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The stability and the reactivity of mono- and diprotonated 4-heterocyclohexanones as well as cyclohexanone
in triflic acid have been studied at the PBEO/aug-cc-pvtz//PBEO/BE&3T level of theory. In all cases the

first protonation is an exergonic process occurring at a carbonyl oxygen except for 4-piperidone where a
nitrogen atom is protonated fist. Second protonation is only slightly endergonic for all studied molecules
except for cyclohexanone where the second protonation is very unfavorable thermodynamically. According
to calculations, diprotonated 4-heterocyclohexanones are much more active in the reactions of triflic acid
mediated polyalkoxyalkylation with aromatic hydrocarbons compared to monoprotonated ones. The increase
of the reactivity of diprotonated 4-heterocyclohexanones is due to inductive effect rather than through space
electrostatic influence as follows from the electronic structure analysis of dications. Moreover, the second
protonation reduces the possibility of an aldol condensation side reaction, reducing the enol electrophilicity
rendering heterocyclohexanones as promising monomers for superacid mediated polyhydroxyalkylation.

Introduction SCHEME 1: Scheme of TSFA Mediated

- o o Polycondensation of Carbonyl Compound with Aromatic
The superelectrophilic activation term was first introduced Nucleophiles

by Olah to explain the electrophile reactivities in superaéids.

. L S CF.
Superelectrophilic activation may take place when a cationic o=¢ ? TFSA CF;r
electrophile reacts with an acid to give a dicationic species. This A 20 +nH,0
type of activation has been suggested for the Frie@ehfts-
n

type reactions of 1,2-dicarbonyl groupaldehydes, nitriles?
and other systents.

Recently, it has been discovered that superacid catalyzed Ar=

polyhydroxyalkylation reactions of aldehydes and ketones

containing electron-withdrawing substituents with nonactivated
aromatic hydrocarbons adjacent or relatively close to a car- © ©
0

bocation center afford linear, high-molecular weight polymers

(Scheme 1%:” @ @
It has been shown that the reactivity enhancement of carbonyl °

compounds bearing electron-withdrawing groups is due to
stabilization of their lowest unoccupied molecular orbital Q O O
(LUMO).8

In the case of triflic acid (TFSA) catalyzed polyhydroxy- . . . .
alkylation of aldehydes and ketones, the reactivity of diproto- that protonation of a strong, adjacent base site can activate an
nated species is not sufficient to compensate for the large electrophilic functional group, such as a carboxonium ion.
positive Gibbs energy of the second protonation; therefore, A similar electrophile activation mechanism is presumably
monocationic species are considered as active reaction interinvolved in the reaction of the diarylpiperidines synthesis
mediate$. On the other hand, the existence of diprotonated (Scheme 1). They were prepared in good to excellent yields
carbonyl molecules in superacids has been proven experimen{80—99%) by the reaction of piperidones with benzene in the
tally’® when an alternative site for second protonation was Presence of TESA. Under the same conditions cyclohexanone
available (heteroatom or electron-rich double bond). Thus, only produced a small amount of aldol condensation protfuct.
reports have been published regarding the studies of TFSA The authors suggested that the protonation of an amino group
catalyzed condensation of 3-pyridinecarboxaldehyde with de- of 1b activates carbonyl carbon, while in the case of cyclohex-
activated aromatic compounds and the observation of dicationanone such activation is not possible. The activation observed
by low-temperature NMR! The results provided a demonstra- in protonatedlb is, thus, similar to that induced by electron-
tion of the reactivity of dicationic electrophiles and suggested withdrawing substituents in carbonyl compouridmd, there-

fore, piperidones could be considered as promising monomers
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servidor.unam.mx. tion has been observed between the heteroatom electronegativity

10.1021/jp0745485 CCC: $37.00 © 2007 American Chemical Society
Published on Web 12/05/2007



4-Heterocylohexanone Superelectrophilic Activation

SCHEME 2: Reaction of 4-Piperidone (1b) and
Cyclohexanone (1a) with Benzene in the Presence of

TFSA
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in 4-heterocyclohexanon®sand the equilibrium constants for
water and thiol addition reactions, reflecting activation of a
carbonyl group. The aim of this paper is to explore the reactivity
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SCHEME 3: Mono- and Diprotonated Forms of
4-Heterocyclohexanones and Cyclohexanone
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of diprotonated species of 4-heterocyclohexanones in TESA andreéspectivelyw™ was calculated according to ref 18 @32,

to obtain a deeper insight into the activation mechanism of
carbonyl groups in the reactions of TFSA mediated polyhy-
droxyalkylation (Scheme 2).

