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Density functional theory (DFT) descriptors have been used in the present work to explain “intermolecular”
reactivity. Very few parameters have been successful in explaining the concept of intermolecular reactivity
sequences until now. It has been shown recently (Roy el.@Phys. Cheml998 102, 3746) for the case of
carbonyl compounds that local hardness works better than other parameters for predicting intermolecular
reactivity trends. In this paper, we show that “group softness” can predict the intermolecular reactivity trends
in carbonyl compounds and organic acids correctly. A group is a set of atoms in the molecule that influences
the behavior of the most reactive atom in the molecule. Once the group is correctly defined for a series of
molecules, group softness is an effective parameter for predicting the most reactive molecule among the
given series. The concept of group softness is seen to work efficiently for both types of charge partitioning
used and all of the basis sets used for the studies.

1. Introduction In addition to global properties, local concepts varying from
. . . point to point in the molecule were proposed. Concepts of Fukui

The understanding and prediction of molecular reactivity has f,,ction, local hardness, and local softness have emerged to
bﬁen a chauenglngfareg ofdworrlj in the field oflquantum describe the atoms-in-molecules viewpoint and the role of a
chemistry. The past few decades have seen several attempts alyqific atom within a molecule during the reactivity of the
describing and predicting trends of molecular reactivity and 51ecylel3 |ocal softness has been shown to be proportional
mechanisms using quantum chemical methods as well asy, e Fykyj function and is well-definéd50n the other hand,
density-functional-based descriptors. Of particular interest are the definition of local hardness is ambigicdes16 Local
studies for understanding chemical reactivity using the responseg ¢1ass describes the reactivity of an individual atom in a

functl_o_ns gf the_ systen\;vpﬁ_rnmhonly called ?tgmlc_orfmolgculalr molecule. The reactivity of any center toward an electrophilic
reactivity descriptors. Within the context of density functional nucleophilic attack is defined through the electrophilic local

theory (DFT), several response functions such as electronegas,qnesq and nucleophilic local softness, respectively. According

t|\|/|tyt, cr;etr_mcalt p(:_telnr?al, tg)ardnes;, SOﬂn?SSl’ and molec?lartto Parr and Yang, the atom with the highest electrophilic/
electrostatic potential have become increasingly more importan nucleophilic Fukui function, and hence highest electrophilic/

for.th(.a prediction of molgcular reactivity. Several workmg nucleophilic local softness, is the most reactive center within a
definitions of these descriptors have been proposed, enab“ngmolecule”

the calculation of these quantities from first principles. Of these,
d P P However, Gaquez and Mendez later showed that the

the most commonly and widely used concept for studying . on b lecules d v tak

molecular reactivity is the hardness of the molecule, which is Interaction between two molecules does not necessarily take

defined as the second derivative of the energy with respect to place through the softest atoms in the m_olec_ule_s but rather takes
place through atoms of equal softné%Fhis principle was later

the variation in the number of electrons. Peatstefined two ; - .
categories of acids and bases, ranked according to the hardnesg2/led the local hardsoft acid-base principle, and it has been

(or its inverse, softness) of the molecule, namely, hard acid/ Studied by many groups to understand the validity of both of
base and soft acid/base, and proposed a principle called thethe concepts described aba¥es well as to predict the reacting

. L . . ithi i ,21,22
hard-soft acid-base (HSAB) principle. According to this &toms within pairs of molecu_le?§: _ _ _
principle, a hard acid prefers to react with a hard base, whereas Thus, the global HSAB principle explains the interactions
a soft acid forms stronger bonds with a soft base. These-hard between two molecules (one acid and one base) on the basis of
hard and softsoft interactions were later explained by Klop- the global softness or hardness of the molecules, whereas the
mar? to be charge-controlled and frontier-controlled, respec- local HSAB principle predicts the atoms in the two molecules
tively. Parr and Chattaraj gave a proof for this global HSAB through which _thg interaction between two molecules takes
principle2 along with a proof for principle of maximum hardness place. These principles have been able to explain a large number
(PMH)?#, which relates the stability of molecule with its hardness. 0f chemical interactions. However, the interaction of a molecule
This global HSAB principle was used effectively to explain the With another molecule is predetermined by its own structure,
reactions between acids and ba%gsAlong with studies on and hence, intramolecular and intermolecular reactivity se-
the HSAB principle, PMH was also tested and studied rigorously quences have gained significant importance. Intramolecular
by many group$; 1! and the conditions under which PMH is  reactivity sequences predict the most reactive site within a
valid have been the subject of extensive investigatiéns. molecule, whereas intermolecular reactivity sequences predict
the most reactive molecule among a group of molecules with

