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Ab initio calculations arc carricd out on protonation ¢quilibria of 5-membered hetcroaromatic aldchvdes

(SMHAs: heteroatom Y = NH. O. PH. and S and substituent Z = NHz. OCH;. SCH;. CH;. H. Cl. CHO. CN.
NO-) at the MP2/6-31G" Ievel. Natural bond orbital (NBQ) analyses show that the optimal localized natural
Lewis structures of the protonated aldchydes. (P). are ortho (C7) protonated (for Y = Q. PH and S) and N-pro-
tonaied (for Y = NH) lorms in contrasl 10 the standard structural Lewis formula for aldehydes. (R). The dclo-
calizability of & lonc-pair on the heteroatom (nY)) is in the order Y = NH > O > S > PH. The transmission
clficiency of (Z) substituent cffects o the carbonyvl moicty run parallel to the delocalizability of nY) for R.
but is dominantly influenced by the cationic charge on C, (Co') for P. which is in the reverse order of the de-
localizability of n(Y). The Hammelt p values for variation of Z in the protonation arc determined by the dif-
ference in the transmission efficiencics between P and R states so that simple interpretation of their magnitude
is not warrantcd. However. the magnitude of the gas-phasc p,” valucs decreascs as the Ievel of computation is
raiscd from RHF/3-21G™ to RHF/6-31G’ and to MP2/6-31G” but increases again at the MPASDQ/6-3 1G* level.
Furiher decreasc occurs when solvent effect (water) is accounted for by the SCRF method. Comparison of the
SCRF p,' values with those determined in the agueous acid solution for Y = S and CHCH shows inadequacy
of accounting for the solvent elfects on the p values by a continuum model. 1t is noteworthy that semiempirical

calculations. cspecially the AM1 method. give even lower magnitude of the gas-phase p values.

Introduction

Reactivitics as wcell as physical propertics of a heleroaro-
matic ring denvative depend strongly on (he nature and conju-
gative ability of the heteroatom (Y). For the 3-membered
heteroaromatics. 1 |pyvrrole (Y = NH). furan (Y = O). phos-
phole (Y = PH) and thiophene (Y = 8)). the transmission of 3-
substituent cllects 1o a probe or a reaction center al C- thus
depends on the availability of lone-pair srclectrons for 2. 3-con-
Jugation. The 2.3-positions arc at para (o cach other and the

2
3 = Y = heteroatom
Y
4 == Z = substituent
5
4
1

para substituent constants. o, (or 6,"). have been used.' Litera-
ture survey shows variety of orders for reactivity and physical
properties between the 3-membered heteroaromatics. The elec-
tronegativity of hetercatoms increases as S < N < O and
accordingly conjugation energy (keal mol™) has been found to
decrease in the order Y = S (28.7) > NH (21.2) = O (15.7)°
Delocalization of the lone-pair electrons away from the het-
eroatom mayv be inferred from the dipole moment decrease
(AD = Daom. = Dy from their saturated counterparts:; the net
dipole moment of furan (AD = -1.03) and thiophene (AD =
-1.39) is reduced whereas in pyvrrole (AD = +0.23) it is actually
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reversed [rom ils nonaromatic counterparts as a results of delo-
calization of 7 lonc-pair clectrons.* On the other hand. clectro-
philic substitution at C* (or C*) of I occurs much more readily
compared (o benzene. e.g. ¢stimated bromination rates relative
to benzencarc Y =S (3x 107) <O (6x 10"y <NH (3x10'%) %

In the studics of the transmission of substitucnt cffects. a
knowledge of substituent (Z)-ring probe (at C°) intcractions is of
great importance. The carbonyl moicty is ong of the most com-
monly used and versatile probes for studying such mteractions. '

Carbocations arc involved as intcrmediates in many (ypes of
organic rcactions. e.g.. rcarrangement. climination and substi-
tution reactions.® Carbocations are particularly susceptible to
substituent effects because of their electron deficient nature.”

In this work. we investigated the transmission of substitu-
ent effects imvolved in the protonation equilibria of 3-mein-
bered heteroaromatic aldehvdes (3MHAs) theoretically (eq
1). Our aims in this work are to clarifv the origins for the
various orders observed in reactivity and physical properties

"
H\C/o H\E/o
= H =
S Y = Y M
z z
5MHA. (R) P5SMHA. (P)

{Y=NH, O, PH, S, CHCH
{ Z = NHz, OCHj, CHs, H, CI, CHO, CN, NO;

of the 3-membered heteroaromatics. I. noted above. and to
examine transmission efficiency of substituent effects
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through the rings of the 3MHAs (R) and their protonated
forms. PSMHAs (P). and also that involved in the protona-
tion cquilibria of SMHAs by determining theorctical Ham-
mctt p values. The former two transmission cfficiencics arc
the stationary state propertics while the latter is a reaction (or
activation) paramcter. Various MO theoretical methods arc
uscd in cvaluating the p valucs to cxamine basis sct depen-
dence of p. but all analysis involving MOs and structures
were carried out using the @b initio results at the MP2/6-
31G//MP2/6-31G” Ievel of theory

