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Transmission of substituent effects through 5-membered heteroaromatic rings is investigated theoretically at
the RHF/6-31+G* and B3LYP/6-31+G* levels using the equilibria for the &ldition to five-membered het-
eroaromatic aldehydes (5MHA). The transmission efficieSLyn(5MHA(A) increases in the order NH > O

> S > PH but the order exactly reverses in SMHA( This is originated by the delocalizability of tidone-

pair on Y,nAY). A better correlation is obtained with than withg,™ in the Hammett plots with positive slope,

pz> 0, indicating that the substituent (Z) effects are not transmitted by a direct conjugation. The magnitude of
pz for Y=NH is the largest among the heteroaromatic systems, which is consistent with the largest transmission
efficiency change4S) The equilibria for the addition processes are favorable in the gas pBase(), which

reverses to unfavorable in aqueous solutit&’ (> 0) due to the relatively large solvation energy of @tthe

initial state in aqueous solution. The orderdl@f andp; in the gas phase are almost maintained in solution.

Introduction

betweem,(Y) and substituent Z. On the other hand, for both
P(OH) and PAO") states in Eq. (2), the transmission of sub-

In previous works,we have reported transmission of sub- stituent effects decrease in the order NH > O > PH% S,
stituent effects through five-membered heteroaromatic ringsvhich is exactly the same order as thatrefielocalization
involved in the protonation equilibria of benzaldehyde ana-ability of n{Y).2

logues, Eqg. (1)2 and the deprotonation equilibria of phenol
analogues, Eq. (Pwhere Y = NH, O, PH and S. The trans-

Since in the reaction series of Egs. (1) and (2) the trans-
mission of substituent effects involves direct conjugation

mission of substituent effects in the benzaldehyde anabetween substituent (Z) and a cationic functional centgr (C

H_ 0 H_ + O—H
N
Pred C
2
3~ H* =
Y Y
N Xy 1)
5
Z Z
5MHA(A) P5SMHA(AH™)
10/H o}
3~ v = y + H*
4l - X (2)
5
4 Z
P(OH) PA(O)

logues, 5SMHAR) of Eq. (1), was found to vary in parallel
with the delocalizability of therlone-pair on the heteroatom

(nAY)), Y =NH > O > S > PH. In contrast, the transmission

of substituent effects in the protonated form, PSMMA(),

is dominantly influenced by the amount of cationic charge
on C and the para-delocalizability of the cationic charge on

C! through the ring as a result obmpeting resonanée
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and an anionic functional centerf@espectively, it would
be of much interest to explore the transmission behaviors in
the systems where such direct conjugation is absent.

In this work we have investigated theoretically the trans-
mission of substituent effects in the addition equilibria of
OH™ to benzaldehyde analogues Eq. (3), where Y = O, NH,
PH, S and CHCH and Z=NHCHs, H, Cl, CN and N@
using theab initio Hartree-Fock SCF and the Density Func-
tional Theory (DFT) methodsAs noted in the previous
works, the transmission behaviors of a heteroaromatic ring
derivative depend strongly on the nature of the heteroatom
(Y), i.e, the transmission of substituent (Z) effect is depen-
dent upon the availability aflone-pair electrons on Y in the
2,5-conjugation.
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=
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Z =NH,, CH,, H, Cl, CN and NO,
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Calculations Table 1 The calculated energetics (in kcal Mpfor the addition
equilibria of OH to the 2-substituted heteroaromatic aldehydes

In order to obtain the structures and energies for the reaith Z=H, Eq. (3), in the gas phase

tants and the tetrahedral addition intermediates in the gas Y Method AE®? AH®  TAS®  AG®
phase, all the geometrical parameters were fully optimizeds,c 3145 3268 997 2271
without any geometrical constraints using Restricted Har- 2864 -2986 1002 -19.84
tree-Fock (RHF) and DFT method of Becke's 3-parameter o  ruHE/6-314G*  -33.43  -34.70 1019  -24.51
hybrid functional using the Lee, Yang and Parr correlation 3247 3369 1008 -23.62
functionaf (B3LYP) with 6-31+G* basis sétRHF/6-31+ S 3367 -3488 992  -2496
G*/IRHF/6-31+G* and B3LYP/6-31+G*//B3LYP/6-31+G*.  ~pcH 3299 3422 997  -24.25
To confirm the stationary point specfeequency calcula- NH 2861 -2983 1002 -19.81
tions were also carried out at the RHF level. O B3LYP/6-31+G* -32.69 -33.95 1019 -23.76
The calculated electronic energy chandgef in the gas PH 3312 -3435 10.08 -24.27
phase was converted to enthalpy chamntid) @t 298 K by s 3341 -34.62 992 -24.70

correcting for the zero point vibrational energ§Efpve) pr—— o ed | vey— _
Wlth applylng a Scaling factor Of 09133herma| energy bAtezcgl‘é).l':lng ﬁrjergyc anges are corrected ror zero-point vioration energies.

