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Transmission of substituent effects through 5-membered heteroaromatic rings is investigated theoretically at
the RHF/6-31-G* and B31.YP/6-31-G* levels using the deprotonation equilibria of phenol analogues with
heteroatoms Y = NH, O, PH and S. The increase in the resonance delocalization of the 7 lone-pair on the phe-
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nolic oxygen atom, nx{(Q), accompanied with the deprotonation depends on the heteroatom Y. in the order NH
< O <0 PH < §, This represents the z electron accepting ability, or conversely reverse order of the 7 electron
donating ability of the & lone-pair on Y, n(Y), The transmission efficiency of substituent effects is, however,
in the reverse order NH > O > S, which represents the order of delocalizability of ng (Y}, A better correlation is
obtained with ¢~ than with ¢, for the Hammett type plots with the positive slope, p™> 0, of the magnitude in
the same order as that for the delocalizability of nY). The deprotonation energy, AG = [G(PA) — G(H™)] -

o

G{P). decreases with the increase in the extent of resonance delocalization in the order NH > Q = PH > §
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Introduction

[n a previous work.! we investigated theoretically the
transmission of substituent eftects through 5-membered het-
eroaromatic rings involved in the protonation equilibria of
aldchydes. ¢q. {1) where Y — NI, O, PIL. S and CHCH with
cight substituents Z. Both
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the aldehyde (A) and its protonated form (AHY) arc reso-
nance stabilized by a z-donor para (C°) substituent, Z. The
bond lengths (d2) between the carbonyl (CY) and ipso ()
carbons were found to correctly represent the measure of
resonance delocalization, and are better correlated with @,"
than with @;, as expected from the resonance delocalization
ol the 7-donor substituents, Z.” The transmission of substitu-
ent eflects in the aldchydes (A) was lound to vary in parallel
with the delocalizability of the 7z lone-pair on heteroatom
(nAY)), Y — NI Q= S > PHL On the other hand. the trans-
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mission ol substitucnt clfects in the protonated form (AHY)
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 of “competing resonance™
between nY) and substituent Z. Since in this series, eq. (1),
the transmission of substituent effects involves with a cat-
jonic lunctional center, C'. it would be of much interest to
explore theoretically the transmission behaviors involving
with an anionic (unctional center. We therefore extend this
serics of work to the deprotonation equilibria of phenol ana-
logues; Phenol & Phenolate anion + 117, ¢q. (2) where Y —
NH, O, PH or S and 7Z — p-CHs. H, p-H, p-CI. p-NC, p-CN
or p-NOa. In this system, the 7 lone-pair on the oxygen atom
is a strong donor and the para-substituent, 7., should become
an acceptor, which is exactly an opposite role to the donor
efleet played by Z in eq. (1)
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Calculations

In order to obtain the structures and cnergics for the sta-
tionary point species in the gas phase, all the geometrical
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parameters were fully optimized without any geometrical
constraints using the density functional theory (DFT) method®
of Beoke's 3-paramcter hy brid method using the correlation
functional of Lee. Yang and Parr (B3LYP)® with 6-31+G*
basis sct.” B3LYP/6-31+G*//B3LYP/6-31+G*. Frequency
calculations were also performed to confirm the stationary
point speoics.

The calculated clectronic energy change (AE,) in the gas
phasc was comyceried to enthalpy change (AH) by correcting
for the scro point vibrational energy (AEzpvx) with the appli-
cation of a scaling factor 0.9843." thermal energy (AET) and
PAV(= AnRT) terms. The Gibbs frec encrgy change (AG,)
was then obtained using the calculated centropy changes
(-TAS) as eq. (3)."