* Author to whom correspondence should be addressed. E-mail: pal@ the same functional group. Both of these reactivity trends have

ems.ncl.res.in. been studied recently by Roy et &.and it was found that the
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)

electrophilic softness is an extremely reliable descriptor for the m=5 aN

2
prediction of intramolecular reactivity trends. However, it was oN

shown by this group, as well as by the work done by previous whereE is the energy of the system,is the number of electrons
groups, that the prediction of intermolecular reactivity using in the systemy(r) is the external potential, andis called the
local softness is extremely difficult, and hence, parameters suchchemical potential of the system. The inverse of the hardness
as local hardness, electrostatic potential, and ratio of softnesss called the total softness of the system.

have been used to explain intermolecular reactivity tréfds.

Geerlings and co-workers have pointed out the significance of S= 1 2)
these intermolecular reactivity sequences and the difficulty in 2n

predicting the correct acidity trends in substituted benzenes
acids, alcohols amines, and few other molecéte® The ratio

of the local softness was, however, seen to work better for the
prediction of intermolecular reactivity trends within zeoli#és, 1

whereas derivatives of local hardness seemed to work better S= P — EA ©)

for some other molecule825-32 However, the definition of local

hardness is not very cle&t;35 and the ratio of the softness is where IP and EA are the first ionization potential and electron

not a very consistent parameter for the prediction of the most affinity of the chemical species, respectively. The mixed second
reactive molecule within a group. derivative of the energy of the system with respectNtand

This paper deals with this problem of predicting the correct the potentiab/(r) is allocal property. It. represents the response
of the electron density at each point in space to the variation in

intermolecular reactivity trends using the summation of the local ; .
v 9 the number of electrons and was called as Fukui function by

softness of a group of atoms around the most reactive site in a 7 : : : L
molecule. This sum is called as the “group softness’. The Parr and Yand. The Fukw function describes the sensitivity
of the chemical potential of a system to a local external

molecule with the maximum group softness is the most reactive perturbatiorf> This function has been widely used as a reactivity

molecule within a series. However, this is also dependent to . . oo
X . P .. parameter to describe the most reactive point in a molecule.
some extent on the other interacting molecule, as we will

mention later in the context of the local HSAB principle. The ( FE ) (ap(r))

concept of the summation of a reactivity parameter, viz., = =f(r) (4)
. . . BNBV(I’) oN »(r)

electronegativity of a few atoms, was used earlier by Nalewaj-

ski and co-worke¥ and few other grougé°, whereas Geer-  Ajso, a local property, called local softness, is defined as

lings and co-workef§27 used the summation of softness to

obtain a concept such as group softness. In one of the most _ [9p(r)

recent applications of group properties, Alejandro Toro-Labbe S(r) = W (o) ®)

and co-workers have used group chemical potential and hardness

for studies of the local HSAB principt:4243While the group SO that we obtain

electronegativity was computed for the case in which the group

of atoms was a part of molecule, the group softness was fS(f) dr=S (6)

calculated for the group of atoms individually and not when

these atoms were a part of a molecule. These properties will

undergo a change when computed for the same atoms within a r) = f()S @)

molecule. Moreover, the group softness was used by Geerlings

and co-worker®~27in conjunction with local hardness to predict The above expression also indicates #igtdistributes the total

correct acidity trends for a few organic acids, and hence, softness among different regions in the spae. carries the

separately, its use has not been exploited. The group for eachsame information ar) and has been widely used to understand