(AEn) and PDV (&nRT) terms. The Gibbs free energy
change AG) was then obtained using the calculated entropyH are summarized in Table 1. Examination of Table 1 shows
changes (-4iS) as Eq. (4)° The AE, at B3LYP level was that the reaction energiedE°) at both the RHF and B3LYP
converted to theAH or AG using the thermochemical data levels are similar within 1.5 kcal mél However the orders
calculated at the RHF level. of AE° calculated by the two methods are slightly different,
_ i.e., =AE° increases in the order Y = NH (< CHCH) < PH <
AG 7 bt fozpve + AEr + ANRT-TAS @) O<SDYRHFDULY=NH<O (< CHCH) < PH < al the
B3LYP level. We will mainly discuss using the results of the
The solvation energies in agueous solution with dielectridB3LYP level since electron correlation effect is accounted
constant £ of 78.5 were calculated using the Polarizablefor in the DFT method!
Continuum Model (PCM} and the Isodensity Polarizable  Table 1 shows that the enthalpH® and/or Gibbs free
Continuum Model (IPCM§? In the PCM and IPCM meth- energy changesAG®) are exoergic, thoughG® is unfavor-
ods, the solvation Gibbs free energy) was obtained at able byca 10 kcal mol* compared ta\H® due to positive
the B3LYP level using the geometries optimized at the sameontribution of entropy changes A%). This indicates that
level, PCM-B3LYP/6-31+G*//B3LYP/6-31+G* and IPCM- the gas-phage equilibria are much more favorable toward the
B3LYP/6-31+G*//B3LYP/6-31+G*. The Gibbs free energy formation of the SMHAT 7) species. We find thatG°® for
change 4G, in agqueous solution is defined by Eq. (5) the heteroaromatic derivatives are comparable to that of
where 3AG; denotes the difference diGs between SMHA  benzaldehyde (Y = CHCH) withirca. +0.5 kcal mott
(T7) and sum of 5SMHAA) and OH'. Gausian 98 program except for the pyrrole derivative (Y =NH) which is much
packagé® was used throughout this work. more unfavorable by 4.43 kcal mb(Table 1).
_ The Gibbs free energy chang#3() is in the same order
AGag= AGgas+ 3AGs ) as that oiE%: NH < O < PH (JCHCH) < S. This order is in
line with the result previously reported for the deprotonation
Results and Discussion equilibria, Eq. (2}° However abolute changes A6 rela-
tive to Y = NH, pAG| (= BG(Y) — AG(Y=NH)|), for Eq. (3)
Energetics in the Gas Phaseln this work, we have are much smaller than those for Eq. (2); 3.95 (Y = O) ~4.89
focused on the transmission of substituent effects involvedY = S) kcal mot*for Eq. (3), 7.88 (Y =0) ~12.50 (Y =S)
in the addition equilibria of OHto 5MHA(A) forming kcal mol*for Eq. (2). This is caused by the structural differ-
tetrahedral adducts (J as shown in Eq. (3). lon-dipole ences between products, PA] and 5SMHA({T ), i.e.,, the
complexes and a transition state (TS) should exist on th&#ansmission behavior of heteroaromatic rings of inGPA(
potential energy surface (PES) along the reaction coordinategpresents the direct conjugation between the heteroaromatic
if the addition processes were to occur through a doublerdng and reaction center!Qvhich is absent in SMHA(T).
well PES. However, the addition processes in the gas phaseSince in the adduct, (], the anionic charge of OH
are found to have a single-well PES without any interveningshould be accommodated, the ring charge increases in the
species. We have tried to locate a TS for the reaction with Adduct formation due to partial dispersion of the anionic
= H, however we could not locate the TS because 5SMHAcharge. The greater the charge dispersion the more stable
(T 7) was directly formed without any ion-dipole complexes. will be the adduct, and hence the greater will be the exother-
Accordingly we can safely assume that Eqg. (3) proceedmicity, AE° (andAG°), of the reaction. Although the differ-
through a single-well PES irrespective of Y and Z. ences INAE® (or AG®) are small, the order of increasing
The calculated energetics for the gas-phase addition axothermicity of the reaction (or stability of ) -AG, is Y =
OH~ to the 2-substituted heteroaromatic aldehydes with Z NH < O < PH < S at the B3LYP level. This is exactly the
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same order found for the deprotonation energies of phendlammett reaction constant, >0, as we have obtained
analogues, or the order of th&G° values for Eq .(2). Since (vide inpra)

in both processege., deprotonation equilibria (Eg. (2)) and  To examine the substituent effects of the equilibrium, Eq.
adduct (T) formation equilibria (Eg. (3)), the anionic (3), the Hammett correlation, Eq. ¢7)for the variation of
charge dispersion of products determines the stability ofubstituent Z at Gvas tested and the gas-phasevalues
products or free energy changes of the reac@?, the

electron acceptor properties of Y, which was found as NH < AG

PH < O < S, should be important. This is reflected indeed in “230RT P° (")

the exothermicity if we exclude the anomalous heterocyclic

compound with Y = PH® obtained at RHF and B3LYP levels of theory are collected in