Computational Details

The prediction of the reliable reaction energies in solution
where ionic species are involved is still a challenging task for
modern computational chemistry. The model selection was
based on its ability to reproduce experimentally determined
pKa's of different acids, since exackp determination implies

accurate calculation of the free Gibbs energies of solvated ionic
species. The total free Gibbs solution energies of all molecules

(Gy were calculated as followsss = Es + AGgy, whereEs is

the total electronic energy in solution calculated at the PBEO/
aug-cc-pvtz level using PBE0/6-31** 14 solution-phase op-
timized geometry and\Gy is the free Gibbs energy correction

whereu is the chemical potential approximated-a8P + EA)/2
andy is the chemical hardness approached as(IBA). The
Fukui local functions at the sites for electrophilic and nucleo-
philic agents were approached by the gross natural chajge (
at sitek (k = atom) for systems with — 1 andn + 1 electrons,
respectively, whera is the number of electrons in the studied
species af™ = qu(n + 1) — g«(n) andfi = qe(n) — gu(n —
1).1° The global nucleophilicity was defined as™ = Y,(u%;)
and local electrophilicities and nucleophilicities indexes of the
reactive sites were derived 88w™ andf ~w~, respectively.
The definition ofw~ = —IP for global nucleophilicity suggested
in ref 20 results in incorrect behavior for the local counterpart
of global nucleophilicity; the quantity~w~ drops withf ~ due

to the negative value ofv~, which makes no sense. The
definition of global nucleophility as,(u?;) corrects this
deficiency, and it makes simple and intuitive chemical sense
that nucleophilicity increases with a decrease of IP, EA,and

calculated as the difference between the total electronic energyrys gefinition is easily derived from the well-proven expression
and the free Gibbs energy in the gas phase estimated at thg, ,+ and used in this paper for the analysis of the nucleophile

PBEO0/6-31%G** level using PBEO/6-3+G** optimized ge-

ometry in the gas phase. Solution-phase optimizations were

carried out with the PoisserBoltzmann solveé®16implemented

in the Jaguar v 6.5 suite of prograthssing dielectric constant
and the solvent probe radii for TFSA of 77.4 and 2.60 A,
respectively.

Since the PBEO functional is not implemented directly in
Jaguar 6.5, this functional was defined using the following
keywords: idft= —1, xhf = 0.25, xexnl9= 0.75, xcornl9=
1.0, and xcorl4= 1.0, which correspond to the definition of
the PBEO functional in the original papéas 25% of the exact

properties.

Results and Discussion

Scheme 3 and Table 1 show the reactions of mono- and
diprotonation as well as the corresponding free Gibbs energies
in TESA for different 4-heterocyclohexanones and cyclohex-
anone. It is seen that for all molecules except Tbrthe first
protonation site is a carbonyl group. Fdy the first protonation
occurs at nitrogen with a very negative protonation energy of
—31.15 kcal/mol. In all cases the energies of the first protonation

HF exchange, 75% of the PBE local and nonlocal exchange are quite negative, implying that monocations are the dominant

functional, the PerdewWang GGA-Il 1991 local correlation
functional, and the PBE local and nonlocal correlation func-
tional. This model reproducesgs of different acids with a
maximum error of about 1Ky, unit that corresponds to the error
in the free Gibbs energy of 1.3 kcal/nfol.

Vertical ionization potentials (IP), electron affinities (EA),
global electrophilicity indexes«(*), and local Fukui functions

species in TFSA solution. The second protonation occurs at
carbonyl oxygen in the case &b and at heteroatoms fdic,d.