Computations

All structurcs were fully optimized at the RHF/3-21G".
RHF/6-31G". and MP2/6-31G* levels® and vibrational fre-
quency analyses were performed to confirm stationary states
at the RHF/3-21G" and RHF/6-31G levels for all Zs and
MP2/6-31G* level for Z = H. The Hammelt p valucs were
also determined by the AM1° and PM3'" scmicmpirical
methods. by single point calculations at the MP4SDQ level®
using the MP2 optimized geometrics (MP4SDQ/6-31G*//
MP2/6-31G*) and also by the densily functional thcory
(DFT).'! The DFT calculations used the Becke hybrid func-
ticnal (al the B3LYP/6-31G*//B3LYP/6-31G* Ievel) as im-
plemented in (he Gaussian 94 programs.'> Natural bond
orbital (NBOYY calculations were carried out using NBO 4.0
interfaced to Gaussian 94.) Since in this work we arc deal-
ing with thc aromalic systems. the (7) lonc-pair n. rand 7'
orbilals arc used in our NBQ analyscs.

Results and Discussion

A. Stationary State Properties. The carbonyl oxygen
and heteroatom Y have svn arrangement with onc exception
of Y = O for which anti conlormers arc prelcered for both
SMHA (R) and PAMHA (P) duc (o rclatively strong clectro-
static repulsion between the wo oxygen atoms.'? Morcoyer
heavy alom framework in all the 3SMHAs (R) and PAMHAs
(P) have planar structurcs excepting for Y = PH which has a
considerable degree of pyramidal structure (H atom on PH is
out of planc by 72.4%). Since the lonc-pair. 7 and 7" orbitals
arc all orthogonal 1o (he corc o-framework. by symmetry
o — 7 of T— ¢ inicractions arc strictly vcro. and 7 — 7
tvpe micractions only arc considered to signmificantly contrib-
ule Lo the 7 delocalization in the NBO analyvsis.

A-1, Natural Bond Orbital Analysis.">  An SCF canon-
ical MO (CMO) is cxpressed as lincar combmations of
atomic orbitals (LCAQ). whercas a natural localized MO
(NLMOQ) 1s formced by lincar combinations of bond orbitals
(LCBO). In natural bond orbital analvsis the input basis sct
is transformcd nlo various localized basis scts. natural
atomic orbitals (NAQs). natural hvbrid orbitals (NHOs). nat-
ural bond orbital (NBOs) and NLMOs. With the density
malrix transformed 1o the NAQO basis. the NBO program
scarches for an optimal natural Tewis struciure which has
the total occupancy of its occupicd NBOs exceeding 99% of
the total clectron density for ordinary molecules. and in gen-
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cral agrees with the patiern of bonds and lone pairs of the
chemists standard structural Lewis formula. The diagonal
clements of the Fock matrix in an NBQ representation repre-
sent the encrgics of localized bonds (0. 7). antibonds (™. )
and lonc-pairs (n). Ofl-diagonal clements connecting the
two blocks (£i4+) represent the bond-antibond. lone-pair-
antibond and normallv ncgligibly small antibond-antibond
intcractions. These ty pes of bond-antibond (6 — ¢.n— &',
m— 7 orn — ') mixing of lilled and ynfilled bond orbitals
Icad to partial brecakdown of the strictly localized Lewis
structure picturc. The corrections 1o the Lewis-tyvpe structure
arc ysually small cnough 10 be well approximated by simple
sccond-order perturbative expressions. ¢q 2. where # is the
Fork opcrator and &-and £+ arc NBO orbital energics. [t has
been shown that the sccond-order delocalization {or charge
transfer. ¢q. 2) is dominated by [irst-ncighbor vicinal intcrac-
tions.'” The sccond-(and third-) ncighbor as well as inner-
shell delocalizations arc small.,

~ < F "
A;g‘(;o-ﬁ - _Z_O'E]O'_ )

Egr— Eq

The NBO analysis is cspecially usclul for predicting bond-
ing changes involved in a first-ncighbor vicinal 7 — 7 (c.g.
72 — M) interaction: such an interaction Icads to removal
ol clectron density [rom a bonding £ MO to an antibonding
7 MO. which will tend (o break the two 7 bonds involved
(12 and m34) and lorm a new central 7 bond in between the
two vicinal 7z bonds (723) provided the intcraction is strong, '
[t has been found (hat there is roughly a proportionality of
one between the quantity of charge transferred into an orbital
and the energy stabilization (in atomic unit) associated with
the transfer. "™ Therefore. a charge transfer of 0.10 ¢ will
have an associated charge transfer encrgy of ca. 60 keal
mol™. which should approximatcly correspond 1o or some-
what greater than a 7z bond cnergy (40-60 keal mol™ ).

