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Ab Initio and Density Functional Theory Study of the Geometry and Reactivity of Benzyne,
3-Fluorobenzyne, 4-Fluorobenzyne, and 4,5-Didehydropyrimidine
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The geometries and reactivity of three intermediates of the aromatic nucleophilic substitution, 3-fluorobenzyne,
4-fluorobenzyne, and 4,5-didehydropyrimidine, are studied using ab initio molecular orbital theory and density
functional theory (DFT). As compared to the traditional ab initio methods, all DFT methods clearly assign
more triple-bond character to the carbazarbon bond in the ring on which the addition occurs. Furthermore
DFT methods are found to correctly describe reactive intermediates in which electron correlation effects are
expected to be large. The reactivity of the three intermediates is studied using the chemical concepts of
electronegativity and hardness. The Fukui function was calculated for a nucleophilic attack at different DFT
levels and found to be an adequate reactivity descriptor.

1. Introduction X

“Identification of the intermediates in a multistep reaction is
a major objective of studies of reaction mechanisms. When

Y
the nature of each intermediate is fairly well understood, a great Step 1 | Step 2 +

deal is known about the reaction mechanismPresent day

guantum chemical methods offer a useful alternative to experi- Y Y

mental techniques when studying the characteristics of these

intermediates. This principle is used to study intermediates in Y

the aromatic nucleophilic substitutién? The two main Figure 1. Elimination—addition or benzyne mechanism for the

mechanistic forms of aromatic nucleophilic substitution are the aromatic nucleophilic substitution.

unimolecular (|1) mechanism and the bimolecularng ) ]

mechanism. The former mechanism involves a rate-limiting influence. In wave function theory the presence of electron
heterolysis of the bond to the displaced group followed by correlation c_aIIs for a post-Hartre€ock level of calculatlo_n.
reaction with the nucleophile. The second mechanism involves The most widely used are MgliePlesset (MP) perturbation
both bonding by the nucleophile and heterolysis of the bond to theory?® configuration interaction (CI) methodshe generalized
the displaced group in forming the transition state of the rate- Valence bond (GVB) methotf; coupled cluster (CC) methods,
limiting step. The great majority of aromatic nucleophilic and multlconflguratlon_al self-consistent field (MCSCF) th_et?ry_.
substitution reactions follow the,® mechanism in the form of ~ Most of these techniques are however very expensive (i.e.,
an addition-elimination reaction. The form of an eliminatien ~ "equire large CPU time and state of the art hardwéwe)d not
addition S2 (Figure 1), known as the benzyne mechanism, is applicable for large systems in combination with _Iarge basis
less common. In this mechanism a triple bond is formed in Sets. Even though the use of the latter methods in a reduced
the elimination step. The most commonly held view concerning form is poss[ble*h2 a very attractive alternative can be found in
the nature of this bond is that two%glectrons on neighboring ~ density functional theory (DFT) method.

carbons occupy an orbital formed by the overlap Sfapitals, These methods are based on the Hohenbkahn theo-
giving rise to the third localized bond. Our attention is focused "€Ms;*according to which the electron densitfy) can be used

on the addition reaction in the second step of this mechanism &S the fundamental variable determining all atomic and molec-
(Figure 1), i.e., the theoretical study of the reaction of a ular properties. DFT automat|c_ally incorporates eIectr(_)n cor-
nucleophile with the triple bond in unsymmetrically substituted relation via the exchangecorrelation functionat? and practical
benzynes (e.ga-didehydrobenzene @rbenzyne). The systems calulations can be p_erformed using the Ket8ham method?®
considered are 3- and 4-fluorobenzynes and 4,5-didehydropy-Furthermore, algorithms are being developed to solve the
rimidine. The reason for interest in these systems is twofold. Kohn—Sham equations, scaling linearly with the number of basis
First of all, from thestructural point of view, the presence of ~ functions:® In a first part of this paper, the use of different
a triple bond in both the benzynes and the hetarynes providesPFT methods in combination with different basis sets in the
a challenge at the calculational level. As one expects the role 980Mmetry optimizations is investigated. .

of electronic correlation effects to be fairly large in a system A Second reason we are interested in these systems is the
with high local concentrations of electrons, the calculational fact that the study afeactionsinvolving exotic reaction partners

methods used to treat these effects may have a considerabl§uch as these reactive intermediates is interesting per se. In
the case of the hetaryne, the first clear-cut experimental evidence

*To whom all correspondence should be sent. E-mail address: that 4,_5_—didehydropyrimidine should undergo p_r_eferential_nu-
pgeerlin@vub.ac.be. cleophilic attack at the 4- rather than the 5-position was given
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Figure 2. Regioselectivity for a nucleophilic attack in the 3- and
4-fluorobenzynes and the 4,5-didehydropyrimidine.