Transmission of Substituent Effects The bond length  Table 3. Since the Z-substituent is para to the reaction center,
changeAd:,, can be regarded as a measure of the extent dfiree types of para substituent constamisg,” or g,”, have
transmission of substituent effects to the reaction center, cabeen tried® The best correlation is obtained with(sather
bonyl carbon, and is manifested in the form of contraction othang,’), which indicates that there is no direct conjugation
stretching. The slope of the plot di; againstop (or gs*)*® in the transmission of substituent effects in Eq. (3), as
of substituent Z, Egs. (6), gave susceptibility param8tas  expected fromdAG values.

a measure of the transmission efficiency of the substituent Reference to Table 3 reveals that the gas-pbaselues
effect of the reactant and the product. In the S5SNilJAthe  are positive and quite large= {2) but the differences
di2 is better correlated witlwp" than with g since direct  between two levels of theory, RHF and B3LYP, are very
conjugation between the substituent (Z) and carbonyl centesmall and the trend is also similag., at both the RHF and
(CY is possible. However, in the SMHAR"), thed,, is better  DFT levels, thep; values of all the heteromatics are much
correlated withge rather than withos®, since there is no larger, byca 2-3 times than that of benzaldehyde and mag-
nitude of thep; for 2-pyrrolyl system is the largest among
ti2=S0p" (62)  the heteroaromatics. The smallpstvalues for Y = CHCH
di.=Sop (6b)  can be ascribed to the longer chain involved with Y = CHCH
as discussed in the susceptibility const8nfhe largesp;
direct conjugation as discussed above. The valuBsleter-  value for the 2-pyrrolyl system reflects the largest change of
mined using Egs. (6) are summarized in Table 2. Examinathe transmission efficiencyAS between 5MHAQ) and
tion of Table 2 reveals that the magnitud&édr SMHA(A) 5MHA(T 7) species as shown in Table 2.
decreases in the order NH > O > S > PH (>> CHCH). Similar analyses were also performed using Swain-Lupton

This is the same order as that of the delocalizability ofdual substituent parameters (D$PEq. (8), where F and R
nAY), and the lowest value obtained for benzaldehyde (Y =represent field and resonance substituent constanfsaadd
CHCH) is a consequence of the longer chain involved as are the susceptibility to F and R, respectively. The ratio of
already discusseéld.The magnitude o$ for SMHA(T ") is, two susceptibilitiesf /r, are also collected in Table 3. The
however, in the reverse order NH < O < S, except for Y =magnitudes of /r decrease in the order NH > O > S > PH.
PH'® due to increased anionic charge densities in carbony®ince the resonance contribution is relatively small in
moiety of SMHA(T 7). We note in Table 2 that the sign®f 5MHA(T ") compared with 5SMHAR), the lost resonance
is positive for both states but thatA® (= ST°) — JA)) is component of substituent effect is the largest for Y = NH and
negative. The positive, small values for T indicate that
there is very low resonance donation effect of the substituent AG
(2) is left still in the adductT™), which is very much T3 30RT
reduced compared to that in the reactafijsAs a result, in '
the adduct formation, an electron acceptor substiteen®
= p-NOg, leads to a shortah,, and hence to a more stabi- ,
lized adductT ~. The greater stability of ~ with a stronger ;rz:‘t?cl)eoﬁ gnac:?tzlﬁ;re)o:nkﬁgwggt; gﬁ:l;sesgt'on constapfsdnd the
electron acceptor substituent (Z) should lead to a positive

=fF+rR (8)

0
e
Table 2. Susceptibility Constant§? Y RHF/3- RHF/6- B3LYP/6- PCM fr
v N Py - e 21+G* 31+G* 31+G*
MAA®) MHATTD) CHCH 139 12.6 12.6 40 26
CHCH 0.85 0.17 -0.68
NH 18.0 15.4 16.2 109 35
NH 1.40 0.46 -0.94 0 16.1 14.2 15.1 5% 3.4
O 116 0.60 -0.56 PH 15.9 14.1 155 80 24
PH 1.02 - - s 185 145 15.4 81 2.8
s 1.04 0.67 -0.37

