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The condensed Fukui functiofigof maleimide (H-pyrrole-2,5-dione) have been calculated using a numerical
integration scheme implemented in the deMon program package. The condensed functions show that soft
nucleophiles interact with the carbon atoms, whereas hard nucleophiles interact with the carbonyl carbon
atoms, in accordance with the experimental evidence. The present method yields extremely few dispersed
values offy, whatever the basis sets, the numerical grids, and the exchange-correlation functionals used. Finally,
the validity of the method has been successfully tested on a set of organic and organometallic molecules.

1. Introduction provides hints as to where the borderline between vicinal atoms
should be set® Such a method does not fit to a picture of nearly
spherical atoms but would reproduce the additivity of atomic
volumes. A much more elaborate geometrical method has been
proposed by Bader et &k;23who established general conditions
for the borderline between atoms as the zero flux of electron
density. On the other hand, Parr has introduced an alternative
method within the DF framewor¥. In that case, the molecular
density is the sum of the atomic densities at every point of the
space within the system, where atoms have equal chemical
potentials. Electron density is cal value that does not
distinguish between parts of a molecule, and its decomposition
f into contributions from individual atoms has not been pursued.

Becké’ proposed another simple scheme for decomposition
of molecular functions into single-center components, so-called
fuzzy cells The latter has been largely implemented in DFT
coded>2%and has been used to calculate the functigsand
fx performed with the deMon program pack&§e.

This paper intends to verify the reliability and the accuracy
of this method for the calculation of boffr) andfy. Section
2 briefly reviews theoretical concepts and computational details,
emphasizing the points that are important for the present
g Calculations. Section 3 outlines the main results of test
calculations performed on maleimide with different sets of basis

accurate evaluation has not yet attracted adequate attention irpetS: numerical grids, and exchange-correlation functionals.
the chemical literature. On the other hand, the field of numerical Fmall_y, sec_tlon 4 underh_nes the interest in using co_nc_iensed
integration of Hamiltonian elements of polyatomic systems has Fukui _functlons.as a reliable tool for study!ng reactivity or
been an intense subject of research during the past yeé?s. catalytic properties of selgqted molecules. Itis not our purpose
An attractive method for evaluating the Fukui functions is to t_o pr_esent developmerits>?in the theory of numerical integra-
take advantage of recent progresses in the numerical integrationtlon in the present paper.

schemes. The firgtational method consistsf partitioning a
molecule into atoms andnapping the electron density. It

Density functional theory (DFTprovides a very attractive
framework for the quantitative description of global and local
indices, which allow one to study the reactivity of chemical
specie€> Since the electron density distributip(r) contains
all of the information on the system in its ground state, chemical
reactivity should be reflected in its sensitivity to perturbations.
Various electronic reactivity indices related gr) have been
hence identified, such as the Fukui function (softnd@g)>®
the condensed Fukui functidi'® the local softness(r),>” and
the softness kerne{r,r').268 In particular, Yang and P&¥#®
have shown how calculatef{r) values provide chemical
information about properties of molecules. A description o
the reactive site within a molecule and the reaction path are
obtained fromf(r) andfy, respectively. The condensed Fukui
functions are generally extracted from Mulliken population
analysis (gross charges) of atoms in a molecule. It is hence
not surprising that numerous studitg® concluded thafy 16 is
highly sensitive to both the basis sets and the atomic charge
calculation scheme. A better evaluation of the condensed Fukui
functions has to be found in order to get values independent
from the computational conditions.

Despite the potential importance of the Fukui indices an
functions in describing molecular reactivity, the subject of their

2. Theory and Computational Details

2.1. Fukui Function as a Reactivity Index. In DFT, the
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whereN, p(r), andv(r) are the total number of electrons, the f7(r) = pu(r) — pp_y(r) (10)
density, and the external potential, respectively. The quantity
u is the electronic chemical potential defined as

u= (3E/3N)v(r) = X (2)

The connection with classical chemistry is achieved with the
identification ofu as the negative of electronegativity The
latter is a property of the state of the system, and it drives
electron transfer. It may easily be calculated from the above
expression or determined from experiment.

() = 5(ons) — pucs(F) (11)

wherepn+1(r), pn(r), andpn-1(r) are the electronic densities of
the system witiN + 1, N, andN — 1 electrons, respectively.