The NBO analyses applicd to our SMHAs (R) gave in
all cascs the optimal localized natural Lewis structures in
Figurc 1 which agree with the standard structural Lewis for-
mula. The NBO Lewis structures for the protonated SMHAS
(PSMHASs) were. howeser. of rather unexpected lorms (Fig-
ure 1). They arc ortho polarized (positive charge on CY)
forms: for Y = NH the positive charge is on (he nitrogen
atom (occupancy of ny 1s ZCro).

The encrgy and occupancics of the lonc-pair (n). zand 7"
NBOs arc summarized in Table 81 (Supplementary: Matcri-
als) together with the first-ncighbor vicinal delocalization
cnergics by the form of ¢q. 2. The overall fronticr NBQ level
diagram is shown m Figure 2. We nolce that the lone-pair (n)
level is the highest for Y =8 (8> N> Q> P). but the 7- 7"
cnergy gaps arc the smallest for Y = NH. These two. the
higher n level and narrower Agz (= £z« £x). arc important for
stronger first-ncighbor vicinal charge (ransfer stabilization off
the type given by ¢q. 2.

The delocalization cffects duc to n - 7° and/or - 7" inter-
actions in thc SMHAs (R) play a highly important rolc rep-
resenting the departures from the strctly locahized natural
Lewis structure (Figure 1) 1o the sccondary structurcs'
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Figure 1. Optimal localized natural Lewis structures for SMIAs
(R)Yand PSMILAS (P).
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Figure 2. Lrontier NBO levels (MP2/6-31G7). The lower half

represents bonding orbitals, n. /o, T, ms and M-, and the upper
half represents antibonding orbitals, ¢, X 23, 7 as and 7s~. The n
level 1s the highest for Y = 8, whereas the energy gaps, Ae = €= -
£y are (he narowest with Y = NI among the SMILAs.

shown in Figure 3. The departure from the Lewis structure is
in general very large: the n - 7° and/or - 7 charge transfer
interaction amounts over 0.20 ¢ (Table S1. Supplementary
Matcrials) which will Iead to over ca. 120 keal mol™ ' in
magnitude in many 3MHAs (decrcasing in the order. Y =

NH = § = O > PH). In this conncction. it is (o be noted that
lor benzenc the amount of 77- 7" charge transfer out of cach
7 bond that is nceded 1o convert from one resonance struc-
turc to the other is 0.33 ¢. " This * occupancy for forming
the alternative resonance structure is almost satisficd for
benzaldehyvde (Y = CHCH) with * (0.37 ¢). mys* (0.31 ¢)
and 7* (0.28 ¢). O the two possible awvitterionic delocal-
ized forms. ortho- and para-polarized. the latter form should
be preferred becausce in this form opposite charges created
arc larther apart with a longer chain of dipolar resonance
structure as represented schematically below cach secondary
structurc using a hexatrienyl chain, Thus the secondary
Lewis structure dute to the second-order charge transfer in R
will lead maindy 1o para-polarized form. Such para polanzed
switlerion formation duc to through-conjugation (or 2.5-
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Figure 3. Primary and Secondary Natural lewis Structures of
SMILAs (R) and their protonated fonms, PMI1As (P).

conjugation in 1) of an clectron-donating substitucnt is
indeed a well-recognized resonance cffect within aromatic
carbonyl compounds, '~

Upon protonation of the SMHAs. depending on the delo-
calizability of the 7 lonc-pair. clectrons on the hetcroatom Y.
nAY). toward the cationic center. Co, (vide infra). two local-
ized natural Lewis structures are formed: n{NH) has the
strongest dclocalizability and almost complete delocaliza-
tion takes place (resulting in the N' form) leaving very weak
charge on C.. The delocalization of n(Y) causcs to form
Cémo structures for Y = Q. PH and 8. This preference of the
Cémo form is consistent with the clementary MO theory pre-
diction of the central positive charge as illustrated in Figure
3 using a pentadicnyl cation chain.'® The optimal natural
Lewis structures for the PSMHAs (P) are (herelore of the
two types (Figure 1). Here agan. the 7* occupancics ar¢ in
general large with over (.20 ¢. associated stabilization ¢ner-
gics of ca 120 keal mol™. " in most cases (the order ol
decrcasing % occupancy is the same as that for R). This
means that for P also the departure from the localized natural
Lewis structure (Figure 1) should be large.

A-2. Geometries and Charges. The MP2/6-31G” re-
sults of rclevant bond lengths are summarized in Table 1. [n
both R (weakly para polarized) and P (sirongly ortho polar-
17ed) forms. deo 18 streiched while dj- is contracted. These
geometry changes depend on facility of charge dclocaliza-
tion in the ring which in tum 1s dependent on the delocaliz-
ability of the zlonc-pair on Y. As expected from the sironger
delocalization cffeet duc to the full positive charge in P. the
geometrical changes in the P forms are much greater than
thosc in the R forms: deo 1s longer by ca 0.02 A whereas d)»
is shorter by ¢, 0.07 A in P than in R. Tn all cascs. deo is the
longest and dy»~ is the shortest for Y = NH while exactly the
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Table 1. Bond Lengths for 3 MHAs. (Z =1, in A)