by Promel et al”in 1992. In their investigation of the reactivity
of the 2tert-butyl-4,5-didehydropyrimidine toward ethanol only
4-ethoxy-2tert-butylpyrimidine was isolated in significant

amounts. This clearly demonstrates the preference of a nu-

cleophilic attack at the 4-position (Figure 2). In comparison
with the substituted benzynes a higher regioselectivity was found
(meta/ortho ratio varying from 16:1 to 100:1 for 3-fluoroben-
zyne8 para/meta ratio varying from 1:1 to 2:1 for 4-fluoroben-
zyne’® and the absence of a 5-substituted product for the
hetaryne¥), yielding the following general regioselectivity
sequence:

4-fluorobenzyne< 3-fluorobenzyne<
2-tert-butyl-4,5-didehydropyrimidine

This suggests an increasing dissymmetry in the triple bond.
Schematically the regioselectivity in the three systems consid-

ered can be depicted as is done in Figure 2. This sequence

was previously investigated using the molecular electrostatic
potential (MEP}® with moderate wave function techniques. Also
some preliminary results of a reactivity study using Pearson’s
hard and soft acids and bases (HSAB) prinépiecre reported.
This principle states that hard acids prefer to react with hard
bases, whereas soft acids prefer to react with soft bases. Th
Fukui function?! frequently use#? among others by the present
authorg? as a reactivity descriptor for sefsoft interactiong223

was calculated for the hetaryne. The second part of this paper

will deal with the results of a reactivity study based on

straightforward considerations using the effect of the substituents
and heteroatoms on the electron density distribution and using

the Fukui functionf™ in its condensed form calculated at
different DFT levels.
2. Theory and Computational Details

Density functional theory provides a natural framework for
a quantitative description of chemical reactivity. Long-known

concepts readily used by chemists such as electronegativity,

hardness and softness, and frontier molecular orbital treatment:
of reactivity all emerge naturally from this theory. Furthermore,
theoretical justification was provided for the Sanderson elec-
tronegativity equalization principtéand Pearson’s HSAB and
maximum hardness principle. Within density functional theory
global softnessS, can be define® as the inverse of the global

hardne537:26
(()N)
a//t v(r)

whereu is the electronic chemical potentf@which was also
identified with the negative of the electronegativipy!3

(-
ONJv(r) x
and E denotes the energy\ the number of electrons of the

system, and/(r) the external potential. Based on eq 1 and the
fact that the local quantity should intergrate to the global softness

S= [r)dr ©)

1_

=2 )

u= 2

e
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local softness(r) can be identified with

= (E?_lfl)m)(%)v(r) @)

This local quantity can be used to describe intermolecular as
well as intramolecular reactivity sequences. The first derivative
in eq 4 is the Fukui functiorf(r), the intramolecular reactivity
index for anN-electron system defined by Parr and Y&hg.
Due to the discontinuity in this derivative at thd-value
considered, different intramolecular reactivity indiesan be
defined based on eq 4. In a finite difference approximation,
these indices can be written as

f(r) = pn(r) — on-a(r) (5)
in the case of an electrophilic attack, and
() = ppaa(r) — (1) (6)

in the case of a nucleophilic attack.

pm(r) is the electron-density function of the atomic or
molecular anionNl = N + 1) or cation ¥ = N — 1), calculated
at the geometry of the neutral systemM € N).

In a “condensed” version these indiééare

fe = a(N) — q(N — 1) ()

fi = (N + 1) — g(N) (8)

wheregk(N), gk(N + 1), andg(N — 1) are the atomic electron
populatior?® at the atonk for the N-, (N + 1)- and N — 1)-
electron system.

The electron densities needed to evaluate the condensed Fukui
functions were obtained within a density functional framework
using three types of exchangeorrelation functionals:

-The local density approximation (LDA), combining the Dirac
expressioff for exchange with Vosko, Wilk, and Nusair's
expression for the correlation energy of a homogeneous electron
gas??

‘The BLYP functional, a combination of Becke’s gradient-
corrected exchange functioRhlwith Lee, Yang, and Parr's
correlation functiona#?