Similarly, the finite difference approximation leads to the
condensed Fukui functiorfg6

The first partial derivative oft with respect taN yields the fi" = gqN+1) — g(N) (12)
global hardness (the inverse of global softn8s%’ The factor
1/, originally introduced® has been omitted. It follows £ = qN) — qN—1) (13)
B e e
N/ Ny S fi = E(Qk(N"‘l) — g(N-1)) (14)

The finite-difference approximation for this?is .
bp The gross chargex of atomk is generally calculated from a

n=(1-A)=0 () Mulliken pppulation gnalysis and leadsftdargely dppending
on the choice of basis s€t:1> In the present work, integrating
where| and A are the ionization potential and the electron the density of each single center of the system has allayged
affinity, respectively. This global quantity is sometimes called to derive thegy values.
absolute hardness to emphasize the fact that the effective 2.2. Computational Method. The linear combination of
hardness of an atom in a molecule can differ from its atomic the Gaussian-type orbitamodel core potentiatdensity func-
hardness! The hardness can be thought of as a resistance totional theory (LCGTO-MCP-DFT) meth&e 37 and its corre-
charge transfer, while the softness measures the ease of transfeponding deMon packagfehas been used. The local softness
and is associated with high polarizabili. S(r), the Fukui functiong(r), and the condensed Fukui functions
The frontier orbitals are involved in a quantity called the f, of maleimide have been determined through a finite difference
Fukui functionf(r), first introduced in the 1980s by Yang and scheme. In order to explore consistently the influence of the

Parr® They definedf(r) as the partial derivative gf(r) with computational conditions ofy, a set of six radial grids, three
respect to the number of electrons, at constant external potentialangular grids, five exchange-correlation functionals, and six
v(r). A Maxwell relatior? links the chemical potential and basis sets have been used in this work. It led to a set of 7650
f(r) as calculated condensed Fukui functions.
Following the scheme proposed by Becékethe three-
f(r) = (3p_(r)) =( au ) ) dimensional space has been divided into weighted atomic
oN av(r)/n subregions, reducing the integration problem to single-center

integrations’” The Gausslegendre quadratufé®® and the
This assumes that both the chemical potential and the electronicLebedev scheni® have been used for the radial and for the
density are differentiable functions of, while this might be angular integrations, respectively. The number of radial points
not the case for the exact functional in a finite sysfeth.Due per atom Nog) has been chosen &&,q = 32, 40, 48, 64, 96,
to the discontinuity of this derivativeYang and Parr proposed and 128. The Lebedev angular integration schérnseknown
to associate it different reactivity indices. In the case of to be very efficient, leading to the highest accuracy for the

nucleophilic attack on the system, smallest number of pointd:3740 Because the distribution of
the electronic density in not uniform, the number of angular
fH(r) = (310_(r))+ 6) points for each radial shell has been enlarged where the angular
oN Jv variation of the density is the largeSt. The angular grid has
been divided in a subset of three numerical grids, (i) medium,
In case of an electrophilic attack, (ii) fine, and (iii) extrafine, corresponding to 3000, 5600, and
11000 angular points$\¢a¢ = 64), respectively. Goursot et #l.
f(r) = (3»0_(0)_ @) have shown that reliable calculated molecular properties can
oN Jv be obtained by combining 64 radial points with the fine angular
grid, at least for elements with Z 60. The Voske-Wilk —
And in the case of a radical attack, Nusair (VWNY? and the X:#2 exchange-correlation potentials

N B have been used in the local approximation. On the other hand,
oy — 1 [20(1) 9N\ _ 1.+ - the Becke 1988 exchantfecoupled to the PerdewWang
f2(r) + (1) B . \ ;
2\\ oN Jv oN Jv] 2 gradient-corrected correlation functiorfdl@8e88-PW91), the
) ) Becke 1988 exchan@ie with the Perdew 1986 correlation
where the superscripts and — refer to the right and the left  ;nctionalds (Be88-P86), and the PerdewNang 1986 ex-
derivatives, respectively. Because the evaluation of these changé® coupled to the Perdew 1986 correlatioPW86—
derivatives is quite complicated, Yang 372‘3 Parr have proposedpgg) have been the three combinations used as nonlocal
a finite difference scheme to evaludfe),” exchange-correlation functionals. A subset of six basis sets has
n been used for C, N, O, and H atoms, and the contraction patterns
f7(r) = pnra(r) — on(r) 9) are displayed in Table 1. The structural parameters of male-
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Figure 1. Fukui functionf *(r) isosurfaces for maleimide molecule
(0.001 au).