series of molecules can vary in itself and requires chemical the reactivity of an atom in a molecule. Because of the

intuition and the concept of group softness, as discussed in morediscontinuity of the derivative in eq 4 &, it was proposed to

detail in the next section. In the present work, the concept of associate different reactivity indices to eq 4. Using left and right

group softness has been studied for an effective prediction of derivatives with respect to the number of particles, electrophilic

the correct acidity trends in the case of carbonyl compounds and nucleophilic Fukui functions and local softness can be

and acetic acids. defined. The nucleophilic Fukui functidii(r) is defined as
+ P —

of various reactivity parameters used in the present work. Fr) = prra(n) — o) (8)

Section 2b describes in more detail the concept of group softness

L . ) X in the above expression represents the electron density on
and the significance and uniqueness of it for each series opr b P y

atomk for the N-electron systempn+1 is the electron density

molecules. Section 3 presents the methodology and computa-yf the (N+1)-electron system calculated at the geometry of the

tional details. Section 4 presents the results and discussion ofy,_gjectron system. The nucleophilic local softness is written as
the work, and section 5 summarizes the main points of this work.

ratio of electrophilic/nucleophilic softness or nucleophilic/ 1(82E) (Q,L_t)
v(r) v(r)

"Using the finite difference approximation to the above expres-
sion, the expression for the global softness is obtained as

From eqgs 4 and 6, it is seen that

Section 2a deals with the theoretical details and the definitions

s'(r)=f"(ns (9)

2a. Density-Functional-Based Reactivity Descriptors e . . . .
y y b Similarly, the electrophilic Fukui function and electrophilic local

Parr and Pearson defined global hardness as the secon@oftness can be written as

derivative of the energy with respect to the change in the number B
of particlesN.* f(r) = pn(r) — pn-a(r) (10)
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wherepn-1 is the electron density of th&l(-1)-electron system  extended beyond just the first-neighbor atoms. A similar trend
calculated at the geometry of thie-electron system. The  was observed in preliminary studies on alcohols. In both of these

electrophilic local softness is given as cases, the OH functional group behaves as the nucleophile.
However, this is a much less powerful nucleophilic group, and
s(n=f (s (12) in such cases, the intermolecular trends are not clearly repro-

. . duced by considering the OH group (oxygen atom being the
To describe the reactivity of an atom, Yang and Moffier  fst neighbor of the acidic hydrogen) alone. The local softness
defined the condensed quantities, which represent the integrateq¢ ine carbon atoms adjacent to the OH group (especially in
electron density over an atom. For example, the condensedy,q case when the second neighbors are the carboxylic carbons)
nucleophilic Fukui function and local softness can be written ., /<t pe considered to obtain correct reactivity trends, as they
as exert a considerable influence on the acidic hydroxyl. In other
4 words, the local softnesses of the atoms forming the second-
fie = aN+1) = q(N) (12) neighbor circle to the reactive atom also must be added to predict
SI _ f,fS (13) the correct trends for weak nucleophiles. .In this cassgtands
for all of the atoms connected to the reactive atom and also the
atoms connected to the atoms bonded to the reactive atom.
However, extending beyond the second circle of neighboring
atoms is not necessary for all of the molecules studied in this
work, and adding the second group should be sufficient for
predicting reactivity trends for most of the molecules. The

where g(N+1) and gx(N) are the charges on atoknfor the
(N+1)-electron andN-electron systems, respectively. Similarly,
the condensed electrophilic Fukui function and local softness
can be written as

