet biradical to global multiplicity of the enone.
the double bond of the ethylenes. Also listed in this table are
the values of the local spin philicities for these compounds  Acknowledgment. P. Geerlings wishes to thank the Fund
condensed to the two 3| atoms of the double bond. The for Scientific ResearchFlanders (Belgium) (FWO) and the
regioselectivity can now be explained when it is assumed that Vrije Universiteit Brussel (VUB) for continuous support to his
the site with the smallest negative value for this quantity (i.e. group. The authors also wish to thank Prof. P. W. Ayers (Mc
the site exhibiting the smallest destabilization upon an increase Master University, Hamilton, Canada) for helpful discussions.
of the global spin number of the alkene) will initially couple The authors also acknowledge the referees for their interesting
with the G atom of the enone (the first step in the scheme and constructive remarks.



Photocycloaddition of Enones to Substituted Alkenes

References and Notes

(1) (a) Corey, E. J.; Bass, J. D.; LeMathieu, R.; Mitra, R.JBAm.
Chem. Soc1964 84, 5570. (b) Eaton, P. EAcc. Chem. Red.968 1, 50.
(c) Turro, N. J. Modern Molecular PhotochemistryThe Benjamin/
Cummings Publishing Co.: Menlo Park, CA, 1978. (d) Crimmins, M. T.
Chem. Re. 1988 88, 1453. (e) Schuster, D. |. fhe Chemistry of Enongs
Patai, S., Rappoport, Z., Eds.; Wiley, Chichester, U.K., 1989; pp—623
756. (f) Gilbert, A.; Baggott, J.Essentials of Molecular Photochemistry
Blackwell: Oxford, U.K., 1991. (g) Demuth, M.; Mikhail, GSynthesis
1989 145. (h) March, J.; Smith, M. BMarch’'s Advanced Organic
Chemistry Wiley: New York, 2001.

(2) Broeker, J. L.; Eksterowicz, J. E.; Belk, A. J.; Houk, K. N.Am.
Chem. Soc1995 117, 1847.

(3) Froese, R.D. J.; Lange, G. L.; Goddard, JJDOrg. Chem1996
61, 952.

(4) Audley, M.; Geraghty, N. WTetrahedron Lett1996 37, 1641.

(5) Suishi, T.; Shimo, T.; Somekawa, Ketrahedronl997, 53. 3545.

(6) Odo, Y.; Shimo, T.; Hori, K.; Somekawa, Bull. Chem. Soc. Jpn
2004 77, 1209.

(7) Wilsey, S.; Gonzalez, L.; Robb, M. A.; Houk, K. N. Am. Chem.
Soc 2000 122, 5866 and references therein.

(8) Garca-Expaito, E.; Bearpark, M. J.; Orfim R. M.; Robb M. A;;
Branchadell, V.J. Org. Chem2002 67, 6070 and references therein.

(9) Garca-Expaito, E.; Alvarez-Larena, A; Branchadell, V.; Ofn
R. M. J. Org. Chem2004 69, 1120.

(10) Bertrand, C.; Boequant, J.; Pete, J. P.; Humbel, $ol. Struct.
(THEOCHEM)2001, 538 165.

(11) (a) Hastings, J. D.; Weedon, A. @.Am. Chem. S0d.991, 113
8525. (b) Maradyn, D. J.; Weedon, A. Tetrahedron Lett1993 34, 2413.
(c) Andrew, D.; Weedon, A. CJ. Am. Chem. Sod.995 117, 5647.

(12) (a) Von Bart, U.; Hedin, LJ. Phys. C1972 5, 1629. (b) Rajagopal,
A. K.; Callaway, J.Phys. Re. B 1973 7, 1912. (c) Gunnarson, O.;
Lundqvist, B. I.Phys. Re. B 1976 13, 4274.

(13) (a) Galva, M.; Vela, A.; Gaquez, J. LJ. Phys. Cheml988 92,
6470. (b) Galva, M.; Vargas, RJ. Phys. Chenl992 96, 1625. (c) Vargas,
R.; Galva, M. J. Phys. Chem1996 100, 14651. (d) Vargas, R.; Galma
M.; Vela, A. J. Phys. Chem. A998 102 3134. (e) Vargas, R.; Cedillo,
A.; Garza J.; Galia M. In Reviews of Modern Quantum Chemistry, A
Celebration to the Contributions of R. G. Pai®en, K. D., Ed.; World
Scientific: Singapore, 2002; p 936.