TABLE 1. Combinations of Basis Sets Used in the
Calculations of the Condensed Fukui Functiond
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imide have been taken from a previous work ofriMdez et at’
and have been kept fixed during all calculations.

3. Results and Discussion

3.1. Importance of the Computational Conditions on the
Values offy. A set of 7650 values (full data are available on
request from the authors) was obtained by numerical integration
for all combinations by varying the basis sets, the radial and
the angular grids, and the exchange-correlation functionals.
Within this context, we considered the behavior of the maleimide
molecule with respect to nucleophilic attack. The experimental
evidence shows that generally soft nucleophiles interact with
the maleimide C atoms located at th@ositions, (G), whereas
hard nucleophiles interact with the carbonyl carbong.{€The
fc value of each atom in a molecule reflects its relative
softnesg:° Figure 1 displays isosurfaces f¢f). It shows that
the surface is more extended aft@Gan at G. It indicates that

basis H ¢ N o the tendency of £for accepting electrons during the nucleo-
setl (41) (521/41) (521/41) (521/41) philic attack on maleimide is stronger than the carbonyl carbon
2::% 81/11/)1) %ggi’f;gll% ) ((%?élllf/%/lli ) (?63311/2/13/1)1 ) atom. Moreover, the shape bf(r) suggests that ryuclepphilic
setd  (41/1) (5211/411/1)  (5211/411/1)  (5211/411/1) reagents approach the carbon atoms from the direction almost
set5  (41/1%)  (621/41/1%) (621/41/1%) (621/41/1%) perpendicular to the molecular plane. Parts a and b of Table 2
set6 (41/1%) (7111/411/1%) (7111/411/1%) (7111/411/1*)  display the calculated values faf They show thafct takes a

TABLE 2: Condensed Fukui Function?

'fk+ fi

fil

(a) Determined by Numerical Integration

larger value at ther carbon than at the carbonyl carbon atom,
suggesting that the latter is the hard€sfThis is in agreement
with the experimental finding® The fc values obtained by
numerical integration are similar to those based on the Mulliken

Ca 0.0901 0.0715 0.0808 population analysis, but the dispersion of the latter is larger.
G 0.1347 0.0607 0.0977 Although the dispersion of the computéd is very small
variancef(C)  6.68x 10°  5.68x 10°  3.85x 107 (~1079), we performed a simplified analysis of variance of the
variancef(Cy) 1.13x 107 7:34x 100 377> 107 data in order to establish the importance of the sources of
(b) Calculated from Mulliken Population Analysis dispersion of the number obtained. For the sake of clarity, parts
Ca 0.0847 0.0757 0.0802 a—d of Table 3 display only the values at the C atoms, namely,
G 0.1438 0.0718 0.1078 fct. A careful analysis of the d h hat th luefgof
variancef(C)  2.05x 10°  1.44x 102  4.69x 1073 c efL ysis of the data shows that the valuefs
variancef(Cp) 1.30x 1073 3.78x 1073 1.30x 1073 are very similar for each subset of data. We have to point out

2 The values displayed have been averaged on the whole set of data

TABLE 3: Condensed Fukui Function Determined by Numerical |

that the value of the variance never exceeds®10Nhereas
the radial and angular grids do not contribute to a statistically
significant dispersion (see Table 3a,b), the first source of