In the case ofila the second protonation occurs at an already-
protonated carbonyl and this intermediate will not be considered
further due to the very positivAG = 39.06 kcal/mol. Unlike

the first protonation the free Gibbs energies of the second
protonation are positive. Since these values are only moderately

(f) of the reaction intermediates were calculated at the PBEO/ positive, there must be a reasonable concentration of diproto-

6-31+G** level of theory. IP’s and EA’s were calculated as
En-1 — En andE, — Enq1, respectively, wher&, is the total
electronic energy of the-electron system an#,-1; and En+1
are the energies of the systems with- 1 andn + 1 electrons,

nated molecules in the TSFA solution to have a noticeable effect
on the reactivity of 4-heterocyclohexanones. Thus, the calculated
protonation free Gibbs energy of 2,2,2-trifluormethylacetophe-
none in TSFA is of 7.8 kcal/moP, and this molecule readily



13608 J. Phys. Chem. A, Vol. 111, No. 51, 2007

TABLE 1: Calculated Protonation (AGp) of the Free Gibbs
Energies of Different Molecules in TFSA (kcal/mol)

reaction AG,
la+ CRSOH — 4a+ CRSO;™ —5.97
1b + CRSOH — 4b + CR:SOs™ —5.70
lc+ CRSOH — 4c+ CRSOs™ —3.97
1d + CRSOH — 4d + CR:SOs~ —3.59
1b + CRSOH — 2b + CRSOs™ —31.15
lc+ CRSOH — 2c+ CRSOs™ —0.88
1d + CRSOH — 2d + CFS0Os~ —2.83
2b + CRSOH — 3b + CRSOs~ 0.18
4c+ CRSOH — 3¢+ CRSOs~ 6.76
4d + CRSO;H — 3d + CRSO;~ 2.60
9a+ CR:SO:H — 12a+ CRsSOs™ 3.85
9b + CRSO;H — 12b+ CRSOs™ 4.56
9b + CRSO;H — 10b + CFSOs™ —32.90
12b+ CRSOsH — 11b+ CRSO;™ 9.34
9¢c+ CRSO;H — 12¢+ CRSOs™ 6.24
9c+ CRSOsH — 10c+ CRSOs™ —-1.75
10c+ CR:SOsH — 11c+ CRSO;~ 10.66
9d + CRSO;H — 12d + CRSO5™ 6.49
9d + CRSO;H — 10d + CRSOs™ —6.96
10d+ CRSO;H — 11d + CRSO;~ 10.53

TABLE 2: Free Gibbs Activation (AG,) and Formation
Energies of AG) of Studied Reactions (kcal/mol)

run reaction AG, AG

1  4a+ 2biphenyl (benzeney 5a+ H30" —4.81(8.18)
2 3b+ 2biphenyl (benzeney 6b + H30" —1.94 (—1.56)
3 4c+ 2biphenyl= 5c¢+ H30" 3.84

4 4d+ 2biphenyl= 5d + H30" 3.02

5  3c+ 2biphenyl= 6¢+ H30" —-4.21

6  3d+ 2biphenyl= 6d + H3O" —2.92

7  4a+ biphenyl (benzeneF 7a 33.2 32.3(36.2)
8  3b+ biphenyl (benzeneF 8b 27.4 24.1(30.3)
9  4c+ biphenyl=7c 31.8 304

10 4d -+ biphenyl=7d 32.0 319

11 3c+ biphenyl=8c 26.0 21.7

12 3d+ biphenyl= 8d 26.6 229
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SCHEME 4: Reactions of Biphenyl with
4-Heterocyclohexanones and Cyclohexanone
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diprotonation on the reaction thermodynamics is due to the
difference in protonation energies of heteroatom in dications
3c,d and product$&c,d. The protonation energies of heteroatoms
in products6c,d are more negative than these3nd due to
nonexistent electrostatic repulsion between protons in the former.
This effect can be estimated directly from the free Gibbs reaction
energies (runs-36): 8.11 and 5.94 kcal/mol for oxygen and
sulfur atoms, respectively. In the case of piperidone lbe
monoprotonated intermediate is not active in the hydroxyalky-

participates in TFSA mediated polycondensation with aromatic lation reaction.
hydrocarbons showing that the concentration of protonated According to calculations, both reactions 1 and 2 are
species is high enough for the polyhydroxyalkylation reaction exergonic while experiment shows that cyclohexandagdoes

to occur.