(14) Peez, P.; Andfs, J.; Safont, V. S.; Tapia, O.; Contreras JRPhys.
Chem. A2002 106, 5353.

(15) (a) Old, J.; De Proft, F.; Veszpna, T.; Geerlings, PJ. Phys.
Chem. A2004 108 490. (b) Ol#, J.; De Proft, F.; Veszpnai, T.; Geerlings,
P.J. Phys. Chem. 2005 109, 1608.

(16) (a) Parr, R. G.; Yang, WDensity Functional Theory of Atoms and
Molecules Oxford University Press: New York, 1989. (b) Parr, R. G.; Yang,
W. Annu. Re. Phys. Chem1995 46, 701. (c) Kohn, W.; Becke, A. D.;
Parr, R. GJ. Phys. Cheml996 100, 12974. (d) Chermette, H. Comput.
Chem.1999 20, 129. (e) Geerlings, P.; De Proft, F.; LangenaekerAdL.
Quantum Chenil999 33, 303. (f) Geerlings, P.; De Proft, F.; Langenaeker,
W. Chem. Re. 2003 103 1793.

(17) (a) Pearson, R..G. Am. Chem. Sod963 85, 3533. (b) Pearson,
R. G. Chemical HardnessWiley: New York, 1997.

(18) Parr, R. G.; Pearson, R. G. Am. Chem. Sod 983 105, 7512.

(19) Yang, W.; Parr, R. GProc. Natl. Acad. Sci1985 82, 6723.

(20) For a detailed account on the different electronegativity scales
introduced, see, e.g.: Mullay, J. Hectronegatiity; Sen, K. D., Jgrgenson,
C. K., Eds.; Structure and Bonding, Vol. 66; Spring®terlag: Berlin,
Heidelberg, 1987; p 1.

(21) Parr, R. G.; Donnelly, R. A.; Levy, M.; Palke, W. B. Chem.
Phys.1978 68, 3801.

(22) Lee, C.; Yang, W.; Parr, R. G. Mol. Struct. (THEOCHEM}988
163 305.

J. Phys. Chem. A, Vol. 109, No. 28, 2005343

(23) Parr, R. G.; Yang, WJ. Am. Chem. S0d.984 106, 4049.

(24) Chattaraj, P. K.; Lee, H.; Parr, R. GB.Am. Chem. S0d991, 113
1855.

(25) (a) Gaquez, J. L. IrChemical HardnessSen, K. D., Ed.; Structure
and Bonding, Vol. 80; SpringetVerlag: Berlin, 1993; p 80. (b) Melez,

F.; Gzquez, J. LJ. Am. Chem. Sod 994 116, 9298. (c) Gaquez, J. L.;
Méndez, FJ. Phys. Cheml994 98, 4591. (d) Medez, F.; Gaquez, J. L.
Proc. Ind. Acad. Sci1994 106, 183. (e) Damoun, S.; Van de Woude, G.;
Méndez, F.; Geerlings, B. Phys. Chem. A997 101, 886. (f) Geerlings,
P.; De Proft, FInt. J. Quantum ChenR00Q 80, 227.

(26) Hohenberg, P.; Kohn, WRhys. Re. B 1964 136, B864.

(27) Runge, E.; Gross, E. K. WPPhys. Re. Lett. 1984 52, 997.

(28) Kohl, H.; Dreizler, R. M.Phys. Re. Lett. 1986 56, 737.

(29) (a) Chattaraj, P. K.; Poddar,J1.Phys. Chem. A998 102 9944.

(b) Chattaraj, P. K.; Poddar, J. Phys. Chem. A999 103 1274. (c)

Chattaraj, P. K.; Poddar, J. Phys. Chem. A999 103 8691. (d) Sengupta,
D.; Chandra, A. K.; Nguyen, M. TJ. Org. Chem.1997, 62, 6404. (e)

Mendez, F.; Garcia-Gariday, M. Al. Org. Chem1999 64, 7061.

(30) (a) Becke, A. DJ. Chem. Physl993 98, 5648. (b) Lee, C.; Yang,
W.; Parr, R. GPhys. Re. B 1988 37, 785. (c) Stevens, P. J.; Delvin, F.
J.; Chablaoski, C. F.; Frisch, M. J. Phys. Chem1994 98, 11623.