AG= AEL-| + AE/,J’\'H + JE] +AnRT-T AS
= AH-T AS (3)

The selvation cnergics in aqucous solution with diclectric
constant (€) of 78.39 were calculated using the Polarizable
Continuum Model (PCM)!! at the B3LYP level using the
pas-phasc optimized geometrics. PCM-B3LYP/6-31+G*//
B3LYP/6-31+G*, The calculated solvation Gibbs [rec
energy (AG;) was then oblained by the encrgy diflerence
between the gas phasc encrgy and the encrgy of PCM calcu-
lation. The experimental aqucous ion solvation [ree cnergy
of AG,(H') = -260.9 kcal mol™" was uscd for the solvation
cnergy of H' ion.!'* Thus the Gibbs frcc encray change
(AG,) m aqucous solution is defined as cq. (4b).

AG,q = [AG(PA) + AG(H")] — AG(P) (4a)
AGaq = ng;ls + AGSU] (4b)

Natural bond orbital (NBQO) and population (NPA) an-
alvscs'? were carricd out using NBO 3.1 interfaced to Gaus-
sian-98 program. The analvscs of the NBQ) levels were car-
ricd out with RHF results using the oplimized geometrics at
B3LYP level. RHF/6-31+G*/B3LY P/6-31+G*. since the
calculated MO levels at the RHF level are in better agree-
ment with the experimental data than those by the DFT
method.™ Gausian-94 and 98 program packages'” were used
throughout this work.

Results and Discussion

(A) Declocalizability of the slone pair on Hctero-
atoms(Y). The bond Iength of d;~ 1s a mcasure of the reso-
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Table 1. Calculated bond lengths (1 in A) for Z =11

Y NH Q PH S
di:(P) 1.3663 1.34%] 13618 [.3617
di:(PA) 1.2731 1.2482 1.2512 [ 2447

Ad) -0.0932 (1.0999 01106 00170
dua(P)Y 1.4347 14413 | 4584 [ 4344
dsa(PA)Y 1.4293 14312 14291 | 4236

Ads 0,003 0101 .0293 -0.0088

nance delocalization of the z lone-pair on the oxy gen atom.
n(0): the greater the delocalization of nO) into the ring.
the shorter is the dj-. The bond lengths in Tablel reveal that
the dj: is the longest with Y = NH lor both P(QH) and
PA(O") (Table 1) and the shortest with Y = Q [or P(OH) and
with Y =S for PA(O"). This mcans that n(N) is the stron-
gest m-donor so that resonance delocalization of 7 lone pair
on the oxy gen. nO). into the ring is the weakest. The order
ol increasing bond Iength of d;> in the PA(O7) forms. S <O
< PH < NH. matches with that ol the n(O) levels for dilfer-
ent Y (Table 2). which indicates that the stronger the clectron
donor property of nY). the higher is the n-O) level. and
the weaker is the resonance delocalization of n0) into the
ring, This is at variance with the order of increasing bond
length of dyz for the protonation cqiulibria of aldchydes (cq.
(1)). NH <Q < S < PH. This latter sequence of d;> demon-
stralcs that the ng(N) is the strongest & donor toward the cat-
ionic cenlter. the carbonyl carbon. Excepting the anomalous
nP)’¢ the two scquences of di- for eqs. (1) (NH <O < 8)
and (2) (S <O <NH) arc opposite. and indicatcs that the -
donor abilily incrcascs in the order. S < O < NH. The
scquences ol bond length changes in d;-~ accompanicd in the
protonation (A — AH) and deprotonation (P — PA) ¢cqui-
libria. -Ad;>=d)»(AH'. or PA) - d)~(A. or P). arc. however.
th¢ same. S > (PH =) O > NH. Likcwisc. the orders of
changes in dis. (-Adsy provides another measure of the reso-
nancc delocalization) arc also the same in the two cquilibria.
¢gs. (1) and (2). (PH >) O = § > NH. Th¢ reversal of the
sequence from S = O (-Ad~) to O > S (-Ad;4) may be related
to the different 7 level gap changes involved in the equilibria,
We conclude that the z-donor ability incrcases in the order
Y =S < O < NH but the resonance delocalization of the -
lone pair on the heteroatom. nY). toward the functional
center is the weakest for Y = NH increasing in (he order NH
< O < 8§ for the deprotonation cquilibria. ¢q. (2). which is