not participate in the reaction of hydroxyalkylation with benzene

Since the protonation of a carbonyl group is a necessary while 1b gives the reaction product in a high yiéflWe
condition for aldehydes and ketones to be active in electrophilic estimatedAG of reactions 1 and 2 with benzene as nucleophile

substitution reactions, ketonga,c,d meet this requirement after
the first protonation, while in the case db the protonation of

(Table 2). As seen the result show that in case of benzene,
reaction 1 is endergonic while the reaction 2 is exergonic in

a carbonyl is a second protonation reaction. Therefore, in the accordance with experimental data. Since the gas ph&e

case of ketonedab, there is only one intermediate for each
molecule g¢a and 3b, respectively), potentially active in the
electrophilic substitution reactions, while for 4-heterocyclohex-
anoneslc,d both mono- and diprotonated moleculésd and
3c,d are potentially active species.

calculated at PBEO0/6-31G** level give 44.1 and 43.2 kcal/
mol for the reactionsta + 2biphenyl and4a + 2benzene,
respectively, the conclusion is that solvation is the primary factor
influencing the reaction thermodynamics in these cases.

It has been recently shown that the free Gibbs reaction and

The enhanced reactivity of diprotonated species can be relatedactivation energies of hydroxyalkylation reactions are in good

to the thermodynamic factor, kinetic factors, or both. It is
accepted that the formation of amcomplex is the rate-
determining step in the reactions of aromatic electrophilic

substitutior?! Therefore, we use the free Gibbs activation energy

correlation with the EA of the electrophile and in the case of
different electrophiles and nucleophiles with the difference of
EA of electrophile and IP of nucleophifé.

Table 2 (runs #12) shows the free Gibbs activation and

of o-complex formation between the corresponding electrophile reaction energies of the-complexes formation. It is clearly

and biphenyl, a common monomer in the reaction of TFSA seen that there is a correlation between the electronegativity of
mediated polycondensation, as a measure of the effect of thethe atom in position 4 and the free Gibbs activation and reaction
electrophilic nature on the kinetics of polyhydroxyalkylation, energies of-complexes formation in the case of monoproto-
and the free Gibbs reaction energies shown in Scheme 4 as anated species. The energies dropped with an increase of their
measure of the electrophilic nature effect on thermodynamics. electronegativity from carbon to sulfur and oxygen. However,
As seen from Table 2 (runs-%) reactions involving this effect is rather small, and all monoprotonated electrophiles
monoprotonated specie$a—d) are endergonic for all ketones  have their activation and reaction energies @tomplex
except forla. On the other hand, for all reactions involving formation within 2 kcal/mol. The protonation of heteroatoms
diprotonated specie&G are negative. This favorable effect of result in a substantial decrease of both the free Gibbs activation
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TABLE 3: Vertical lonization Potentials (IP), Electron Affinities (EA, eV), Electrophilic ( f ) and Nucleophilic f ~) Fukui
Functions of Carbonyl Carbon and f# sp? Enol Carbon, Respectively, Local Nucleophilicity { ™) and Electrophilicity (f ™)
of the Reactive Sites in Nucleophiles and Electrophiles, Natural Charges at Carbonyl Carbom), and LUMO Energies of
Studied Electrophiles at the PBE0/6-3+G** Level

molecule IP EA fr f- f o™ x 10* f ot q LUMO
3b 21.83 9.99 0.426 - - 4.55 0.722 —-12.14
4a 15.96 5.38 0.436 - - 2.35 0.714 —7.42
4c 14.92 5.55 0.405 — — 2.26 0.674 —7.57
3c 22.18 10.18 0.423 — - 4.79 0.723 —12.34
4d 13.16 5.70 0.429 — - 2.56 0.706 —7.69
3d 21.17 10.04 0.431 - - 4,71 0.724 —12.15
benzene 9.32 —1.60 0.120 3.68 — — -
biphenyl 8.15 —0.53 - 0.148 5.88 - -