o
17
¢

\

H

N
z

NH 0 PH S CHCH

R 12338 12292 12310 1.2298 1.2273

dev P 1.3183 1.3048 1.3091 1.3076 1.2984
Ad - 0.0823 (.0756 00781 0.0778 00711

R 1 4469 1 4375 1 4391 1 4386 1.4797

d: P 1.373] 1.382] 1.3833 1.3824 1.4028
Ad 00738 00734 00738 -0.076] -0.0769

R 1.4079 14174 | 4427 14113 1.3952

dy P 1.3806 1.39135 14111 1.3864 1.3874
Ad -0.0273 0 -0.0239 00316 00244 -0.007R

opposite holds for Y =CHCH. which should rcflect the
strongest and wcakest delocalizations of Y=NH and
CHCH. respectively.

For both R and P. the dclocalized structures are cither Cpgr
or Cinne 1 which d)- 1s a double bond. A satisfactory mca-
surc ol the total delocalizability of 7 lonc-pair clectrons ol
the hetercatom Y (0Y)) duc (0 Cpaq and Cinne f0rms may
therefore be provided by the extent of di- contraction [or a
(ixed substituent Z (= H). i.e.. the shorlcr the di-. the stronger
is the total delocalizability of n{Y) from the ring. The (otal
resonance clectron delocalization cflect of Y according to
the contraction of di~ (-d)-) decreases in (the order NH > O >
S = PH for both R and P. Despite the dilferent site of polar-
ization 1 the natural Lewis structurcs. the agreement in the
two orders is good. This is rcasonable since the only difTer-
ence between R and P is that in the latter there is a strong
positive charge on Cy so that resonance delocalization will
be so much stronger proportionately for different Y. The
clectrophilic reactivity order (NH = Q> S>> CHCH ) ol 5-
membered heteroaromatic rings quoted® in the Introduction
can be ascribed 1o the decreasing order of total resonance
delocalization of ngY).

The double bond characler (mcasurcd by the cextent of
contraction) of ds; (-dsg) in the R and P stales have different
origin. from that of d~. The di; double bond is obtained only
in the para delocalized form. Cpype. whetcas the dy~ double
bond 1s in both Crgye and Cqme. The double bond character of
dzy is now n (he order NH > S = O = PH. which is difterent
from that of da.

In contrast 1o diz conlraction duc 1o both the Cpy, and
Conho forms, Y = S coxhibils a greater para delocalizabihty
duc only 10 the Chus lorm within the ring than Y = O, This
should be a manifcstation of the cffcct of higher lonc-pair
Ievel of S (-8.8 ¢V) than O (-13.3 ¢V) (Figure 2) lcading to a
grcaler chargc-transfer-cnergy lowering duc to a smaller
energy 0ap. AE = £ - £, In the strong first-ncighbor vicinal
n{Y) — pz(C*) delocalization in the para polarized form.
where such charge transfer stabilizations have a greater
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cffect than those involving z located outside of the ring
(e.g. m>* in the Conpe form ). Since charpe transler of n is
also dependent on the matrix clement, <n | £ | 7°>. the dsy
bond is the shoricst. r.e.. the delocalization of n is the great-
estwith Y = NH albeit the encrgy level ol nitrogen lonc-pair
(-9.4 V) 1s lower than that for sullur: S being a sceond row
clement. the 2pr - 3ps overlap will be smaller and hence the
matrix clement will be smaller for Y = S.)7 The extent of dsy
contraction therefore depends strongly on the para-delocaliz-
ability of nY) and should be the origin of dipole moment
decrcase cvidenced on going from nonaromatic to aromatic
S-membered hetcrooveles® noted in the Introduction. Thus
the contraction. /.e.. double bond character. ol d;: depends
on the total. ortho and para. delocalizability whereas the con-
traction ol di4 depends only on the para delocalizability
as the optimal localized natural Lewis structures reveal (Fig-
ure 3).

[t has been shown that natural population analysis (NPA)
provides a more realistic and stable measure for comparing
clectron distributions in different systems and should be pre-
lerred to the traditional Mulliken population analysis (MPA)
for this purposc.”*!® We have shown in Table 2 NBO charges
of rclevant atoms and the ring. We note that charges in the P
states arc greater in all cascs than thosc corresponding
charges in the R statcs by ca. 0.1 ¢ on O (more ncgative). C
and C (less negative). and ca. 0.4 ¢ (more positive) on the
ring. A greater delocalization of ngY) should Icad to a
weaker posilive charge on C' (Cy) and greater positive
charges on C°. C* and ring. In fact the order of decrcasing
positive charge on C' (C) PH > § > O > NH agrees with
that of the increasing total delocalizability of nY) PH <S <
O < NH. We notc that positive charge on the para position.
C°. is the strongest in both R and P forms for Y = O indical-
ing that Y = O has the strongest para-delocalizabilicity of the
Cx charge through the ring.

