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Ab Initio Study of Energetics of Cationic Heteroconjugation in Pyridine N-Oxide and Its
Derivatives Systems
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The energetics of formation of heterocomplexed cations formed by asymmetid-©O hydrogen bonding

in systems of pyridineN-oxide and its derivatives was studied by means of restricted Haffieek and
Mgller—Plesset ab initio calculations. The energy and Gibbs free energies of cationic heteroconjugation were
calculated using the 6-31G* basis set in whicld @olarization function is accounted for. The calculated
energiesAEg,g,, and Gibbs free enthalpieAGg,g., of formation of the heterocomplexed cations in vacuo
have been found to correlate very good with respective calculated energies and Gibbs free energies of
protonation of both the proton acceptors (at a fixéd palue of the proton donor) and proton donors (at a
fixed basicity of proton acceptor) and slightly worse with experimentally determined cationic heteroconjugation
constants (expressed as IKig,g,) determined on acetonitrile.

Introduction

A scheme of acigtbase equilibria set up between acids (both
molecular and cationic) and organic bases in nonaqueous media .
is very complicated and depends on the properties of the
medium!~3 In systems consisting of pyridin&l-oxide, its
derivatives and cationic acids formed by protonation of the
N-oxides in polar organic solvents, and particularly in polar
aprotic ones, apart from the dissociation reactions of cationic
acids BH and BH, also equilibria of cationic homoconjuga-
tion*~% and heteroconjugatidmwith incomplete proton transfer
are likely to occur. Conjugation processes occurring irhi@o Figure 1. Example structure of heteroconjugated cation of (4PicO-
and hetero systems give rise to complexed cations with HPyO)'.
respectively symmetric and asymmetric hydrogen bonds (see
an example of the structure of a heterocomplexed cation in hydrogen-bonded ion BHB Cationic heteroconjugation (eq 5)
Figure 1). These equilibria, nonobservable in aqueous solutions,consists of a reaction of the cationic acid Biith base B to
are set up owing to strong differentiating properties and usually form an asymmetric complex ion BHBheld together by

weak acid-base properties of these solvefits. hydrogen bonding. Depending on the proton-donor properties
Acid dissociation, as well as homo- and heteroconjugation of the reactants, either symmetric or asymmetric hydrogen bonds
equilibria can be expressed as follows: can be formed.
The corresponding equilibrium constantscid dissociation
BH =B+ H" (1) (Kgny+ and KBHT), cationic homoconjugation Kgys+ and
N N Kg,p;): and heteroconjugatiork(,q,)—are defined by egs
BH =B, +H (2)  6-10, respectively:
BH" + B=BHB" (3) [BI[H
B,H' + B, = B,HB; (4) Ko =" (6)
BH' + B, = BHB; (5) [BIH ]
BHE = m (7)
where B and Bdenote base molecules (pyridiNeoxide or its 1
substituted derivatives), BHand BH™ are the protonated bases [BHB]
B and B, and BHB" and BHB, are homocomplexed and BHB+ — - o (8)
BHB; heterocomplexed (stabilized by asymmetric hydrogen [BIBH ']
bond) cations. As seen from eqs 3 and 4, cationic homoconju- [BlHBI]
gation is a reaction whereby a cationic acid Bf#B;H™) reacts KBlHBf = 9
with the conjugate base B {Bto give a symmetric complex [B4][B,H]
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Acid—base equilibria in nonaqueous media involving sub- dine N-oxide (MeMeOPyOH") was the proton donor, and the
stituted pyridineN-oxides have been systematically studied by proton acceptors were 4MeOPyO, 4PicO, 3PicO, 2PicO, PyO,
our research group:.1416-18 Consequently, the acidity k) and and 4NQPyO. In the third class, with protonated 4-methoxy-
cationic homoconjugation constants for a number of pyridine pyridine N-oxide (4MeOPyOH), 4PicO, 3PicO, 2PicO, PyO,
N-oxide derivatives in such polar nonaqueous solvents asand 4NQPyO were the proton acceptors. In the fourth class,
acetoné® acetonitrile>® benzonitrile? dimethylformamide? with protonated 4-methylpyridind-oxide as the proton donor,
dimethyl sulfoxide'® methanok! nitromethané? nitrobenzené? 3PicO, 2PicO, PyO, and 4N®yO were proton acceptors, and
and propylene carbondfevere determined. To check whether in the fifth class, with protonated 3-methylpyridiné¢-oxide
the experimentally determined values of the above-mentioned (3PicOH"), only 2PicO, PyO, and 4N{£yO were the proton
constants change in the same direction as values predicted oracceptors. Only these five representative classes of compounds
theoretical basis, the protonation and cationic homoconjugation underwent correlation analyses, because the remaining ones had
energies and Gibbs free energies in vacuo were also calculatedan insufficient number of proton acceptors. For instance, in the
using ab initio method® It was found that the experimental  class with protonated 2-methylpyridibeoxide (2PicOH), only
values correlate well with those computed by theoretical PyO and 4NGPyO were the proton acceptors, and with
methods'® protonated pyridineN-oxide (PyOH), only 4NO,PyO could