£ = g(N) — a.(N—1 14 concept of additivity of the local softness is, itself, not very
<= &N~ ad ) (14) new and was previously used by several groitp% This
s, =fS (15) summation of local softness (group softness) was used in

conjunction with local hardness for the prediction of the
The quantitiesqN) and q(N—1) are the charges on atokn  eactivity trends. The group softness computed in this paper
for the N- and (N—1)-electron systems, respectively. These Must not be confused with the group softness proposed by the
condensed quantities have been used extensively for the studygarlier groups, as we consider the summation of the local

of site selectivity of atoms in a molecu&:23 In this paper, softness of the atoms around the reactive center as the group
the condensed local softness will be computed and used forSoftness whereas the earlier works were based on the summation
predicting the intermolecular reactivity trends. of the local softness of the substituent atoms. In the present
work, group softness is used independently for the first time to
2b. Group Softness obtain the correct acidity trends for carbonyl compounds and

acetic acids. The concept of group softness could also be
significant in the context of the local HSAB principle in which
two molecules can interact through groups with similar group
softness values. The formulas for interaction energy according
to the local HSAB principle can be generalized using group
softness. Thus, softsoft interactions between two molecules
can occur when the interacting groups of both the molecules
have higher group softness, and handrd interactions are likely
occur when the interacting groups of both the molecules have
lower group softness. However, these aspects are not tested in
‘the present paper, and more detailed studies must be undertaken
in future.

The differences in the strength of acidity among a group of
molecules arise mainly from variations in the geometry,
additions of another group at a specific site in the molecules,
substitutions of one atom by an another atom, etc. These
variations have a pronounced effect on the acidity of the reactive
site. Because local softness is a measure of the acidity of the
site, we should be able to predict the qualitative trends of acidity
using the local softness of the reactive atom in the series of
molecules with specific acidity trends. However, these acidity
trends are not reproduced clearly in the values of local softness
This may be due to the following factors: (i) Variations in the
electron density around the reactive atom as a result of the
changes in the geometry of the molecular structure are not . .
effectively reproduced by population analysis, which is required 3. Methodology and Computational Details.
to compute the condensed reactive quantities. (ii) The reactivity 5 Aldehydes and Ketonesln this class of molecules, we
of an atom is also significantly influenced by the variations in haye studied intermolecular reactivity trends for nucleophilic
the electron density of the atoms surrounding it. The error due gitack on the carbonyl carbon. Both aliphatic and aromatic
to the first factor and the contribution of the second factor can gigehydes and ketones were used for this study. The systems
be handled by adding the local softness of the first circle of sygied for the prediction of intermolecular reactivity trends
neighboring atoms to the local softness of the reactive atom. 5re: (j) HCHO, CHCHO, CHCOCHs, and GHsCOGHs; (ii)

This summed softness over a group of relevant atoms has beerteH5CHO andp-MeOGsH,CHO; (jii) CH;=CHCHO, CHCH=
defined as the “group softness”. The group softness can becHcHO, and GHsCH=CHCHO, a case including botk- and
written as B-unsaturated compounds; and (iv) §HOCl and CH-
n COOCH;. In all of these compounds (Figure 1), the carbonyl
5= Y5 (16) carbon can undergo a nucleophilic addition reactiot$A few
k; of the systems above were also studied by Roy et*aliho
found that intermolecular reactivity trends could not be predicted
wheren is the number of atoms bonded to the reactive am, using local softness. These systems were studied at the Hartree
is the local softness of the atoknandsy is the group softness  Fock level using four different basis sets, 3-21G, 6-31G,
obtained after summing over the local softness of all of the 3-21G**, and 6-31G**. The optimized geometry for these
neighboring atoms. However, in some cases, as will be seensystems was computed using all of the above basis sets. All of
inthe case of organic acids in this work, the group must be these systems are closed-shell systems, and hence, the geometry
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z | ¢ Figure 2. Possible modes of nucleophilic attack toward the carbonyl
N (JCH«, carbon.
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systems and were optimized using the RHF method. As in case
o T o H o H a, the calculations for the ionization potential and electron
\\C PR \\C |C \\C ’C \@ affinity of the charged systems were carried out at the optimized
p N TH p T Den NP geometry of the neutral systems using the ROHF method. The

M M J, local softness were computed using bothlllken and Lovdin
population analyses.