A-3 Transmission of Substitution Effects. The above
NBQ analysis indicates that the effects of Y and substituent

Table 2. NBO Charges tor SMHASs (7, = H, m electron unit)

NII O PII S CHICII

C! R 0.339 (.328 0.352 0.351 0.376
P 0.337 0.3232 0.378 0.372 0.437

Aq o -0.002 0.024 0.026 0.021 0.061

O R -0332 -0494  -0497 0499 0493
P 0631 -(0.392 -0.398 -0.5398  -0.577

Agq 0099 -0098  -0.101 -0.099  -0.082

c? R -0273 -0273  -0.206 0244 0213
P 018  -0173  -0.098 -0.162 -0.146
Aq 0.087 (.098 0.108 0.082 0.067

cs R -0.030 0107 <0534 -0.443 -0.223
P (1.088 0240 -0.446 -(.362 -0.131

Aq (1.138 (.133 0.088 0.083 0.092

Rmg R 0.034 0.006 -0.007  -0.001 -0.026
P 0.493 0.432 0.430 0.334 0.349

Aq 0461 0.426 0.437 0.333 0.373
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Z at para position (C7) will be transmiticd dircetly to the car-
bony1 carbon and arc manifested in a form of bond length
contraction of di>. We have therefore plotted d,: against o'
of substituent Z"™ at C* and susceptibility parameter. S. was
derived [rom the slope (cq. 3) as a measure of the transmis-
sion ¢fliciency of para substituents in the R as well as in the
P statcs.

odyx = S0, 3)

We hayve also carried out similar analyses using dual sub-
stitucnt parameters (DSP)." eq. 4. where F and R represent
ficld and resonance substituent constants and fy and T the
susceptibility constants for F and R. respectively.™ The
results of S and #y for R and P arc collected in Table 3. The
magnitude of S and r3should provide a measure of transmis-
sion cfliciency of substituent cllects. Although the magni-
tude of S is considcrably greater than that of ry. the
magnitude of S and #y is scen (o vary in parallel implying
that the total susceptibility constant S is predominantly influ-
enced by the resonance constant. #g.

&di-=fiF + riR )]

For the 3MHAs (R). both S and #y decrcase in the order
NH > Q> S = PH. This order is the same as that of the order
of delocalizability of n«(Y) dciermined for R using the

extent of diz bond contraction: thus susceplibility (S or #) of

the carbonyl moicty Lo the cilect of substitucnt Z at the para
position in R run parallcl to the total dclocalizability of
n(Y). i.e.. the greater the delocalizability of n«Y). the stron-
ger s the transmission clliciency of substituent cllcet from
the para position (C°) toward C.. The transmission of the
para substitucnt clicct should. however. be strongly depen-
dent on the para delocalizability through the ring since the
polarization places positive charge on the para position. [n
the R form (he para-polarized form 1s predominant so that
the total delocalizability is in fact dependent on the para
dclecalizability. In gencral the (ransmission ol substilucnt
cleets 1s Iess cllicient for the SMHAs with Y = sccond-row
clement than those with Y = first-row c¢lement. and is the
lowest with benzaldehyvde (Y = CHCH). This trend 1s a con-
scquence of the lower degree of 2par - 3pr overlap [or the
sccond-row clement and the longer chain involved with Y =
CHCH.

In the protonated lorms. P. (he cationic charge on Ci; can
be delocalized by resonance clectron donation cither from

Table 3. Susceptibihitv constants, S, and »¢ m  protonation
equlibria.” &l;2 = S’y &l = dia(Z) - dia(11) &ja = fal + R

NH 0 PH $  CHCH
R 092 079 038 076 037
Sx 1t¥ P 0.92 32 123 1.07 115

AS 0.00 0.33 (165 (.31 0.38

R 0.48 0.46 (135 (145 0.34

Fx 107 P 0.33 085 (.79 (1.65 0.75
Arg 0.05 0.39 (144 (.20 0.41

“7. = 8CTTx1s excluded 1 the regression.
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nAY) or {rom the Z-substituted ring: the former should be
the preferred clectron source being nearer 1o Cor. The amount
of cationic charge on C.will thercforc vary in inversely par-
allel to the delocalizability of n«Y): the stronger the delocal-
izability of n«(Y). (e.g.. Y = NH) the lower is the cationic
charge on C.. and conversely the weaker the delocalizability
of n(Y). (Y = PH) the stronger 1s the positive charge on Ca.

It has been shown that an clectron donor G-substitucnt.
e.g.. OCH;. causcs a decrcase in. or attenuation of. reso-
nance clectron donation [rom the Z-substituted benzenc ting,
For cxample. the value ol pz = -9.3 for the cquilibrium [or-
mation of 1-phenviethyl cation . 1L decrcascs to pz = -2.2
for the corresponding rcaction with a methoxy group on the

H;C\ /H H;C /OC H;

> 9

a-carbon, 1117

This relleets that delocalization of positive charge onto the
oxygen alom of OCHj; in IIN causes a large decrease in the
charge density on C,."? As a result of the competing reso-
nance.> there is a large concomitant decreasc in the clectron
demand rom the Z-substituted ring Icading to the greatly
reduced transmission cfficiency (much lower - pz) of Z-sub-
stituent clTects.