9a 8.04 —-1.23 — 0.347 16.14 — — -

9b 12.88 341 - 0.376 2.99 - - -

9c 13.38 3.61 0.391 2.77 — -

9d 13.10 3.45 0.388 2.93 - -

and formation energies far-complexes as seen from Table 2, In fact, the aldol condensation is an undesirable side reaction

reflecting higher reactivity of diprotonated species. Thus, interfering with polycondensation since strong acidic conditions
according to calculations, dicatio®s,d are even more active  favor the enol formation and enol competes with the aromatic
than3b derived from 4-piperidone, and, therefore, 4-heterocy- hydrocarbon for the electrophile (Scheme 5)
clohexanonedc,d can be considered promising monomers for ~ Scheme 6 and Table 1 show the protonation reactions of enols
superacid mediated polymer synthesis. in TFSA and their free Gibbs energies, respectively. As seen,
Table 3 shows calculated reactivity indexes of electrophiles in all cases the first protonation occurs at the ring heteroatom
and nucleophiles involved in this study. There is a very good and these reactions are exergonic. The second proton goes to
correlation (correlation coefficient of 0.986) between EA’s and the hydroxyl oxygen, and this reaction is endergonic for all
the local electrophilicity of the carbonyl carbon atom and the enols. Even in the case of en®h, where the protonation of
free Gibbs activation and reaction energies of theomplex the hydroxyl oxygen is the first protonation, the reaction is
formation for the electrophiles listed in Table 3. The second endergonic. Therefore, most of the enol molecules exist in the
protonation increases significantly both the electrophilicity of form of 9a—d in TFSA solution.
the carbonyl atom and the EA of the electrophile, which is  Data listed in Table 3 allow us to explain these experimental
reflected in the reduction of both the free Gibbs activation and data in terms of electronic properties of involved electrophiles
the reaction energies oefcomplexes formation for diprotonated and nucleophiles as well as predict the reactivity of other
intermediates. Higher free Gibbs activation and reaction energies4-heterocyclohexanones. Since the hydrohyalkylation and aldol
of o-complexes formation in the case benzene compared tocondensation involve the same electrophile, the rate of these
biphenyl (Table 2) can be rationalized in terms of a lower local reactions is determined by the nucleophilic nature. As seen from
nucleophilicity or a higher IP of benzene compared to biphenyl Table 3, enoPais a much stronger nucleophile compared to
(Table 3). It is interesting to note that calculated natural chargesbenzene, as follows from its lower IP and higher nucleophilicity
of carbonyl carbons are very similar for mono- and dicationic of the reactives carbon. Therefore, in the case Id the aldol
electrophiles, implying that the nature of the carbonyl activation condensation prevails in accordance with experimental data. On
in dications has little to do with the electrostatic through-space the other hand, end@b is far less nucleophilic than benzene
effect. On the other hand, the second protonation markedly
lowers LUMO energies similar to the effect of electron-
withdrawing substituents This finding favors the suggestion
that inductive and not through-space effect is the most important OH
factor enhancing the carbonyl activity of diprotonated species. =
Authors demonstratééithat in the case of reaction &fwith

SCHEME 6: Mono- and Diprotonated Forms of Enols
of 4-Heterocyclohexanones and Cyclohexanone

benzene a small amount of aldol condensation product was X
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due to the protonated nitrogen atom (higher IP and lower local
nucleophilicity) and cannot compete with benzene for the

electrophile.
As seen from Talgl 3 a similar situation holds for enddg,d.

They are much weaker nucleophiles compared with benzene

and biphenyl; therefore they would not interfere with polyhy-
droxyalkylation.

Conclusions

Lira et al.

(3) (a) Olah, G. A; Rasul, G.; York, C.; Prakash, G. K.J5.Am.
Chem. Soc1995 117, 11211. (b) Saito, S.; Ohwada, T.; Shudo,JKAm.
Chem. Soc1995 117, 11081.

(4) Sato, Y.; Yato, M.; Ohwada, T.; Saito, S.; ShudoJKAm. Chem.
Soc.1995 117, 3037.

(5) (a) Olah, G. A.; Klumpp, D. A.; Neyer, G.; Wang, @ynthesis
1996 321. (b) Klumpp, D. A.; Baek, D. N.; Prakash, G. K. S.; Olah, G. A.
J. Org. Chem.1997 62, 6666. (c) Olah, G. A.; Wang, Q.; Neyer, G.
Synthesid994 276. (d) Saito, S.; Sato, Y.; Ohwada, T.; ShudoJKAm.
Chem. Soc1994 116, 2312. (e) Yokoyama, A.; Ohwada, T.; Shudo,X.
Org. Chem.1999 64, 611.