-Becke’s three-parameter functional B3PW91 and the B3LYP
functional33

All calculations were performed using the Gaussian 94

ackagé* running on a Cray J916/8-1024 of the Brussels Free

niversities Computer center. All DFT calculations were
performed using Dunning'’s correlation consistent cc-pVDZ and
cc-pVTZ, being [3s2pld/2slp] and [4s3p2d1f/3s2pld] contrac-
tions of (9s4pld/4slp) and (10s5p2d1f/5s2pld) primitive sets,
respectively?®> which, among others in our own work, turned
out to yield excellent results in the calculation of atomic charges,
dipole moments, IR intensities, electrostatic potentials, Fukui
functions, ionization energies, electron affinities, electronega-
tivities, and hardnessé%. The geometries were fully optimized
at all levels using these basis sets. At the cc-pVDZ level,
additional MP2 and QCIS® calculations were performed to
serve as a reference. All geometries are available from the
authors upon request.

Atomic populations were calculated using the orbital-based
natural population analysis method (NP&)which can be
obtained accurately using DFT methc239

3. Results and Discussions

3.1. Geometries. In the past, a vast number of studies
concerning the geometry and the energetics ofathen-, and
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3 11.961, in 3-F-benzyne, it is 11.984, and in 4-F-benzyne, it is
4 2 11.947. As can be seen, the triple-bond carbons carry the largest
‘ number of electrons in 3-F-benzyne, followed by benzyne and
4-F-benzyne. One can expect that a larger number of electrons
on the bond atoms will increase the bond length; this explains

w
—_

6 F the calculated sequence of triple-bond lengths. It has to be
3 3 remarked that this is not solelyoeeffect, since the populations
F4 2 4 2 on the carbon atoms are 10.065 (benzyne), 10.029 (3-F-
‘ | benzyne), and 9.999 (4-F-benzyne). Again for the two fluo-
5 1 5 | robenzynes, the BLYP functional predicts the bond lengths in
closest agreement with the QCISD results, being an approxima-
6 6 6 tion to the CCSD value. Going from the cc-pVDZ to the cc-
I'N 5 pVTZ again shortens the bond lengths substantially. For the
‘ exact exchange levels B3LYP and B3PW91, bond lengths close
s @ . to 1.24 A are predicted, implying substantial domination of
N triple-bond character (the experimental bond length of the
3 carbon-carbon double bond in acetylene is 1.203 A, whereas
Figure 3. Geometry and numbering of the ring atomsoibenzyne, the carbor-carbon bond in ethylene is 1.339 A, averaging to

3-fluorobenzyne, 4-fluorobenzyne, and 4,5-didehydropyrimidine. 1.271 A).
Concentrating on the 4,5-didehydropyrimidine, the bonds
N 9 N S} between G and G and between Bland G both have triple
l ) } - l ) bond character, the shortest bond at all levels being the
N e nitrogen—carbon bond. This can be explained by aonjuga-
NS N . : -
tion effect of the nitrogen atom, as was already recognized by
Figure 4. o delocalization of the nitrogen free electron pair in 4,5- Radom et aff2

didehydropyrimidine. This o-conjugation effect, shown in Figure 4, will also be of
b ©h b ; q | I of utmost importance when the reactivity of this molecule toward
p-benzynes’ have been periormed. However, am(_)st ail or 4 nucleophilic attack is discussed. At the MP2 level, the C
these studies were conducted using molecular orbital theory,C5 bond length is now in agreement with the exact exchange
and very few DFT results were publised until now (see, for oq 115 byt the p-C, bond distance is again overestimated.
example, ref 40p). In this part, the geometry of theenzyne, g cc 0\/T7 basis set again lowers all DFT calculated bond
3-F-benzyne, 4-F-benzyne, and the 4,5-didehydropyrimidine will | ngths.
be assessed and discussed. The structures of these compounde')sFinally comparing all bond lengths at the cc-pVDZ level with

can be found in Figure 3 together with the numbering of the the QCISD results yields a mean absolute deviation of 0.012 A

different atoms. The structural parametersodbenzyne are .
: : L for the LDA method, BLYP and B3LYP both deviate 0.007 A,
listed in Table 1. In addition to the performed DFT, MP2, and and B3PWO1 deviates 0.009 A. For the MP2 level, the

QCISD calculations, the results from geometry optimization of T )
deviation is the smallest, being only 0.005 A. For the angles
| - - -
Kraka and Creméf! (CCSD(T)/6-31G(d,p) and MP2/6-31G- |00 e | DA deviates 1.PABLYP 1.1°, B3LYP 0.6, and

(d,p)) and Lindh et at%" (CASSCF(8,8) with the DZP and . . -
5s4p2d/3s2p basis sets) are given. Concentrating on the 6-316!33PW91 1.0. ‘With 3.4, MP2 clearly does worse in predicting

(d,p) basis set, it can be seen that the BLYP functional and thethe bond :?mgles of these systgms as compared with DFT. .