ntegration

(a) Effects of the Radial Grid

32 points 40 points 48 points 64 points 96 points 128 points
fitt(Ca) 0.0901 0.0899 0.0903 0.0903 0.0904 0.0901
it (Cp) 0.1348 0.1347 0.1347 0.1347 0.1349 0.1345
variancefit(Cy) 6.85x 10°° 6.53x 10°° 6.74x 10°° 6.71x 10°® 6.73x 10°® 6.85x 10°®
variance f+(Cp) 1.09x 10°° 1.11x 10°° 1.17x 10°° 1.18x 10°° 1.14x 10°° 1.18x 10°°
(b) Effects of the Angular Grid ofx
medium fine extra-fine medium fine extra-fine
ft(Ca) 0.0901 0.0899 0.0904 variarfg&(C,) 5.49x 10°© 7.13x 10°© 7.31x 10°®
fitCh) 0.1370 0.1337 0.1335 variant&(Cy) 9.66x 10°° 8.10x 10°® 8.85x 10°°
(c) Effects of the Basis Set dn
basis set 1 basis set 2 basis set 3 basis set 4 basis set 5 basis set 6
i (Ca) 0.0935 0.0918 0.0871 0.0881 0.0910 0.0898
it (Cp) 0.1312 0.1366 0.1325 0.1332 0.1392 0.1362
varianceft(C,) 9.53x 1077 7.25% 1077 1.72x 10°® 3.77x 10°® 7.08x 1077 8.36x 1077
variancefit(Cp) 3.00x 10°® 2.13x 10°® 5.31x 10°® 2.07x 10°® 3.11x 10°® 3.79x 107
(d) Effects of the Exchange-Correlation Functionald.on
VWN Xo PW86-P86 Be88-P86 Be88-PWO1

f"(C)) 0.0914 0.0891 0.0900 0.0903 0.0900

it (Co) 0.1339 0.1354 0.1347 0.1344 0.1351

variancefit(Cy) 5.06x 10°® 8.29x 1076 4.94x 1076 6.53x 107 5.04x 10°®

variancefiH(Cp) 9.22x 106 8.83x 10°® 1.31x10° 1.18x 10°° 1.44x 10°°
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TABLE 4: Condensed Fukui Function of Various Chemicals
Determined by Numerical Integration

(a) Formaldehyde

elements fit fi~ 0 H {".;
C 0.4004 0.1836 0.2920 N
O 0.2435 0.4570 0.3503
H 0.1789 0.1797 0.1793 -... y
(b) Hydroxylamine e
elements fict fi™ i
N 0.0797 0.3953 0.2375 ﬂ
(0] 0.2614 0.2394 0.2504
H2 0.3821 0.1108 0.2465
HP 0.1378 0.1273 0.1325 g
Hb 0.1378 0.1273 0.1325
(c) Maleic Anhydride
elements fi fio fi
Cs 0.0898 0.0756 0.0827
o 0.1337 0.0617 0.0977 H C uH
d) Pd(phosphine)(imi » bt
(d) Pd(phosphine)(imine) Figure 2. Fukui functionf *(r) (a, top) and ~(r) (b, bottom) isosurfaces
Cc Cirans-N Cirans-p for H,CO molecule (0.001 au).
n
fi 0.0389 0.0441 0.0646 the shape of *(r) suggests that nucleophilic reagents approach
) aBonded to the O atonf.Bonded to the N atonf.In C=O. the carbon atom in formaldehyde from the direction almost
Bonded to G=O. perpendicular to the molecular plane. The calculated angle

) ) attack is 115. This result is in excellent agreement with the
scattering comes from the basis set. Table 3¢ shows that theyork of Birgi et al® who found an angle of 109 On the

basis sets leading to the less scattered values are either the largegther hand, Figure 2b suggests that the direction of the
one or the smaller one, more contracted. The reason of suchelectrophilic attack lies in the molecular plane and is directed
behavior is not clear. The second source of dispersion is thetoward the lone pairs of the oxygen atom.
exchange-correlation functional. The scattering is slightly larger  Molecules that contain several reactive sites are optimal
for the softest carbon atoms when nonlocal corrections are candidates for testing the current method. Hydroxylamine and
included, while this trend does not emerge for the carbonyl maleic anhydride (furan-2,5-dione) are one of such candidates
carbon atoms. This is probably due to the fact that soft atoms that exhibit different regioselectivities with respect to electro-

have more diffuse electronic densities than hard atoms. philic and nucleophilic attacks, respectively. Protonated species
The covariance of the sample is roughly 10% of the variance are known to be crucial intermediates for iemolecule
of the data. The same trend is observed for Hefttand f,~, reactions in space chemistry. Though not yet identified in the