A similar competition for the resonance clectron supply o
the cationic center occurs in the protonated form. P. between
nAY) and the Z substituted ring. As noted above n«NH) is
the strongest clectron donor so that very weak posutive
charge is Ielt on C. (the NBO charge is 0.337). whereas
nPH) is the poorest resonance clectron donor with the
highest positive charge on C, (the NBO charge is 0.378.
Table 2). The order of decreasing transmission clficiency
represented by #y and Sis O = PH > S > NH. which docs not
agree with that of the cationic charge. Ch. (PH > S > Q >
NH) with one exception of the strongest ¢fficiency for O.
Once can rationalizc. therefore. the order of transmission cffi-
cicney as essentially m the order of catiome charge Cu (Cr)
but 15 also influcnced by the para-dclocalizabilily with (he
strongest transmission clficiency for Y = Q for which the
para-delocalizability through the ring is the strongest. The
wcaker the total delocalizability of n(Y). the higher 1s the
positive charge left on Co. and conscquently the greater will
be the clectron demand from (he Z-subsiituted ring. But
since the substitucnis arc at para position. para-dclocalizabil-
ity through the rimg becomes important also in determining
the transmission ctficieney.

We therefore conclude that the transmission clficiency of
para substituent cffects to Co, for P is strongly dependent on
the cationic charge on C,, (C%) mixed with the cifect of para-
delocalizability through the nng (O = PH > S > NH). in con-
trast to that of R where the total (ortho and para) delocaliz-
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ability prevails, NH> Q> S>> PH.

Thus for Y = NH the transmission cfficiency of substitucnt
effcets from C° is the greatest in R but is the lowest in P,
both of which arc originated from the most facile delocaliza-
tion of the lonc-pair on N among the heteroatoms studied in
this work Icading 1o the greatest 7% occupancy in the optimal
natural Lewis structures of R and P.

Quite interestingly. the orders of para-delocalizability within
the ring. NH > §> O > PH. can be reproduced by focussing
on only the roles of the key bond orbitals involved in the
translormations of P (Cane) in10 Cparat the Cpam structures
arc formed from Clmy, by pz(C™) <> 75 within the ring (73
is formed at the expensc of pz(C) and ms) interaction and
sccond-order charge-transfer encrgics (in keal mol™) caleu-
lated for the interaction can be arranged in the order of
NH(C ) > $(-209.9) > O(-197.9) > PH(-148.7). The satis-
factory reproduction of the order NH > §= O > PH by con-

sidering only the charge-transfer interaction encrgics of

pz(C* with 75 within the ring indicales that the departure
from the localized Lewis structure is large (vide supra) and
the interactions between pz(CY) and s constitule major
changes involved in such structural transformations.

B. Activation and Reaction Parameters. [n this part
we decal with paramcricrs representing changes ol a quantity
(Q) on poing (rom (he inital. 3MHAs (R). to transition
statcs (AQ*=Q-Qg) or o the [inal stationary statcs.
PSMHASs (P). (AQ® = Qp - Qr).

B-1. Stabilization Energies. The stabilization cncrgics
involved i the protonation. AE® = Ep - Eg. arc summarized
in Table 4. The stabilization cnergics. -AE®. decreasc in the
order NH > PH > § > Q. Examination of changgs in the opti-
mal natural Lewis struclure on protonation. R — P cq. 5.
reveals that m- is formed while 7o and 73 arc destroyed in
the process. Accordingly. the AE® valucs arc related (o the
charge transfer stabilization cnergics. ¢q. 2. involved in such
first-ncighber vicinal intcractions. ¢q. 6. The order of YAE,,
calculaled from Table S1 is indced in agreement with that of
AE". Morcover. the relative stabilization energics of’ X AE,,
arc approximalcly of the right order of magnitude of the cor-
responding SAE” valucs. Satislactlory agrecment between
OAE" and Y AE, including Y = NH is again a rcsult of the
large 7% occupancics (vide supra) and suggests that first-

DI

Table 4. Relative Stabilization Lnergies. (Z = 1, in keal mol ')
AL" = L(P)-L(R) and SALy = ALy (meo — T ) + Aliy

3
./
4
5
R

(M3 — FI"r_‘r}:J
NH 0 PH S CHCH
AL -89 08 4.7 2.5 0.0 (-203.2)
AL, -10.5 43 -39 A4 0.0 (-32.3)
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neighbor vicinal charge transfer interactions between mwco
and m>; constitute the major contribution to the stabilization
cnergics. Therefore a rule that an intervening 7 bond (7:3) is
formed at the expanse of the two interacting first-ncighbor
vicinal 7 bonds (m: <> ). eq. 7. can be safcly applicd in
the NBO analvscs of a 7 conjugation system.