MP2 method generate a triple-bond distance in best agreement From this part of our study, it can be concluded that density
with the CCSD(T) result. All DFT methods predict this bond uncpona_ll calculation methods bey_c_)nd the local density ap-
to be less than 1.26 A, thus assigning more triple-bond characterProximation Ievgl clea_rly offer the ability to s_tudy these reactive
to this species (vide infra). However, bond lengths of 1.262 intermediates in which elgctron correlation effects can be
and 1.251 A are observed when multireference character is€XPected to have a large influence on the results. All DFT

introduced in the calculations by means of the CASSCF(8,8) Methods seem to ass;]gn mr?reh triple-bond character to the
calculations. It should also be noted that the subtle prediction C&r20n-carbon bond where the hydrogens were abstracted as

that the G—H bond length is shorter than the-€H bond length compared with the single-reference electron correlation methods.
is reproduced by all DFT methods, except the BLYP functional. ~ 3.2. Reactivity. As mentioned in the Introduction, our main
At the cc-pVDZ level, the bond lengths of the triple bond concern is the study of the regioselectivity in the second step
become somewhat larger; they are however still below 1.26 A of the aromatic nucleophilic substitution reaction following the
for the exact exchange functionals B3LYP and B3PW9L1. elimination—addition mechanism of the\8-type reaction. First
Surprisingly, the MP2 bond is lengthend by more than 0.01 A, We will consider the rgactivity of.t_he two fluorobenzyne.s_. One
so that the agreement with the QCISD calculated bond length usually assumes tha@ in the addition step the .nucleophlllc qttgck
disappears. At the cc-pVTZ level, a further drop of the triple- takes place at the point of least electron density. In determining
bond length is witnessed. this point, two effects of the F-substitution have to be

Table 2 lists the geometrical parameters of the 3-F-benzyne, considered: the inductive and the resonance effect.
4-F-benzyne, and the 4,5-didehydropyrimidine. As can be When considering the resonance effect, the relevant resonance
noticed from this table, the triple bond in 3-F-benzyne is forms for the two substituted benzynes are depicted in Figure
somewhat shorter than the triple bond in benzyne, whereas theb.
triple-bond length in 4-F-benzyne is somewhat larger. A simple  On the basis of this resonance effect, it clear that in the
explanation can be provided by considering the charges of thecase of 4-fluorobenzyne a reversed polarization of the triple bond
two carbon atoms in the triple bond; in benzyne, the B3PW91/ is expected, in contrast to the case of 3-fluorobenzyne. This is
cc-pVTZ sum of the charges of these two carbon atoms is confirmed by the total electronic NPA populations, obtained at
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TABLE 1: Calculated Geometrical Parameters (distancesk in Angstroms and AnglesA in Degrees) ofo-Benzyne at the Four
DFT Levels and with the 6-31G(d,p), cc-pVDZ, and cc-pVTZ Basis Sets. Also Listed Are Reference MP2 and QCISD
Calculations, Together with Recent MP2i% CCSD(T),*% and CASSCF(8,8}%" Literature Results

level basis set Reice Reacs Reaca Recacs Rean Rean Acscica Acacaca Acecsca

LDA 6-31G(d,p) 1.257 1.375 1.397 1.409 1.095 1.097 127.2 110.1 122.3
BLYP 1.264 1.393 1.425 1.414 1.092 1.092 127.0 110.5 122.4
B3LYP 1.251 1.385 1.413 1.407 1.085 1.087 127.1 110.4 122.5
B3PW91 1.251 1.382 1.411 1.404 1.085 1.088 127.2 110.2 122.6
MP2 1.268 1.389 1.405 1.410 1.080 1.083 126.6 111.2 122.6
CCSD(T) 1.269 1.394 1.411 1.413 1.081 1.084 126.4 111.2 122.4
LDA cc-pvDzZ 1.260 1.379 1.411 1.399 1.101 1.103 127.2 110.0 122.8
BLYP 1.267 1.397 1.420 1.427 1.098 1.101 127.1 110.4 122.5
B3LYP 1.255 1.388 1.415 1.409 1.091 1.094 127.2 110.3 122.6
B3PW91 1.254 1.384 1.413 1.405 1.091 1.094 127.3 110.1 122.7
MP2 1.280 1.401 1.417 1.420 1.094 1.097 126.6 110.6 122.4
QCISD 1.268 1.402 1.415 1.422 1.094 1.097 126.7 110.7 122.5
LDA cc-pvVTZ 1.245 1.369 1.402 1.390 1.091 1.094 127.3 110.0 122.7
BLYP 1.253 1.387 1.419 1.408 1.086 1.090 127.2 110.4 122.4
B3LYP 1.241 1.379 1.407 1.401 1.080 1.083 127.3 110.3 122.6
B3PW91 1.242 1.376 1.406 1.398 1.081 1.085 127.4 110.0 122.6
CASSCF(8,8) DZP 1.262 1.406 1.397 1.426 1.075 1.078