whatever atom is taken into account in the molecule (N, O, H). list of NO containing interstellar molecules, hydroxylamine is
It suggests that the sample values are indeperfders; the an interesting system that possesses two competitive sites of
values of the condensed Fukui functions do not depend on theprotonation. Recently, this reaction has been extensively
computational conditions. The stability of tHg values to investigated by Boulet et &.using high levels of post-Hartree
changes in the computational details is very gratifying; it Fock treatments and DFT. They have shown that hhe
concerns both the numerical parameters, such as basis sets girotonatedform is more stable than th@-protonatedform by
numerical grids, and the physical model through the choice of roughly 25.0 kcal/mol. We have calculated the condensed Fukui
the exchange-correlation functional. This last point corroborates functions on a structure optimized at the DFBP86 level using
the work of Langenaeker et #.who have shown that the set 4 (Table 1ps the basis sets. Thevalues are displayed in
electron correlation has a reduced influence on the Fukui Table 4b. It is shown thaly~ is larger thanfo~, suggesting
function. the most electrophilic site at the nitrogen atom. As described
3.2. Condensed Fukui Function for Selected Molecules. above, the direction of the attack is indicated by the Fukui
We first discuss formaldehyde, a simple system extensively function, displayed in Figure 3. It can be seen that the shape
studied in past yea®152 The structure has been optimized at of the isosurface is more extended at the nitrogen atom. This
the DFT-BP86 level usingset 4 (Table 1l)as the basis sets. suggests that an electrophilic reagent should approach the
The condensed Fukui functions are displayed in Table 4a. Thenitrogen atom in hydroxylamine in the NOH plane. Unfortu-
acid- and base-catalyzed hydration mechanisms of aldetydes nately, experimental findings are unavailable in this case.
show that for the acid-catalyzed hydration; ldlectrophilic Maleic anhydride and maleimide molecules are similar
attack at oxygen should occuic{ > fc™), and for the base-  systems, and both have different reactive regions with respect
catalyzed mechanism, Othucleophilic attack at carbon should to nucleophilic attacks. We have calculated the condensed
occur fc > fo*). The Fukui functiond(r) lead to the same  Fukui functions on structures optimized at the DFEP86 level
conclusions but give more information about the reaction path. usingset 4 (Table 1js the basis sets. Table 4c and Figure 4
Isosurfaces of(r) are displayed in Figure 2a,b. From Figure display the calculateti values and isosurfaces fff), respec-
2a, it can be seen that the surface is more extended at the carbotively. The condensed Fukui functions calculated for maleic
atom than at the oxygen atom. This means that the tendencyanhydride lead to identical conclusions as for maleimide,
of the carbon atom for accepting electrons during nucleophilic discussed in the previous section. Hard nucleophiles react with
attack on HCO is stronger than the oxygen atom. In addition, the carbonilic group, while soft nucleophiles react with the
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Figure 3. Fukui functionf ~(r) isosurfaces for hydroxylamine molecule attack at C""‘?‘ ack at Cranon
N,

(0.001 au).

{endo)-configuration

r“(\P = enantiopure, electronically asymmetric
bidentate PAN ligand

Figure 4. Fukui function f *(r) isosurfaces for maleic anhydride
molecule (0.001 au).

carbon. The calculatef$* values do not only exhibit differ-
ences in softness for the two kinds of carbon atoms in the two
molecules but also suggest that the carbonyl group in maleic
anhydride is slightly harder than in maleimide+(mateimide >

fct anhyariad.  This suggests to us that the condensed Fukui
function gives a good description of both the intrinsic and the PRHNN exocanfigurstion
relative reactivity within a molecule. However, this encouraging
result has to be confirmed by specific studies.

We conclude by exploring a catalytic system. In the field of
enantioselective catalysis, bident&@gsymmetric ligands have
proven to be extremely versatfté. Their square planar com-
plexes are dissymmetric and have tirans-sites electronically
equivalent. The diastereoselective addition of prochiral sub-
strates is thus governed by steric requirements of the ligand
and the substrate. The resulting complex is asymmetric, and
further reaction often proceeds to yield enantiomerically en-
riched products. More recently, chiral bidentate ligands with
two different donors have attracted attention. Here, a prochiral
substrate is desymmetrized not only by steric factors but also
through the electronic asymmetry induced by the bidentate
ligand35~57 A major breakthrough was achieved in palladium-
catalyzed functionalization of allylic substrafés;atalyzed by
{Pd(phosphine)(iming)complexe$®6” For a symmetrical 1,3-
disubstituted allyl coordinated in ayf-mode, attack at C1 or
C3 yields the opposite enantiomers. Therefore, the site of
nucleophilic attack determines chirality of the product, provided
the catalytically active complex shows a single reactive geom- Figure 5. (a, top) Four possible nucleophilic attacks on the diphen-
etry. In the following, the carbon atoms C1 and C3 are Ylallyl coordinated to the electronically asymmet{ied(phosphine)-
distinguished via the different donor atoms in thens-position (imine)} fragment. (b, middle) Nucleophilic attack at theafs-p in
and are called @nsp and Grans_n, respectively. However, ';)he exo{ Pd(phosphme)(inme_)(ally}l)*, yielding the R) product. (c,