- — 3Regression coefficients,> 0.98.°Regression coefficients,> 0.92.°Z
3\/alues areS x 100 and regression coefficients> 0.93.°Z = NO, was = NO, was excludedZ = NH, and Cl were excludedRegression
excluded®AS = Ssmnar-) — SsmHaga)- “Anomolous. coefficientsy > 0.95.
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Table 4 The calculatedAGs and AGyq (in kcal mot?) for the T~ accordingly (Table 4),e. the solvation energy df ~ is
addition equilibria of OH to the 2-substituted heteroaromatic the largest with Y = O and the smallest with Y = NH. How-
aldehydes with Z = H, Eg. (3) ever, examination of thdG4(T °) values in Table 4 reveals
AG{5MHA  AG(5MHA that this prediction is borne out with the IPCM model but is

Y Method (A) + OH)? (™) G AGag not with the PCM, for which thAG4(T ~) for Y = NH is not
CHCH -110.60 75.97 +3463 +10.3g the smallest. More specifically the order of charge increment
NH 11154 75.48 +36.06 +16.25 Of the oxygen agrees with that of the solvation energies of
e PCM -109.60 -78.49 +31.11 +7.35 T7(AGHT ")), NH <PH < S <O, by the IPCM method, but
PH -108.68 71.88 +36.80 +1253 hot with the PCM model which is PH < S < NH < O for
s -109.71 7352 +36.19 +11.48 AGLT"). These analyses suggest that the solvation energies
CHCH -85.44 64.24 +2120 -3.05 are betteraccounted for by the IPCM than PCM model.
NH 87.12 63.44 +23.68 +3.87 TheAGgyq value of Y = NH is the highest (+3.9 kcal il
O IPCM -86.29 65.38 +2091 -2.85 Withthe rest of values (for Y = CHCH, O, PH and S) being
PH -86.59 65.07 +2152 .p75 Vvery similar (~-3.0 kcal mad). This trend is the same as
S -86.18 64.45 +21.73 .27 that found for the gas-phase free energy chan@$,in
a . — - Table 1; theAG® value is the highest with Y = NH (-19.8
ASC_?S?;,\?L%G(S)MHA(A» and AG(OH"). "aAGs = AGLMHA(TT) =y e mol?) but the rest of values (for Y = CHCH, O, PH and

9 are similar (~ -24.0 kcal md). This means that the sol-
the smallest for Y = PH. Therefore the orderf 6f is the  vent effect is almost uniform among the various heteroaro-
same as that & for SMHA(A), because the order Sffor matics, as expected form the continuum solvation models.
5MHA(A) represents the degree of delocalizabilitygf)

(vide supra. Conclusion
Solvent Effects The Gibbs free energy of solvatiofiGs)
in aqueous solution for Eq. (3) are calculated using the PCM The transmission efficiencyS( in the 5SMHAR@) form
and IPCM methods, and the Gibbs free energy changedecreases in the order NH > O > S > PH. On the contrary, the
(AG4g) obtained using Eg. (5) are summarized in Table 4. ASSin the SMHA(T 7) is exactly in the reverse order. These are
can be seen in Table 4, th4G; values obtained by the PCM originated by the delocalizability of the lone-pair on Y,
method are much larger (10-15 kcal miplthan those n4Y). Accordingly the magnitude g, for the reaction is
obtained by the IPCM method, and henceABg, obtained  the largest for 2-pyrrolyl system among the heteroaromatics
by PCM method are unfavorable compared to those obtainedlie to the largest change in Ben going from SMHAA)
by IPCM method. These are mainly caused by the difference SMHA(T 7). This is nearly the same results as that for the
in theAGs of nucleophile, OH, between two solvation mod- deprotonation equilibria of Eq. (2). The magnitudep.ois
els, PCM and IPCM,e,, the calculatedGs was -104.5 kcal however much smaller than that of Eq. (2) since the substitu-
mol™by the PCM method but -80.4 kcal midby the IPCM  ent (Z) effects can not be transmitted by direct conjugation
method. Therefore it is expected that the solvent effect oin SMHA(T 7). The equilibria of SMHA(T) formation by
OH can be better reproduced by the PCM method than th®H™ to addition heteroaromatic aldehydes are favorable in
IPCM method, since the experimentiiss of OH (104-107  the gas phase with exothermic reaction energi@$< 0. In
kcal mol™) agrees well with that of the PCM methi@dhe  contrast the equilibria in aqueous solution become unfavor-
continuum models neglect specific solvation such as hydroable due to relatively large initial state solvation energy of
gen bonding to OH so that anyone of the two models can OH™. The solvent effects are, however, nearly uniform so
not reproduce correctly the experimental solvation energy ofhat the gas-phase order of free energy chanf@s, is
OH~ ion in water. Therefore the agreemen/AGE° for OH~ almost maintained in solution.
between experiment and PCM seems fortuitous. The Gibbs Acknowledgment We thank Chonnam National Univer-
free energy AG.q changes for Eq. (3) in aqueous solution sity and Inha University for support of this work.
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