(5s4p2d/3s2p) 1.251 1.399 1.390 1.420 1.070 1.073

TABLE 2: Calculated Geometrical Parameters (DistancesR in Angstroms and AnglesA in Degrees) of 3-Fluorobenzyne (First
Series), 4-Fluorobenzyne (Second Series), and 4,5-Didehydropyrimidine (Third Series) at the Four DFT Levels and the MP2
and QCISD Level with the cc-pVDZ and cc-pVTZ Basis Sets

LDA BLYP B3LYP B3PW91 MP2 QCISD

cc-pvDz cc-pvTZ cc-PVDZ cc-pVvVTZ cc-PVvDZ cc-pvVTZ cc-PVDZ cc-pvVTZ cc-PVDZ cc-PVDZ

Rcic2 1.262 1.249 1.270 1.256 1.258 1.245 1.257 1.245 1.279 1.270
Rcocs 1.381 1.371 1.396 1.385 1.387 1.378 1.385 1.376 1.394 1.398
Rcaca 1.406 1.397 1.421 1.412 1.408 1.401 1.407 1.400 1.410 1.408
Reacs 1.395 1.386 1.413 1.405 1.405 1.398 1.402 1.395 1.417 1.420
Rescs 1.414 1.406 1.430 1.422 1.418 1.410 1.416 1.409 1.417 1.417
Resct 1.367 1.357 1.385 1.375 1.376 1.366 1.372 1.363 1.397 1.394
Resr 1.325 1.323 1.357 1.357 1.341 1.338 1.335 1.332 1.338 1.341
Acscicz 135.2 135.0 134.6 134.4 135.3 135.1 135.9 135.8 129.9 133.4
Acicacs 118.1 118.3 118.2 118.6 117.8 118.1 117.5 117.6 122.4 118.9
Rcic2 1.258 1.244 1.265 1.251 1.253 1.239 1.252 1.240 1.278 1.267
Reacs 1.377 1.367 1.395 1.387 1.387 1.379 1.383 1.375 1.397 1.402
Rcaca 1.407 1.399 1.422 1.413 1.409 1.401 1.408 1.401 1.411 1.408
Reacs 1.403 1.394 1.419 1.411 1.411 1.403 1.408 1.401 1.421 1.422
Rcscs 1.403 1.395 1.419 1.411 1.407 1.400 1.405 1.398 1.409 1.409
Reec1 1.381 1.372 1.399 1.390 1.390 1.381 1.386 1.379 1.406 1.405
Recar 1.334 1.333 1.367 1.367 1.351 1.349 1.346 1.343 1.352 1.351
Acscice 127.9 127.8 127.7 127.9 128.0 128.1 127.9 127.9 125.6 127.0
Acicacs 127.0 127.3 126.8 126.9 126.8 126.9 127.1 127.9 127.9 126.7
Reacs 1.285 1.270 1.295 1.281 1.284 1.270 1.284 1.272 1.285 1.296
Rcscs 1.419 1.408 1.437 1.426 1.432 1.421 1.431 1.421 1.416 1.436
Reent 1.343 1.337 1.365 1.360 1.354 1.348 1.341 1.345 1.362 1.358
Rnicz 1.313 1.305 1.328 1.320 1.319 1.312 1.317 1.310 1.33 1.332
Reans 1.387 1.381 1.417 1.411 1.397 1.392 1.392 1.388 1.407 1.394
Rusca 1.264 1.255 1.277 1.268 1.263 1.255 1.261 1.253 1.293 1.280
Acacacs 144.6 144.1 145.2 144.7 147.6 146.0 148.4 148.2 141.6 147.8
Acacscs 105.4 106.3 105.4 106.2 102.9 103.8 102.0 102.6 110.8 102.9
@(9 in terms of aco and am contribution. These different