. o . ottom) Fukui functionf *(r) isosurfaces for the catalyst precursor
under reaction conditions, the rotation of the allyl averages both (0.001 au).
sites with respect to the electronic asymmetry and thus precludes
a direct and unambiguous correlation between the site of attack Mechanistic considerations for the palladium-catalyzed allylic
and the observed configuration of the product (see Figure 5a).alkylation point toward an early transition state, and therefore,
Recently there has been accumulating indirect evidence that athe most electrophilic center of the coordinated allyl in the
nucleophilic attack on coordinated allyls occurs g4c.p.51:6467 ground state reacts, leading to the major enantiomer of the
Theoretical analyses, both at the extendedkeii® and DFT° product’®71 Calculations on related systems reveal that the
approximation levels, have rationalized these observations. reaction is frontier orbital controlled rather than charge con-

¢

N
PhCHZNH, (\ ) {A) o =

HCH,Ph
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trolled, since this latter would yield a nucleophilic attack on ~ (10) Harbola, M. K.; Parr, R. G.; Lee Q. Chem. Physl981, 94, 6055.
the central carbof? (11) Arulmozhiraja, S.; Kolandaivel, Mol. Phys.1997 90, 55.

P . . . 12) Langenaeker, W.; De Decker, M.; Geerlings,JPMol. Struct.
The reactivity indices we have implemented are ideally suited (T,S,E%CHE%MQQQ 207 115. 9

to predict the site of nucleophilic attack on coordinated allyls ~ (13) Cioslowski, J.; Martinov, M.; Mixon, S. TJ. Phys. Chem1993

as the site of reactivity and, thus, the enantioselectivity are 97 1124%8- 3. L: Galvan Vela. Mol S THEOCHEML99
largely determined by the relative electrophilicity ofG_p Vs 21((1 2)9 azquez, J. L.; Galvan Vela, & Mol. Struct. ( 1990

Cirans-N- (15) Krishnan, R.; Frisch, M. J.; Pople, J. A.Chem. Phys198Q 72,
For the calculations, we used a simplified model of the 4244.

; ; ; (16) Yang, W.; Mortier, W. JJ. Am. Chem. S0d.986 108 5708.
catalyst precursor depicted in Figure 5b. Its structure was (17) Becke, A D.J. Chem. Physl988 88, 2547,

recently reported by Togni et &. The P and Pd atoms were  (1g) Te Velde, G.; Baerends, E. . Comput. Phys1992 99, 84.
described by basis sets having the contraction patterns P(6321/ (19) Deleted in proof.

521/1) and Pd(633321/53211/531). The remaining of the system (20) Smith, V. H., JrPhys. Scr1977 15, 147.

has been depicted Iset 4 In a typical enantioselective catalytic lg%l)loia‘igggR' F. W.; Anderson, S. G.; Duke, AJJAm. Chem. Soc

allylic amination experiment, the catalyst with absolute con-  (22) Bader, R. F. WAcc. Chem. Re<.985 18, 9.
figuration ©—(pR) (see Figure 5b) yields predominantly a (23) Bader, R. F. W.; Essen H. Chem. Phys1983 80, 1.

product with absoluteR)-configuration (enantiomeric excess ggg E"S{h C?L'Gérgélgé QAUaBt:JnT ?hgﬁa?fnghsfgﬁgsg 523 509
= 95%). This product can either arise from a nucleophilic attack gecre, A. D.: Dikson, R. MJ. Chem. Phys1990 92, 3610. CADPAC

at Grans—p in the exo configuration or at Gans—n in the endo 6.0: The Cambridge Analytic Derivatives Package, Cambridge, U.K. Amos,
configuration (see Figure 5a). Keeping the geometry frozen, R. D.; Alberts, I. L.; Colwell, S. M.; Handy, N. C.; Jayatilaka, D.; Knowles,