(31) Frisch, M. J.; Trucks, G. W.; Schlegel, H. B.; Scuseria, G. E.; Robb,
M. A.; Cheeseman, J. R.; Montgomery, Jr., J. A.; Vreven, T.; Kudin, K.
N.; Burant, J. C.; Millam, J. M.; lyengar, S. S.; Tomasi, J.; Barone, V.;
Mennucci, B.; Cossi, M.; Scalmani, G.; Rega, N.; Petersson, G. A.;
Nakatsuji, H.; Hada, M.; Ehara, M.; Toyota, K.; Fukuda, R.; Hasegawa, J.;
Ishida, M.; Nakajima, T.; Honda, Y.; Kitao, O.; Nakai, H.; Klene, M.; Li,
X.; Knox, J. E.; Hratchian, H. P.; Cross, J. B.; Bakken, V.; Adamo, C.;
Jaramillo, J.; Gomperts, R.; Stratmann, R. E.; Yazyev, O.; Austin, A. J.;
Cammi, R.; Pomelli, C.; Ochterski, J. W.; Ayala, P. Y.; Morokuma, K.;
Voth, G. A.; Salvador, P.; Dannenberg, J. J.; Zakrzewski, V. G.; Dapprich,
S.; Daniels, A. D.; Strain, M. C.; Farkas, O.; Malick, D. K.; Rabuck, A.
D.; Raghavachari, K.; Foresman, J. B.; Ortiz, J. V.; Cui, Q.; Baboul, A.
G.; Clifford, S.; Cioslowski, J.; Stefanov, B. B.; Liu, G.; Liashenko, A.;
Piskorz, P.; Komaromi, |.; Martin, R. L.; Fox, D. J.; Keith, T.; Al-Laham,
M. A.; Peng, C. Y.; Nanayakkara, A.; Challacombe, M.; Gill, P. M. W.;
Johnson, B.; Chen, W.; Wong, M. W.; Gonzalez, C.; Pople, Hdussian
03, Revision B.03; Gaussian, Inc., Wallingford CT, 2004.

(32) For a detailed account on these types of basis sets, see, e.g.: Hehre,
W. J.; Radom, L.; Schleyer, P. v. R.; Pople, JAf.Initio Molecular Orbital
Theory Wiley: New York, 1986.

(33) Langenaeker, W.; De Decker, M. Raeymaekers, R.; Geerlings, P.
J. Mol. Struct. (THEOCHEMY199Q 207, 115.

(34) (a) Reed, A. E.; Weinstock, R. B.; Weinhold, F-.Chem. Phys.
1985 83, 735. (b) Reed, A. E.; Weinhold, B. Chem. Phys1985 83,
1736. (c) Reed, A. E.; Curtiss, L. A.; Weinhold, Enem. Re. 1988 88,
899.

(35) De Proft, F.; Martin, J. M. L.; Geerlings, Bhem. Phys. Letl996
256, 400.

(36) De Proft, F.; Martin, J. M. L.; Geerlings, Bhem. Phys. Letl996
250, 393.

(37) (a) Roy, R. K.; Pal, S.; Hirao, Kl. Chem. Phys1999 110, 8236.

(b) Roy, R. K.; Hirao, K.; Pal, SJ. Chem. Phy200Q 113 1372. (c) Roy,
R. K.; Hirao, K.; Krishnamurty, S.; Pal, 8. Chem. Phy2001, 115 2901.
(d) Ayers, P. W.; Morrisson, R. C.; Morrisson; Roy, R. K.Chem. Phys
2002 116, 8731. (e) Bultinck, P.; CarbDorca, R.; Langenaeker, W.
Chem. Phys2003 118 4349.

(38) Hirshfeld, F. L.Theor. Chim. Actdl977, 44, 129.

(39) (a) De Proft, F.; Van Alsenoy, C.; Peeters, A.; Langenaeker, W.;
Geerlings, PJ. Comput. Chen2002 23, 1198. (b) De Proft, F.; Vivas-
Reyes, R.; Peeters, A.; Van Alsenoy, C.; Geerlings].R-Comput. Chem.
2003 24, 463.