(ﬁ c’)‘ 4. Results and Discussion
__c _C a. Carbonyl Compounds.(1) HCHO, CHCHO, CHCOCH;,
CHi™ " CHj OCH; and GHsCOGHs. The G=0 linkage in a carbonyl compound

@ 0)

Figure 1. Carbonyl compounds studied for intermolecular reactivity
trends.

produces a dipole moment because the oxygen atom ofthe C
O group is more electronegative than the carberOZ because

of its bipolar nature, can be initiated either by an electrophilic
attack of X" or X on oxygen or by a nucleophilic attack of'Y
optimization of these systems was carried out using the restrictedor Y on carbon. In practice, the electrophilic attack on oxygen
Hartree-Fock (RHF) procedure. The GAMES$Ssystem of s of little importance except when the nucleophilic addition
programs was used for this purpose. The ionization potential on carbon is acid-catalyzéd#® The least energy-demanding
and electron affinity were studied using th&sCF procedure.  direction of approach by a nucleophile to the carbonyl compound
For the computation of the vertical ionization potential and is from above or below the carbonyl carbon. An equally probable
electron affinity, corresponding cations and anions of these direction of approach is slightly from the rear of the carbon, as
systems were taken, and the energy was computed at the samghown in Figure 2, because of coulomb repulsion between the
geometry as that of the neutral system using the restricted open-approaching nucleophile and the high electron density at the
shell Hartree-Fock (ROHF) procedure. The charges on the carbonyl oxygen atom. In simple nucleophilic additions where
atoms for these neutral, anionic and cation systems werethe rate-limiting step is attack by-Y the positive character of

obtained from two types of population analysis, viz., (i)Ilken
population analysis and (ii) lvedin population analysis. The

the carbonyl carbon atom is reduced from the starting material
to a transition state during the course of reacfibmherefore,

local softness was computed from these charges, and theitis expected that the rate of addition on the carbonyl compound

reactivity trends among the molecules were studied.

is reduced by electron-donating alkyl groups and enhanced by

Miilliken® and Lowdin®! population analyses are based on electron-withdrawing ones. The expected sequences for the
the partition of the electrons into net atomic populations in the possible nucleophilic addition reaction on the carbon is of the

atomic basis functions. In Miikken population analysis, the

population on an atom is defined to be sum over the diagonal

elements centered on that atom of 8 matrix, whereP is
the density matrix anc is the overlap matrix of the atomic
basis. However, for the lvadin population analysis, diagonal
elements are more symmetriz&¥{PSY9). Thus, in the Lavdin

following order#7:48.52
H,CO > RCHO > RR'CO

where R is an alkyl group and'®s another alkyl group. In the
first series of our studies on the carbonyl compounds, we study

population analysis, the total number of electrons is the trace this particular reactivity trend using local softness. It is expected
of the density matrix in terms of a symmetrically orthogonal that, for the four compounds in our study, the order of reactivity
basis. These two types of population analysis are dependent onjs the following:

the basis sets and are functions of molecular properties. Hence,
these population analyses are not always quantitatively signifi-
cant for electronic structure. However, the local softness
computed from the difference of the population analysis is much The local softness of these four molecules is given in the Table

H,CO > CH,CHO > CH,COCH, > C,H.COC,H;

more significant and more independent of the basis sets.
b. Carboxylic Acids. The alkyl acids have dual acidity trends
in the gas phase and solvent ph&&s#.1t has been difficult to

1. It is can be observed that simple local softnggson the
carbonyl carbon does not provide the expected trend. This
carbonyl carbon (&) is surrounded by three neighboring

predict the gas-phase acidity trend of the carboxylic acids from atoms, viz., C, H, and O. In the next step, we add the local
the local softness of the acidic hydrogen. In this work, we try softness of all three atoms to the local softness of the carbonyl
to study the gas-phase acidity trends of alkyl acids. The alkyl atom so as to obtain the group softness values for the molecules.
acid groups whose trends are studied in the present paper ardt is seen in the Table 1 that the group softness gives the correct
CH3COOH and GHsCOOH. The geometry optimization was reactivity trends for all four molecules, indicating that the effect
carried out at the Hartreg~ock level using the 3-21G, 6-31G, of the neighboring atoms is significant for the prediction of the
and 3-21G** bases. As in the case of carbonyl compounds, the intermolecular reactivity trends. It must be noted that the group
neutral systems of the alkyl acids studied are closed-shell softness of HCHO is equal to its global softness, as it involves
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TABLE 1: Local Softness on the Carbonyl Carbon &) and
Group Softness for the First Series of Carbonyl Compounds
at Various Basis Sets
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TABLE 2: Local Softness on the Carbonyl Carbon &) and
Group Softness for the Second Series of Carbonyl
Compounds at Various Basis Sets