(6) Zolotukhin, M. G.; Fomine, S.; Salcedo, R.; Khalilov, Chem.

Calculations validate the hypothesis of the existence of Commun. (Cambridged004 1030.

diprotonated reactive intermediates in TFSA solutions of
4-heterocyclohexanones, where both carbonyl oxygen and

(7) Diaz, A. M.; Zolotukhin, M. G. S.; Fomine, S.; Salcedo, R.; Manero,
O.; Cedillo, G.Macromol. Rapid Commur2007, 28, 183.
(8) Ramos P&m, E.; Zolotukhin, M. G.; Fomine, Slacromolecules

heteroatom are protonated. Diprotonated and not monoproto-2004 37, 6227.

nated 4-heterocyclohexanones are the reactive species in hy-
droxyalkylation reaction. Second protonation affects both the

(9) Lira, A. L.; Zolotukhin, M. G.; Fomina, L.; Fomine, $4acromol.
Theory Simul2007, 16, 227.
(10) (a) Klumpp, D. A.; Zhang, Y.; Patrick, J.; Lau, K. Betrahedron

thermod.yne.\mics and kin?tics of hygroxyalkylation,. reducing the 2006 62, 5915. (b) Walspurger, S.; Vasilyev, A. V.; Sommer, J.; Pale, P.
free activation and reaction energies of the reaction. IncreasedTetrahedron2005 61, 3559.

reactivity of diprotonated molecules is related to the lowering

of LUMO energy similar to the effect of electron-withdrawing

(11) . Klumpp, D. A.; Zhang, Y.; Patrick, J.; Lau. Betrahedror006
62, 5915.
(12) Klumpp, D. A.; Garza, M.; Jones, A and Mendoza).S0rg. Chem.

substituents supporting the hypothesis that carbonyl group 1999 64, 6702.

activation is due to the inductive effect of a protonated
heteroatom and not through-space electrostatic effect. In addition
the protonation of a heteroatom reduces the possibility of aldol

(13) Conroy, J.; Sanders, T.; Seto, £.Am. Chem. Sod 997 119
4285.

(14) Adamo, C.; Barone, VJ. Chem. Phys1999 110, 6158.

(15) Tannor, D. J.; Marten, B.; Murphy, R.; Friesner, R. A.; Sitkoff,

condensation byproduct formation due to a decline of enol D.; Nicholls, A.; Honig, B.; Ringnalda, M.; Goddard, W. AJ. Am. Chem.

electrophilicity involved in the aldol condensation.

Acknowledgment. This research was carried out with the
support of Grants IN100806/17 and IN101405-3 from DGAPA.

References and Notes

(1) Olah, G. A.Angew. Chem., Int. Ed. Endl993 32, 2, 767.

(2) (a) Klumpp, D. A.; Yeung, K. Y.; Prakash, G. K. S.; Olah, G. A.
Synth. Lett1998 918. (b) Klumpp, D. A.; Yeung, K. Y.; Prakash, G. K.
S.; Olah, G. A.J. Org. Chem.1998 63, 4481. (c) Yamazaki, T.; Saito,
S.-l.; Ohwada, T.; Shudo, Kletrahedron Lett1995 36, 5749.

Soc.1994 116, 11875.

(16) Marten, B.; Kim, K.; Cortis, C.; Friesner, R. A.; Murphy, R. B;
Ringnalda, M.; Sitkoff, D.; Honig, BJ. Phys. Chem1996 100 11775.

(17) Jaguar, version 6.5; Schrodinger, LLC: New York, 2005.

(18) Parr,R. G.; Szentpa L. V,; Liu, S. J. Am. Chem. So&999 121,
1922.

(19) Yang, W.; Mortier, W. JJ. Am. Chem. S0d.986 108 5708.

(20) Contreras, R.; Andres, J.; Safont, V. S.; Campodonico, P.; Santos,
J. G.J. Phys. Chem. R003 107, 5588.

(21) Solomons, T. W. Grundamentals of Organic Chemistigth ed.;
John Wiley & Sons: New York, 1997.

(22) Ramos Pém E.; Zolotukhin, M.; Fomine, SPolymer2005 46,
7494,