Table 2. The selected NBO lone pair (ng O) and n{Y)) md m=bonds levels m hartree

NI11 O PH S
P PA P P Pa P Pa
G o (L6278 1.0481 0.6435 1.0790 0.6230 1.0471 0.6107 1.0509
T2 0. 1870 0.3363 0.1848 (.3444 0.1958 0.3366 0.1708 (1.3282
T 4s 0.1796 0.3605 .1820 (0.3523 0.1889 0.3359 0.1608 (1.3356
Ovp -0.5171 -0.1446 -0.5230 (L1530 -(1.5121 -(L.1509 -.5210 -(1.1638
Yop -.3548 -0.1725 -0.4954 -(0.2828 -(1.5414 -(1.3735 -(0.3339 -(1.1635
T -0.3427 -0.1759 -0.3761 -(1.1966 -(1L.3709 -(1.1991 -0.3749 -(0.2056
s -0.3473 -0.1092 -0.3716 -(.1349 -(1.3782 -(0.1351 -().3804 (11485
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Cxa(]:ll}' the opposite to that for the protonation equilibria. ¢q.
(1.

The increasing s-donor ability of nY). PH < S <O <
NH. Ieads to increasing negative charge (and clectron popu-
lation) on the phenolate oxygen atom. ¢(O"). in the same
order. but in the reverse order within the ring (NBO charges
in Table S1. Supplementary Materials).

(B) Transmission of Substituent Effects. The bond
length changes indicate that the effects of Y and substituent
Z at para position (C*) arc transmitied dircetly 1o the func-
tional center. phenolate oxygen. and arc manifesied in a
form of bond length contraction or strciching of dj». The
slopc of the plot of di- against ¢;,~ (beticr corrclaies than o))
of substitucnt Z. cq. (3). gave susceptibility parameter. S. as

&i:=Sa” (&)

a measure of the transmission cfficiency of the substutucnt
clfeet in the individual states of P(OH) and PA(O7) respec-
tively. Similar analyscs were also perlormed using Swain-
Lupton dual substituent paramelers (DSP). ¢q. (6).) where F
and R represent ficld and resonance substilucnt constants
and f; and #; arc the susceplibility to F and R. respectively,
The results of S and #¢thus determined are summarized in

&-=fiF+rR (6)

Table 3. Relerence Lo Table 3 reveals that although the mag-
nitude of .S is considerably greater (han that of # the two arc
scen 1o vary in paralle]l (cxceptling again the anomalous
behaviors of Y = PH) implyving that the total susceptibility
constant S 1s mainly influenced by the resonance cllect. #y.
For both P and PA stalcs. the magnitude of S (and AS)
decrcases i the order NH > O > PH > S. which is exaclly
the m-donor ability of nAY) (vide supra). Thus this order
represents not only the z-donor ability but also the delocaliz-
ability ol n«Y) in responsc to the substituent changes (6;,7).
Since the signs of S and #y arc ncgative. a stronger clectron
acceplor Z (80,” > 0) lcads to a shorter di~. fe.. a grealcr
degree of resonance delocalization of n{Q) toward Z. The
magnitude ol S'and #;indicales that the susceptibility of phe-
noxide functional center o the change in Z runs parallel to
the total delocalizability of nY). fe.. the grealer the delo-
calizability of nAY) the stronger 1s the transmission ¢ffi-