Mulliken population Lowdin population

Mulliken population

Léwdin population

analysis analysis analysis analysis
carbonyl group group carbonyl group group
compound st softnesd st softnesd compound st softnes’d st softnesd
3-21G Basis 3-21G Basis
HCHO 0.635 2.175 0.982 2.175 CeHsCHO 0.386 1.066 0.542 1.208
CH;CHO 0.529 1.401 0.904 1.707 p-MeOGH.CHO 0.441 1.056 0.622 1.206
CH;COCH; 0.507 0.713 0.820 1.293 3.21G** Basis
CHsCOGHs ~ 0.530 0.640 0.839 1.268 CeHsCHO 0.386 1.058 0544  1.202
3-21G** Basis p-MeOGH,CHO 0.439 1.053 0.616 1.197
HCHO 0.650 2.170 0.993 2.170 :
6-31 G Basis
CHCHO 0.608 1.397 0.913 1.735 CeHsCHO 0.462 1.104 0628  1.290
CHsCOCH 0.526 0.708 0.830 1.307 p-MeOGH,CHO  0.503 1.091 0.681 1.281
C,HsCOGHs 0.540 0.638 0.847 1.135 ’ ’ ’ '
6-31G Basis 631G Basis
CH;CHO 0.608 1.465 0.907 1.796 ’ ’ ’ '
CH;COCH; 0.498 0.748 0.806 1.377 aThe group consists of the carbonyl carbon, adjacent oxygen,
C:HsCOGHs 0.520 0.644 0.821 1.336 adjacent hydrogen, and adjacent carbon (CHCO).
6-31G** Basis . .
TABLE 3: Local Softness on the Carbonyl Carbon &) and
HCHO 0.656 2.212 1.013 2.212 . .
Group Softness for the Third Series of Carbonyl
CH,CHO 0.633 1.426 0.881 1775 Compounds at Various Basis Sets
CH:COCH; 0.557 0.765 0.775 1.433 P
C:HsCOGHs 0.574 0.698 0.793 1.377 Mulliken population  Léwdin population
2The group consists of the carbonyl carbon, adjacent oxygen, analysis analysis
adjacent hydrogen, and adjacent carbon (CHCO). carbonyl group group
compound st softnesd s* softnessd
all of the atoms of the molecule. Thus, in this particular case, 3.21G Basis
the group consists of the entire molecule, and the group softness cH,~cHCHO 0.280 1.169 0.436 1.346
is identical for both of the population analyses, as global softness CH;CH=CHCHO 0.336 1.144 0.509 1.303
is only dependent on the energy values of the neutral and CéHsCH=CHCHO  0.130 0.991 0.215 1.113
charged species in the system. Table 1 gives the trends for just 3-21G** Basis
four basis sets. However, we can remark here that we have CH;=CHCHO 0.284 1.160 0.447 1.353
verified that these trends are predicted correctly by other basis CHsCH=CHCHO ~0.343 1.135 0.521 1311
sets such as STO-3G and 6-31G* as well. It is very encouraging CeHsCH=CHCHO  0.134 0.?86 0.229 1116
to note that group softness predicts the correct intermolecular 6-31G Basis
reactivity trends for all of the basis sets shown in the table and CHZ_CECHO 0.335 1.204 0.510 1413
for both Milliken and Lawdin population analyses CHCH=CHCHO -~ 0.365 1171 0.542 1.360
pop yses. , CeHsCH=CHCHO  0.171 1.046 0.285 1.186
2. GHsCHO and p-MeOGH4CHO. Alkyl groups in which 6-31G* Basis
the _C%O group is c_:(_)njugateql with=€C or Wlth a benzene ring CH,~CHCHO 0.299 1127 0.463 1359
eXth.It slower addition reactions thgn thelr :_sgturated analogues. cH,CH=CHCHO  0.351 1.100 0511 1.318
This is because the stabilization in the initial carbonyl com- CgHsCH=CHCHO  0.154 0.964 0.269 1.111

pounds,_ through the process of d(_elocallzat|on, is lost N athe group consists of the carbonyl carbon, adjacent oxygen,
proceeding to the transition states during the course of reaction.,gjacent hydrogen, and adjacent carbon (CHCO).