OAE" = 82AE, = AE, (M2 — TC*(‘(J )+ AEq (oo — JT*:.%)
(6)

2 — W7ty
5 (7)
; 3 Ty — W g,

B-2. Rotational Barriers (AE*) and Energy Differences
between Rotamers (AE). The rotational barriers (AE®)
around d,- and energy differences (AE) between the two rot-
amers are shown in Table 3. As expected from their double
bond character of d-. the barrier heights. AE*, for the P
states are much higher (by ca. 3 times) than those for the R
states.. the 7 bond over d;- is a second order effect arising
from the first-neighbor vicinal 7 — 7 delocalization in R,
whereas it is a first order effect constituting the formal Lewis
structure of P. For both R and P. the barrier to rotation
increases (PH < S < O < NH) in the order of the decrease in
the d;- bond length. (PH > S > O > NH). This suggests that
the largest contribution to the barrier height arises from the
double bond character of d;-. which has to be broken in
order to allow free rotation. The top of the barrier in all cases
corresponds to a 90" rotated form from the stable R states.
The energy difference. AE. between the two stationary
states. anti and syn. are small.

B-3 Basis Set Dependence of p,”. The Hammett corre-
lation, eq. 8. for variation of substituent Z at C" using the o,

- & =n' g 8

23kT P ° ®

constant' vielded various gas-phase p’, values depending on
the level of computation used as shown in Table 6. For coni-
parison with experimental values, we have included benzal-
dehvde (Y = CHCH). The magnitude of p; is within the
range of p' (-10 to -14) reported for generation of benzylic

Table §. Rotational Barrier (AE®) and Eneray Ditterence (AF) in
keal mol !
AER = ALR - Alig: Alip" = AL p - ALp

AF = | ann - F:\'}'“ I
NII O P11 S CHCLHL
Alp” 15.2 11.2 99 10.6 8.57
AL ALY 404 33.3 29.3 30.3 218
SAL7 252 22.2 194 19.7 13.3
Alig 4.1 1.1 22 1.6 (L0}
AL ALy 2.8 (.2 22 1.5 (L0}
SAL -1.3 -9 (0.0 0.1 (0.0

“Txpenmental values ranging tfrom 7.6 to 7.9 keal mol ' arce reported in
vanous organic solvents : . AT Anet and M. Ahmad, L dne Client
Soc.. 86 119 (1964) - T. Drakenberg. R. Jast and J. Sommer, J. Clien,
Soc, Chem. Communn.. 1011 (1974 - L. Lunazzi. Tetrahedron Lett., 1203
(1973).
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Table 6. Basis set dependence of pz

NH 0 PH S CHCH

AMI 059 -10510 -11.14 -8.64 -8.38
PM3 -7.98 -0.635 - -8.60 -7.84
RHF/3-21G* 1333 <1422 <1363 -1261  -11.00
RHF/6-31G* 1299 <1381 <1271 -1220  -10.76
MP2/6-31G* 101 <1196 <1132 <1032 -10.00
B3LYTP/6-31G*  -1154  -1232  -11.531  -11.10  -1039
MPd/6-31G* 1204 <1302 <1223 -lldd  -1061
{(-125Y  (-9.2y

SCRF/MP2 872 007 -10.30 -762 -0.63
/6-31C (-2.12Y  (-2.0¥

“Unrelinble geometries. *Z — SCHa is excluded. “I'he gas-phase values
estimated by pi (soln) — 0.17 pr (gasy® lor IV and V. “Electron
withdrawing groups arc excluded. "Experimental values in aqueous acid
solution at 298 K for IV and V.'*

3a.b

cations in the pas phasc and solution. " [n contrast. il is
much greater than the pz values of -2.12 and -2.17 for the
protonantion (pK, valucs) of 3-substituted 2-acclylthio-
phenes (IV)'© and  d-substituted acclophenones (V)™
respectively in aqucous sulfuric acid solution at 298K, How-
cver. the former corresponds to pz = -12.5 in the gas phasc
when the correlation between the ApK, values in solution
and in the pas phasc is applicd (ApKi(soln) = 0.17 -
ApKa(gas)).™ whereas the ¢xperimental gas phase value for
the latter is pz = -7.51 based on AG"/2.303RT vs ¢' plot al
300 K

Noto ct al. [ound that substitution of CsHs (resonance sub-
stituent constant.’™ R = -0.08) for CH; (R =-0.13) in IV (o
VI causcs practically no change in pz (= -2.13) in aqucous
solution.'* However the sysiems studicd in this work have a
weak clectron donor (H: R = 0.0)'* compared (o CHj so that
the magnitude of pz valucs arc expecled to be decreased
somewhal duc to (he “competing resonance”™ clicct dis-
cussed above. Therelore we expect that the magnitude of p;
valucs for Y = S and CHCH to be slightly smaller than
the corresponding gas phase valucs lor IV (p7 = -12.5) and
(pz = -7.3). We nole in Table 6 that the p7 valucs derived
from corrclated cnergics (MP2. MP4SDQ and B3LYP lev-
cls) for Y = S (pz = -10.5 - -11.4) arc smallcr than the gas
phasc valucs for V. In contrast. the magnitude ol the corre-
sponding valucs for Y = CHCH (pz = -10.0 ~ -10.1) is larger
and inconsistent with this expectation. but is in good agree-
ment with the experimental gas phase valuc of pz = -9.2
bascd on AG'/2.303RT vs ¢" plot at 300 K=