Table 3. Susceptivlity Constants, S."
&l = Sop . where &bz = dix(2) - dix(11)
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cicney of the substituent effect through the ring toward the
phenolate anionic center. This is rather surprising since the
order of the substituent effect transmission clficicncy is sim-
ilar {cxcept the anomalous Y = PH) to that found for the pro-
tonation equilibria of benrzaldehydes. eq. (1). Thus. although
actual amount of delocalization of nLY) is in the reverse
order (vide supra) between the two (¢gs. (1) and (2)). the
delocalizability of nY) and transmission clficicncy of the
substituent cflcet through the Y-ring arc the same for the two
cquilibria. This order of delocalizability of ng(Y) is closcly
rclated to the experimentally found clectrophilic substitution
reactivity at C* (or C*) of the hetcroaromatic 3-membered
ring. I. The cstimated bromination rates relating to benzene

-

Wil

Z
I

arc Y =8« 10 <0 (6 x 10"y <NH 3 x 10'%).1¢

The susceptibility S represents the transmission cfficicncy
ol substitunct ¢flects for individual states. P and PA. How-
ever the difference in the two. AS = Spa — Sp. should repre-
sents changes in the transmission ¢lficiency involved in the
deprotonation cquilibria. ¢q. (2). A similar substituent cffect
transmission mcasurcd by the cnergy changes involved in
the deprotonation cquilibria. ¢q. (2). is the Hammett cocfi-
cient. pz-in ¢q. (7)" where AG is the reaction energy for cq.
(2). Strong through-conjugation of ncgative charge on the

- AGR23RT =p o (N

phenoxide oxygen toward Z in the ring requires ¢, nstcad
of ¢,™ The p,” valucs determined at different levels of
cnergy computation arc presented in Table 4. Reference (o
Table 4 shows that the p,” valucs calculated arc all large
positive indicating that strong negative charge development
upon deprotonation. The magnitude is in the incrcasing
order of Y = § < O < NH (< PH). which is the same order
that for S and AS. (cxcept for the anomalous behaviors off
Y = PH'" as discussed above in the DSP analysis) and hence
we armived at the same conclusion that the greater the
delocalizability of n{Y). the greater 1s (he transmission
cfficiency of substituent clfects through the Y-ring. The
magnitude of p; (15.1-17.7 at the B3LYP/6-31+G* level)

I’)An‘
Y Sp Spa Ds* — — - L B
Sax1t¥ Fax 0P Table 4. Calculated Hammett Type Reaction Constants, p,
N1l -1.22 -1.71 -0.49 -0.83 -1.08 Y RIIF/6-31+G* B3LYP/6-31+G* PCM'
Moas a0 o1 ok om N 16 170 0y
-1.13 -1. . 0.6 -().3: - -
. ) L O 16.72 16.5 83
S -1.01 (172 0.29¢ -0.90 -0.09
PH 17.01 17.7 11.3
“Values are S 100 and regression coetlicients. r:- 0.93.*AS — Spa - Sp. 2 S 15.89 15.1 8.3
— p-F was excluded. “Field and resonance susceptibility constant. /3 and v = -
£ using Swain-Lupton relationship at B3LYP 6-31+G* level. odi- — AiF “Regressian coellicients. r  0.98. "Regression coeflicients. r - 0.96.

- }“ﬂR.

‘Regression cocflicients, r +0.95. 97 = p-Cll1 is excluded.
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Table 5. Calculated deprotonation energies, AG.“ in kel mol ! for
=11

Y AG, (B3LYP) AG,
NIl 335.15 18.69
O 32727 10.15
Pl 324.98 15.22
S 322,65 11.74

“AG — G(PA) — G(IT7) = G(P) where GUIT") (— -6.28 keal mal™y is
caleulated using o statistical thermodynamic relationship, “AGy -
AGB3LYDP) 1 AG.a PCM).

for the deprotonation cquilibria (cq. (2)) is somewhat greater
than that of p; (-11.1 ~-12.3) al the B3LYP/6-31G* level)
for the protonation cquilibria (eq. (1)) al similar level of
computation. Although the functional centers in the two
cquilibria arc dircctly linked to the ring (C, in ¢q. (1) and
O~ in ¢q. (2)). in the protonaled aldchydes in cq. (1) an clec-
tron donor. OH. is attached to the C.y atom so that the reso-
nance clectron demand of the cationic center. C,'. must be
partially reduccd. which in turn reducces the size of p,'.