The addition reactions are also slowed by steric as well as

electronic effects. The influence of the electronic effects alone ana,S-unsaturated bond in conjugation with a carbonyl carbon.
can be seen to result in the following acidity trend: Each molecule in this series has more than one electrophilic
centers, which compete with each other. However, we focus
on the possibility of nucleophilic attack on the carbonyl carbon.

) The acidity trends are expected to be in the following order:
However, the local softness shown in Table 2 for the above

molecules does not necessarily show the expected acidity trend. CH,=CHCHO > CH,CH=CHCHO > C;H.CH=CHCHO
However, again the group softness, which is the addition of
local softness of the carbonyl carbon and the three atomslt is once again seen in Table 3 that the local softness on the
surrounding it (Gar, C, H, and O), is able to predict the correct carbonyl carbon fails to predict the correct acidity trend.
acidity trend for the three molecules. The values of the group However, again the group softness, which is a summation of
softness are presented in Table 2. It is again very gratifying to the local softness of the carbonyl carbon and the three atoms
note that group softness works well for all of the basis sets and bonded to the carbonyl carbon {&, H, C, and O), predicts
both population analyses, indicating that this is a very consistentthe correct reactivity trend in this series of molecules.
parameter for predicting intermolecular reactivity trends. 4. CH;COCI and CHCOOCH;. Finally, in this study on the

3. CH~—CHCHO, CHCH=CHCHO, and GHsCH=CHCHO. intermolecular reactivity trends in carbonyl compounds, we
This is one of the critical cases studied by Roy et3dor consider the case of carboxylic derivatives. Carboxylic deriva-
understanding the prediction of intra- and intermolecular tives are different from the traditional carbonyl compounds
reactivity sequences. This is a typical case in which we have because of the fact that there is a good potential leaving group

C4H.CHO > p-MeOGH,CHO
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TABLE 4: Local Softness on the Carbonyl Carbon &) and

Group Softness for the Case of Carboxylic Derivatives at

Krishnamurty and Pal

TABLE 5: Local Softness on the Acidic Hydrogen &) and
Group Softness for the Case of Carboxylic Acids at Various

Various Basis Sets Basis Sets
Milliken population Léwdin population Mulliken population Léwdin population
analysis analysis analysis analysis
carbonyl group group carbonyl group group
compound st softnes’d st softnes’d compound syt softnesd syt softnes’d
3-21G Basis 3-21G Basis
CH3COCI 0.412 1.470 0.743 1.733 CH;COOH 0.189 0.907 0.139 1.037
CH;COOCH; 0.585 0.965 0.742 1.302 C,HsCOOH 0.184 0.922 0.135 1.041
3-21G** Basis 3-21G** Basis
CH;COCI 0.544 1.469 0.767 1.764 CH;COOH 0.186 0.918 0.131 1.043
CH;COOCH; 0.593 0.967 0.747 1.332 C,HsCOOH 0.180 0.931 0.128 1.047
6-31G Basis 6-31G Basis
CH;COCI 0.407 1.429 0.675 1.695 CH;COOH 0.175 0.920 0.119 1.055
CH;COOCH; 0.570 1.038 0.738 1.397 C,HsCOOH 0.171 0.936 0.117 1.059
6-31G** Basis 2 The group consists of the acidic hydrogen, first-neighbor oxygen,
CH;COCI 0.527 1.463 0.724 1.778 and second-neighbor adjacent carbon (HOC).
CH;COOCH; 0.610 1.001 0.691 1.379
2The group consists of the carbonyl carbon, adjacent oxygen, H H\
adjacent hydrogen, and adjacent carbon (CHCO) \