1 contributions can be obtained by investigating the contributions
per atomic orbital to the total population. On the basis of the
‘ orientation of these orbitals, one can make the following
distinction: orbitals perpendicular to the molecular plane are
describing ther system; orbitals in the molecular plane are
Figure 5. Relevant resonance structures of 3- and 4-fluorobenzyne. describing thes system. Considering only the populations

different levels of calculation using different basis sets, given on the different C atoms leads to the correct polarization of the

in Table 3. It is seen that for 3-fluorobenzyne in all cases the triple bond in both the 3-fluorobenzyne and 4-fluorobenzyne.
population on the Catom is smaller than the population on Furthermore it is seen that tiepopulation on g'is less than
the G atom, whereas for 4-fluorobenzyne the opposite is found, 2 © Peing the expected population for a nonpolarized bond
leading to the wrong regioselectivity for a nucleophilic attack. (6 minus 1z electron), possibly indicating the actual occurrence
This is however not a problem if one takes into account that Of @ nucleophilic attack.

the third bond on which the reaction takes place in these The main question now is whether this polarization of the
benzynes is located in theplane. Using this information, one  third (o) bond can be explained in terms of the inductive effect
can propose to look at the electronic population on the C atomsof the fluoro atom. The populations on both carbons; @nd
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TABLE 3: Calculated NPA Electron Populations (in au) of 3-Fluorobenzyne, 4-Fluorobenzyne, and 4,5-Didehydropyrimidine at
the Four DFT Levels with the cc-pVDZ and cc-pVTZ Basis Sets

NPA(tot) NPA(@7) NPA(0)
system level basis set 1C C Cy C Cy C

3-fluorobenzyne SVWN cc-pvDZ 5.885 36 6.092 51 0.986 36 0.964 79 4.899 00 5.127 72

BLYP 5.890 16 6.092 81 0.986 76 0.960 01 4,903 40 5.132 80

B3LYP 5.877 46 6.107 44 0.992 16 0.959 14 4.885 30 5.148 30

B3PW91 5.87513 6.112 54 0.992 55 0.960 03 4.882 58 5.152 51

SVWN cc-pVTZ 5.871 49 6.099 25 0.985 89 0.966 53 4.885 60 5.132 72

BLYP 5.876 85 6.099 92 0.986 74 0.962 62 4.890 11 5.137 30

B3LYP 5.863 58 6.116 53 0.991 77 0.962 55 487181 5.153 98

B3PW91 5.860 04 6.123 52 0.992 16 0.962 84 4.867 88 5.160 68
4-fluorobenzyne SVWN cc-pvDZ 5.97154 5.966 96 0.989 08 0.955 17 4,982 46 5.011 79

BLYP 5.97557 5.972 22 0.986 12 0.952 35 4,989 45 5.019 87

B3LYP 5.977 27 5.974 42 0.992 04 0.951 82 4,985 23 5.022 60

B3PW91 5.979 79 5.973 96 0.992 43 0.953 59 4,987 36 5.020 37

SVWN cc-pVTZ 5.970 30 5.960 40 0.988 66 0.956 46 4,981 64 5.003 94

BLYP 5.973 02 5.967 95 0.987 13 0.953 73 4,985 89 5.014 22

B3LYP 5.975 25 5.969 94 0.993 23 0.953 25 4,982 02 5.016 69

B3PW91 5.978 56 5.968 55 0.993 17 0.954 96 4,985 39 5.013 59

system level basis set 4C Cs Cs Cs Cs Cs

4,5-didehydropyrimidine SVWN cc-pvDZ 5.628 44 6.202 76 0.919 86 0.848 13 4,708 58 5.354 63

BLYP 5.619 96 6.211 00 0.921 90 0.842 24 4.698 06 5.368 76

B3LYP 5.576 03 6.241 78 0.937 56 0.838 96 4.638 47 5.402 82

B3PW91 5.57261 6.247 48 0.937 09 0.838 62 4.635 52 5.408 86

SVWN cc-pvVTZ 5.668 21 6.190 99 0.916 11 0.855 64 4,752 10 5.33535

BLYP 5.655 95 6.202 03 0.916 46 0.851 44 4.739 49 5.350 59

B3LYP 5.610 84 6.235 89 0.931 77 0.849 43 4.679 07 5.386 46

B3PW91 5.609 57 6.241 42 0.93353 0.846 81 4.676 04 5.394 61

A9

(a) Electronegativity

8+

83+

83+/8-

3+

(b) Electronegativity
+

Hardness

Figure 6. Polarization of thes bond in 3-fluorobenzyne due to the

influence of electronegativity of fluorine (a) and the combined influence 0

of electronegativity and hardness (b) of fluorine.