The magnitude of pz is scen o decrease as the Ievel of
compulation is raiscd from RHF/3-21G* to RHF/6-31G*.
and to MP2/6-31G*. Howcver. at the MP4SDQ/6-31G"
level. the magnitude of p7 becomes greater again, This fluc-
tuation ol thc magnitude of p7 suggests that further raising
of the level of accounting for the clectron corrclation eftect
should lower the magnitude somewhat from that at the
MP4SDQ/6-31G" level. This lcads us to the DFT (at the
B3LYP/6-31G" level) pz valucs as the reasonably acceptable
gas-phasc valucs.

Further lowenng of the magnitude occurs when solvent

Thchoon Lee ¢f .

cffcct (water) is taken into account using the SCRF method. ™
It has been shown that clectron acceptor substituents. Cl.
CN. NO:; and CHO groups. destabiliz¢c cations less than
would be cxpected only on the basis ol their inductive

H; Hs CeHs
C\C/O C\ Py N A
/ /

S S
= T
z
v v VI

cflects duc to resonance delocalization of the z-orbital on
the clectron-acceptor substitucnts to the cation center, ™= We
found that. in the Hammctt plots using the SCRF c¢nergics.
clectron acceptors show considerable positive deviations
from lincarity so that we excluded them from the Hammett
plots. These positive deviations of clectron-withdrawing sub-
stituents in water arc consistient with the ¢xperimental obser-
vation of the incrcascd m-contribution of such substituents in
solution.™” Comparison of the SCRF p; valucs for Y = S
(-7.62) and Y = CHCH (-6.63) with thosc of IV (-2.12) and
¥V (-2.17) in aquecous acid solution indicatcs that the SCRF
mcthod gives too large (negative) pz valucs. We therefore
think that the continuum model of accounting for the solvent
clleets on the Hammett p valucs may not be adequate. and
specilic solvation clfects such as hydrogen bonding may be
important.

Quitc surprisingly. scmicmpirical methods. AM 1 and PM3.
gave substantially lower values which are ¢ven lower than
thosc al the MP2/6-31G* Ievel. This could be due to the par-
tial incorporation of clectron corrclation cffects by using
cmpirical paramcters in the semicmpirical methods. [n this
conncetion there is an interesting report of a satisfactory
agreement between the experimental gas phasc and AM1 p
valucs for the chloride exchanges in the para substituled ben-
7yl chlorides when clectron-withdrawing groups only are
considered: both gave the p valuc of ¢ur. 6.

The trends of changes in p*z with the heteroatom Y are sim-
ilar irrespective of the level of calculations: relatively large
negative valucs arc obtained for Y = O. and (he Towest value
for Y = CHCH. It should be noted that the p*z value does not
represent the transmission cfficiency of the substituent cffects
(which 1s a stationary statc property. S and 4 in Table 3) bul
represents a change in the transmission cfficiency (fe.. ASand
Arq) upon protonation (R — P). Howeyer. since the transmis-
sion cfficiencics. S. are much greaier in P than in R (Table 3).
the magnitude of p*7 follows roughly. but not exactly. that of S
for the P statc. NH < S < PH < O).

Conclusions

The following can be concluded from this study.

(1) The natural bond orbital (NBQ) analysis provides
quantitative as well as qualitative interpretations of the
cffects of the heteroatom Y and substituent Z on various sta-
tionary staic propertics and rcaction (and activation) parame-
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ters by focussing on the role of the individual 7 (7") bonds.
A rule can be cstablished: An interscning 7z bond is formed
(7=3) at the expense of the two interacting first-ncighbor vic-
inal 7 bonds (m; <> m34).

(2) The transmission ol substitucnt c¢ffects in R varices in
parallel to the delocalizability of n{Y) which is in the order
Y=NH=>0O=>S8>PH.

(3) The transmission of substitucnt cfiects in P is domi-
nantly influcnced by the amount of cationic charge on Cy
and the para-delocalizability of the cationic charge on Cy
through the ring as a result of “compeling resoance™
between n{Y) and substituent Z,

(<) The transmission efliciency is a slationary stale prop-
crty ((5). while the Hammctt constant o is a reaction (or acti-
valion) parameicr.

(3) The Hammett gz valucs decrease as the Ievel of com-
putation is raiscd with further lowcering when solvent (waler)
cffect is accounted for by the SCRF method. Comparison of
the SCRF pz valucs with the cxperimental results shows
inadequacy of accounting for the solvent cilects on p by a
continuum model.

(6) The dominant contributor Lo the stabilization cncrgics.
AE® = E,, - Eg. 1s the vicinal - 7 inleractions between oo
and m:. The barmicrs to rotation around d- arc determined
by the deuble bond character of d;-.
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