CHy;— C~o—pn C,Hs— C~o0_n
X attached to the carbonyl carbon. In simple carbonyl com-
pounds, the potential leaving group (Hr R") is very poor. ) o o o
The relative reactivity of the carbonyl derivatives depends on tl?gure 3. Carboxylic acids have a group consisting of the acidic

(i) the relative electron-donating or -withdrawing power of X ydrogen, the adjacent oxygen, and the second-nearest neighbor carbon.
toward the carbonyl carbon and (ii) The relative ability of X as
a leaving groug’“8We study two molecules in this series, and
their relative reactivity is in the following order:

(a) (b)

was found to work effectively in predicting the intermolecular
reactive sequences, as shown from the studies above. For the
carbonyl compounds, the group consists of the reacting atom
and the atoms chemically bonded (first group of nearest
neighbors) to the carbonyl carbon. On the other hand, it is seen
for organic acids that it is not sufficient to add the local softness
of first group of nearest neighbors to obtain the correct acidity

CH,COCI> CH,COOCH,

For the case of carboxylic derivatives too, it is seen that group
softness emerges as a successful tool for predicting the ds. Th q ‘ iahb Iso b
intermolecular reactivity trends. (See Table 4.) trends. The second group of nearest neighbors must aiso be

b. Alkyl Acids. Many attempts have been made in the past included in the group and their local softness considered. In
to predict the correct gas-phase acidity trend for the organic general, it is expected that atoms further than the second circle

acids. The trend in acidity of gas-phase 40®OH and GHs- of neighboring atoms do not influence the acidity of the atom,

COOH is exactly opposite to that in the aqueous phase. These>° this should be the largest possible group that needs to be

systems are the most classic examples of the reversal of acidity?onSid_er?d for predicting intermolecular reactivity patterns. It
trends from the gas phase to the aqueous phase. In aqueou _gratlfymg to note that the resu_lts were stable with respect to
solution, the acidity of CHCOOH is greater than that of,Bs- ifferent basis sets and population analyses.

COOH, because of the inductive effect of the alkyl groups, in
accordance with the traditional viewpoint. However, in the gas
phase, the reactivity trend is reversed because of increase
polarizability of GHsCOOH as compared to GEOOH 51,5253

Itis observed in the Table 5 that the local softness of the acidic
hydrogen atom does not predict the correct gas-phase acidity
trend. Hence, as in the case of carbonyl compounds, the local
softness of the adjacent oxygen atom was added to the local
softness of the hydrogen atom to compute the group softness.  (4) parr, R. G.; Chattaraj, P. K. Am. Chem. S0d.991, 113 1854.
In this case, it was seen that the group softness obtained by (5) Person, R. GHard and Soft Acids and Basdsowden, Hutchinson
adding the softness of the reactive atom and its adjacent neighbof" (g)osl\lsélfv\tlg?glfimgg'F'ZA'A#Wghem Sod984 106 944

failed to provide the correct trend. However, when the group (7 pearsoﬂ]‘ R. GJ. Chem. Edu1987 64, 561. '

was expanded to consist of also a second-nearest neighbor atom, (8) Pal, S.; Vaval, N.; Roy, R. KJ. Phys. Chem1993 97, 4404.
which is carbon in this case, (Figure 3), it was observed that  (9) Mineva, T.; Sicilia, E.; Russo, NI. Am. Chem. Sod 998 120
the softness of this group predicts the acidity trends correctly. (35()1'0302351 M.: Toro-Labbe, AJ. Phys. Chem. 4999 103 8847
Table 3 shows the trends of acidity obtained using three different  (11) pearson, R. Ghemical Hardness: Applications from Molecules
basis sets, namely, 3-21G, 6-31G, and 3-21G**. This example to Solids Wiley-VCH: New York, 1997.

also shows the importance of defining the group properly from _ (12) Chattaraj, P. K.; Lui, G. H.; Parr, R. @hem. Phys. Letfl995
chemical intuition. 237, 171,
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