(C) Deprotonation Encrgies, AG. The deprotonation
encrgics. AG in keal mol™. are shown in Table 3. The AG
valuc will be the grealer. the higher is the level of phenoxide

AG = |G(PA) + G(H")] — G(P) ®)

anmionic form. G(PA). and the lower is the level of phenolic
form. G(P). The order of decrcasing AG lor Z=His NH> O
> PH > S wlich 1s the reverse order of bond Iength changes
in dyz. ~Ad;~. upon deprotonation. Since the amount of dj»
contraction in the deprotonation. -Ad,~. should rcpresent the
in- creasc in the extent of resonance delocalization of n{O)
toward the Y-ring. the order of decrcasing AG lound cor-
rectly predict stabilization upon deprotonation. Thus. the #-
acceplor ability of NH 1s the weakest. or conversely the 7-
donor ability of NH is the greatest. so that resonance delo-
calization of exocyclic n«{O) into the Y-ring. and hence the
resonance stabilization is the Icast for NH. Similarly. the
order of deereasing deprotonation encrgy corresponds 1o the
reverse order of the change in resonance delocalization in
the deprotonation. This order found for ¢q. (2) is not rclated
in anvway (o the order obtained for ¢q. (1): in the laticr an
extra group. OH. is attached 1o the [unctional cationic center.
C.'. so that the resonance delocalization is also influcnced
by this extra group.

(D) Solvent Effects.  The solvent cilects on the deproto-
nation cnergics. AG. and the Hammctt p,” valuc cstimated
by th¢ PCM mcthod arc shown in Tables 3 and 4. respee-
tively. The solvent cficetl appears to stabilize most the phe-
noxide anionic form (PA) of Y = O. The deprotonation
cnergy in the aqueous solution for Y = O is greatly reduced
and predicied o be the lowest deprotonation energy for Y =
O with other systems generally following the gas-phase
order. Y = NH > PH > § (> O). The inspection of NBO
charges reveals that the total negative charge on the two het-
croatoms. q(O7) + g{Y). 15 the largest for Y = O. which will
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no doubt increasc dipole moment of the phenoxide anion for
Y = O so that the greatest solvation stabilization of the PA
form for Y = O is achicved. 11

On the other hand. the solvent ¢lfects on the transmission
cflicicncy. p,~. scems rather uniform over dilferent Y sys-
tems: the gas-phasc order of p,” is maintained in solution.
This is rcasonable since in the change ol substituent Z the
rclative change ol the dipole moment between different Y
systems in the gas-phase should remain the same in solution
because of the gas-phase gcometrics used in the caleulation
of solvent cflects.

Summary and Conclusion

The extent of resonance delocalization decreases with an
incrcasc in the 7 clectron donating ability of the z-lone pair
on heleroatom Y. n(Y). S > PH > O > NH. Sinc¢ the stabil-
ity ol anionic form. PA(O"). is strongly influcnced by the
extent of resonance delocalization. the deprotonation energy.
AG = G(PA) — G(P). is in the samc¢ order. The susceptibility
of functional ccnter. oxy gen. 1o the substituent changes upon
deprotonation depends strongly on the z-lone pair delocaliz-
abilily of Y. n(Y). which incrcascs in the order 8 <O < NH.
Thus actual dclocalization is the smallest with Y = NH. but
the delocalizability ol nY) is the greatest with Y = NH and
accordingly the magnitude of positise Hammett cocfficicnts
increasc in the order § < O < NH. The solvent exhibits a umi-
form cflcet on the transmission cfficicncy so that the pas-
phasc order is maintained in solution. Stability of phenolate
anion for Y = O incrcascs in solution duc to the increasc in
dipolec moment and the deprotonation cnergy becomes the
smallest with Y = O. unlike in the gas phasc.
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