: P. J.; Kobayshi, R.; Laming, G. J.; Lee, A. M.; Maslen P. E.; Murray, C.
the phosphine donor was modeled by asRifid the pyrazole W.; Palmieri, P.; Rice, J. E.; Simandiras, E. D.; Stone, A. J.; Su, M.-D;

was modeled by an imine HNCH,. From both our reactivity ~ Tozer, D. J. TURBOMOLE: Ahlrich, R.; Bar, M.; Haser, M.; Horn, H.;
index computations (see Table 4d) and Fukui functions (see Kolmel, C. Chem. Phys. Lett1989 162 165. DGAUSS: Andzelm, J.;

P ; ; _ Wimmer, E.J. Chem. Phys1992 96, 1280.
Figure 5¢), it appears clearly that thexs-p is more electro (26) Salahub, D. R.; Fournier, R.; Mlynarski, P.; Papai, I.; St. Amant,

p!’liliC than Grans-n. The carbon atom coordinated to_the A.; Ushio, J. InDensity Functional Methods in Chemistriyabanowski,
nitrogen atom has a smaller valuefpthan the Gans—p, and it K., Andzelm, J., Eds.; Springer: New York, 1991; p 77. St. Amant, A.

is not taken into account. Considering that the isolated aminatedThesis, Universitele Montrel, 1992.
27) Jones, R. S.; Mintmire, J. W.; Dunlap, Blnt. J. Quantum Chem.

product has anR) absolute configuration, we can unambigu- 192(38 $22 77
ously conclude that the nucleophilic attack occurs @n£p (28) Averill, F. W.; Painter, G. SPhys. Re. B 1989 39, 8115.
on theexoconfigurated allylic intermediate (see Figure 5b). (29) Pederson, M. R.; Jackson, K. Rhys. Re. B 1989 41, 7453.
(30) Pearson, R. Gnorg. Chem 1988 27, 734. Parr, R. GJ. Am.
. Chem. Soc1983 105 7512.
4. Conclusion (31) Harbola, M. K.; Chattaraj, P. K.; Parr, R. Gr. J. Chem.199],

; ; .o 31, 395,
We have shown how calculated Fukui functions provide (32) Politzer, P. 3. Chem. Phys1987, 86, 1072.

useful chemical information about the properties of molecules.  (33) perdew, J. P.; Parr, R. G.: Levy, M.; Balduz, JPhys. Re. Lett.
The reactive site within a molecule may be identified from the 1982 49, 1691.

condensed Fukui functions and the reaction path from the Fukui  (34) Yang, W.; Parr, R. G.; Pucci, R. Chem. Phys1984 81, 2862.
function isosurfaces. The valuesfphre usually derived from 45%?) Andzelm, J.; Radzlo, E; Salahub, D..R Chem. Phys1985 83,

a Mulliken population analysis, which is very sensitive to the (36) Salahub, D. RAdy. Chem. Phys1987 69, 447.
basis sets. The present study shows that the numerical integra- (37) Daul, C. A.; Goursot, A.; Salahub, D. Rumerical Grid Methods

; : ; ; ; and Their Applications to Schroedinger’'s Equatiotis Proceedings of
tion provides reliable results independent from the computational ATO ARWCerjan, C., Ed.; Kluwer: Dordecht, The Netherlands, 1993;

conditions. Although the present method was applied to a p 153
reduced set of molecules, it reveals a fast and efficient tool for  (38) Press, W. H.; Flannery, B. P.; Teikolsky, S. A.; Vetterling, W. T.

i ioti i Numerical RecipgesCambridge University Press: Cambridge, U.K., 1986.
u;\lder_stalndlng_ gnd predicting the electronically controlled (39) Lebedev. V. I1Zh. Viychisl. Mat Mat. Fizi975 15, 48: 1976 16,
chemical reactivity. 293. Lebedev, V. I. Theory of Cubature of Formulas and Numerical

Mathematics. IrProc. Conf. Diff. Eqn. Numer. Math., Mosibirsk 1978
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