C,, decrease (C< Cy) in both cases (3- and 4-fluorobenzyne)

with the distance to the F atom. This is not what one would

expect using only the electronegativityof the F atom fr =
10.41 andyc = 6.279), as is shown in Figure 6a.

a competition between these two driving forces can be ex-

F

1)

T

g . i " Figure 7. Electronic populations on the different atoms in the
However in previous studies it was found that in the absence fluorobenzynes as a function of the distance to fluorine. Differences

of resonance the role of the hardness of a substituent can bewith respect to the isolated atords are given as a function of the
very importan2® Hardness is considered to be a measure of distance to the fluorine atom.
the resistance of a system to a change in the number of electrons,
thus related to the inverse of the charge capacity of the system. Considering only the electronegativity (neglecting hardness),
As this effect is opposite of the effect of the electronegativity, the following points can be made.

Point a: The number of electrons at F will increase as

pected? (cf. Figure 6b). In fluorine the electronegativity and compared to the isolated atom as electrons are drawn from the
the hardnessye = 7.01 andyc = 5.0%) are known to be very  rest of the system toward F. This increase is substantial as the
large, the resulting effect being dependent on the system it is electronegativity is large.

introduced in. The higher the softness (polarizability) of the  Point b: The electronegativity has the largest effect on atoms
host system, the smaller the effect of the hardness of theclose to the substituent ¢n 3-fluorobenzynes, £in 4-fluo-
substitueng3m41 Furthermore the hardness is an effect of the robenzyne). The decrease in the number of electrons will be
substituent itself, even though the introduction of a hard maximum.

substituent in a system is known to increase the global hardness Points ¢ and d: The number of electrons increases from c to
of the system; the hardness of the isolated substituent mainlyd due to the decrease of the effect of electronegativity with the
describes the local behavior of the substituent in the system.distance from the substituent. As atomsa®d G are in this

This will become clear when discussing Figure 7, schematically region, the population on Qs larger.

depicting the changes in electron populations at the different Considering both electronegativity and hardness, the follow-
atoms as a function of the distance to Fz d€ both G and G, ing points can be made.

in the case of 3-fluorobenzyne and 4-fluorobenzyne, respec- Point & The number of electrons at F will increase as
tively, are situated between F and @n the horizontal axis. electrons are drawn from the rest of the system toward F. This
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TABLE 4: Calculated Fukui Functions Using NPA Electron Populations (in au) for 3-Fluorobenzyne and 4-Fluorobenzyne at
the Four DFT Levels with the cc-pVDZ and cc-pVTZ Basis Sets.

system level basis set  f (tot) fZ (tot) fE () fE () f(0) £ (0) e (tot) — fE (tot)
4-fluorobenzyne  SVWN cc-pVDZ  0.28471  0.28143-0.08925 —0.08604 0.37396 0.367 47 0.006 49
BLYP 0.27773 0.27515 —0.09175 —0.08840 0.36948 0.36355 0.005 93

B3LYP 0.28341 0.28421 —0.09408 —0.08938 0.37749 0.37359 0.003 90

B3PWO1 0.28445 0.28672 —0.09190 —0.08849 0.37635 0.37521 0.001 14

SVWN cc-pVTZ  0.28649  0.28175 —0.08252 —0.08107 0.36901 0.362 82 0.006 19

BLYP 0.27979 0.27586 —0.08532 —0.08308 0.36511 0.358 94 0.006 17

B3LYP 0.28823 0.28213 —0.08702 —0.08483 0.37525 0.366 96 0.008 29

B3PWO1 0.28765 0.28483 —0.08517 —0.08406 0.37282 0.368 89 0.003 93

3-fluorobenzyne  SVWN cc-pvDZ  0.29506 0.27019-0.09055 —-0.07154 0.38561 0.34173 0.043 88
BLYP 0.28602 0.26835 —0.09557 —0.07425 0.38159 0.342 60 0.038 99

B3LYP 0.29647  0.27425 —0.09851 —0.07415 0.39498 0.348 40 0.046 58

B3PWO1 0.29580 0.27769 —0.09535 —0.07345 0.39115 0.35114 0.040 01

SVWN cc-pVTZ 030226  0.26319 —0.08477 —0.06808 0.38703 0.33127 0.055 76

BLYP 0.29367 0.26264 —0.08974 —0.07089 0.38341 0.33353 0.049 88

B3LYP 0.30510 0.26498 —0.09288 —0.07100 0.39798 0.33598 0.062 00

B3PWO1 0.30279 0.26868 —0.09022 —0.07002 0.39301 0.33870 0.054 31

increase is however much lower than in the case where thecalculation (gA(tot) = 0.019 02 andf¢ (tot) = —0.087 36).

hardness was neglected, as the hardness, related to the inversehe same study at the HF/3-21G level showed the Fukui

of the charge capaciti,of F prohibits the accommodation of  function to fail as a reactivity descriptdrfor the substituted

additional electrons on the F atom. benzynes. The results of the calculation fofat different
Point B: As the hardness primarily has a local effect and the pFET |evels for these systems will now be discussed. On the

neighboring atoms have a larger charge capacity, an increasg)asis of the success of the use @fand = populations in

in population can be observed on the nearest neighbor(s). Dugpe previous part, the condensed Fukui function using the

to the competition between electronegativity and hardness, the;qia1 NPA population and it andz components (see Table

curve has the same shape, even though the changes in electroar) was chosen. When studying these results, it becomes
g:glselgﬁﬁ gar:Z r c!lizz Spgﬁ?zlég;eg’toage tgﬁiﬂggeav(;g;a]i?;?‘ tvr\llgelzr}mmediately clear that the total Fukui functicb@(tot) gives a
atom (point bin this curve corresponds to the point a in the correct description of the regioselectivity in 3-fluorobenzyne

curve describing the effect of the electronegativity neglecting a_t aI_I.DFT levels usmg both b§15|s sets. One does observe a
the hardness). significant decrease in the difference betwe‘é’g(tot) and
Points ¢ and d: The atoms of the triple bond,,Gnd G, fE(tot) when going from the cc-pVTZ basis to the less
will now be in the area where the number of electrons decreasesextended cc-pVDZ basis. In the case of 4-fluorobenzyne this
with respect to the distance from the substituent. This leads tobehavior even leads to an inversion of the regioselectivity
a larger population on £than on G. according to thég(tot) for B3LYP/cc-pVDZ and B3PW91/cc-
In the case of the hetaryne we have a completely different pVDZ calculations.

story. Thez-mesomeric effect is in this case of inferior  considering ther andzr compounds of the condensed Fukui
Importance, as it will not give rise to any _polanzatlon of th_e function, fé(a) and fS(), it immediately becomes clear that
triple bond. On the other hand the selectivity of a nucleophilic the nucleophilic attack will take place in theplane (positive
attack for G can easily be explained in terms of themeso- v . - .
values forf: (o)) and not perpendicular to this plane (negative

meric effect, in which the third bond of the triple bond is ¢ N .
involved together with the free electron pair of nitrogen, which values forfc(r)). Furthermore théc(o) is found to predict a

is also located in a &mrbital. The relevant mesomeric form ~ 'eaction at ¢in all cases, again in agreement with experiment.
is shown in Figure 4. This is confirmed by theelectron Finally the increase in regioselectivity when going from
populations on €and G. The inductive effect is also present 4-fluorobenzyne to 3-fluorobenzyne is also described correctly
in this system but will be, as is generally excepted, much smaller as the differencé; (o) — fc (o) increases (see Table 4).
than the mesomeric one.

The fact that inductive effects are much smaller than 4. Conclusions

mesomeric effects also gives us the means to explain the The geometry and reactivity of four intermediates of the

regioselectivity sequence given in Figure 2. Whereas the hon e and hetaryne type were studied using both ab initio
difference in regioselectivity in the fluorobenzynes is attributed 4 DET methods. The DET methods are able to describe the

to an inductive effect (electronegativity modulated by hardness) : . :
. : : . electronic) structure of these systems with accuracies compa-
which decreases with the distance to the substituent, the much( ) Y P

o . rable to traditional correlated molecular orbital methods at a
larger selectivity in the case of the hetaryne can be attributed . .
. . . L decreased computational cost. Furthermore these techniques
to the o-mesomeric effect involved in the polarization of the

triple bond. Again this is confirmed by theelectron popula- are opserveq to assign more triple-bond charactgr to the CC
tions on G and G. Here we see that the difference in the bond in the ring plane on which the nucleophilic addition occurs.
poplation on G and G increases, indicating an increase in the In the reactivity study the Fukui function was found to be an
polarization of the relevant bond. adequate descriptor of the regioselectivity in accordance with

As mentioned in the Introduction, the reactivity of the (among others, our) previous findings on a diversity of
hetaryne was already investigated with success using the Fukuistructures. The influence of the fluorine substituent turned out
functionf*. Here the Fukui function was found to give a correct to be again a combination of opposing electronegativity and
description of the intramolecular reactivity sequence. This result hardness effects, as demonstrated in the charge distribution of
was confirmed at the DFT level by means of a B3LYP/cc-pVDZ the parent reactive intermediate.
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The whole of this study illustrates the capability of present

Langenaeker et al.

W. in Density Functional Methods: Applications in Chemistry and Materials

day DFT methods to study both structural and reactivity aspects SciencesSpringborg, M., Ed.; John Wiley: New York, Chapter 2, 1997. (k)

of reactive intermediates.
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