Recently, our interest was focused on cationic heteroconju- act as the proton acceptor. ) )
gation equilibria taking place in polar aprotic solvents. Relevant ~ FOr the sake of comparison, calculations were accomplished
studies carried out in acetonitrité,acetoné, nitrobenzené? also for one system with proton transfer, namely, that of 4NO

and propylene carbondfevealed the intricate nature of these PyOH'/PyO. This is just a reverse system relative to that without
equilibria. The results of these studies have shown that the valuedProton transfer, namely, PyO#NO,PyO.
of the cationic homoconjugation constants depends, among other
things, on the basicity of the proton donor and proton acceptor, Methods
as well as on concurrent cationic homoconjugation equilibria  Because it is recommended to employ optimized structures,
set up in particular acidbase system¥. Hence, the principal especially in the case of gas-phase calculation of-aoabse
objective of this contribution was theoretical verification of the reactions'® optimization of the heterocomplexed systems was
experimental results. Thus, by using the ab initio method, the carried out at the RHF level using a GAMESS progféta an
energies AEg g (RHF, MP2)) and Gibbs free energies energy gradient of 0.0001 au/bohr (approximately 0.1 kcal
(AGg;(RHF)) of formation of heterocomplexed cations in mol~1A-1). Geometric parameters corresponding to the lowest
the gas phase were calculated and an attempt has been made tnergy were considered as final ones. The 6-31G* basis set was
correlate the results with calculated basicities (expressed in termsused for the calculations. In this basttype functions are
of AEyo{ RHF, MP2) andAGpo RHF)) of proton donors and  included in orbitals of thé shell. This function, referred to as
with experimental cationic heteroconjugation constants (log the polarization function, enables us to describe precisely the
KBHB;) in acetonitrile (AN) representing the class of polar geometry of the systems, in particular those involving bonds
nonaqueous solvents. In the next computational step, solvationbetween electronegative atoms, for instance N To express
effects were estimated by using a self-consistent reaction field the energy of the systems more completely, translational,
(SCRF) model. rotational, and vibrational contributions of particular species
The systems for which the ab initio calculations were should be recognized. To do this, respective energy Hessians
performed were selected based on experimentally determinedWere calculated.

pKa and logKg, s values of pyridineN-oxide derivatives in In view of the complexity of the systems considered and
previously studied nonaqueous meti&16-18 The selected nonconvergence of the energy gradient, optimization at the MP2
systems constitute classes with a fixed proton donorwd level was impossible. HOWeVer, to further imprOVe the calculated

a number of proton acceptors (B). The proton acceptors selectectlectronic energie¥; the dynamic correlation effect was cal-
were those pyridinm_oxides which were weaker bases than culated by S|ng|e iteration for structures Opt|m|Zed at the RHF
the corresponding\-oxides whose protonated forms acted as level. ) _ o

proton donorsl In Other Wordsl protonated acceptors had to The eValuauOn Of the SO|VatI0n COI’]tI’IbutIOI’]S to the energy
exhibit lower K, values in acetonitrile than protonatiebxides was performed by using the self-consistent reaction field (SCRF)
acting as proton donors. Satisfying this condition ensures that Model??~2¢ The SCRF model considers the solvent as a uniform
the composed acichase systems were without the proton Polarizable medium with the solute molecule placed in a
transfer. This is important, because, as it was found previdusly, SPherical cavity of a given radius prepared within the continuum,
the proton-transfer reactions restrict, and in some cases everl-€, immersed in the dielectric of a fixed electric permeability
preclude, determination of correct values of the cationic corresponding to particular solvent. The radius of the cavity
heteroconjugation constants. From this point of view, it is Was assumed as a half of the largest interatomic distance in the
mandatory to determine the constants in systems without protonmolecule plus 1 A, as recommended by the reported procétiure.

transfer. Just under these experimental conditions were deter-1ne value of the relative permeability constants of acetonitrile
mined equilibrium constants used in this work. adopted for calculations w&s35.94. In this model, the electric

charge distribution of solute polarizes the medium (induce
charge moments), which in turn acts back on the species, thereby
creating an electrostatic stabilization. The solvation free energy
can thus b& written as: AGsolvation= AGcavity T AGuispertion T
Gelectrostatie
The energy of formation of heterocomplexed cations,
AEgyg;, Was calculated as follows:

As a consequence of ensuring these conditions, in the first
class involving 4N',N'-(dimethylamino)pyridinéN-oxide (4ANMe-
PyOH") as a protonated compound, the following substituted
pyridine N-oxides were used as proton acceptors: 2,6-dimethyl-
4-methoxypyridineN-oxide (MeMeOPyO), 4-methoxypyridine
N-oxide (4MeOPyO), 4-methylpyridineN-oxide (4PicO),
3-methylpyridineN-oxide (3PicO), 2-methylpyridiné&-oxide
(2Pic0), pyridineN-oxide (PyO), and 4-nitropyridinbl-oxide

(4NO,PyO). In the second class, 2,6-dimethyl-4-methoxypyri- AEBHBI - EBHBI — [Bewe EBl] (1)
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TABLE 1: Selected Geometric Parameters of Heterocomplexed Cations Formed in Systems with Substituted PyriditOxides
(Bond Lengths in A, Angles between Bonds in Degrees) Calculated in the 6-31G* Basis Set

BH*/B; system d(0-+-0) d(O—H) d(N-0)} d(N-OF d(N—O)F Ad(N—O)P (<CNCR (<CNCP <N=ONb
4NMe,PyOH/Me,MeOPyO 2.529 1.000 1.351 1.329 1.303 0.026 121.30 121.88 115.21
4ANMe,PyOH /4MeOPyO 2.537 0.999 1.351 1.325 1429 0.035 121.20 120.10 116.91
4NMe,PyOH"/4PicO 2.552 0.996 1.351 1.317 1928 0.037 121.19 120.34 116.84
4ANMe,PyOH'/3PicO 2.560 0.993 1.351 1.314 1927 0.047 121.20 121.10 116.50
4ANMe,PyOH"/2PicO 2.560 0.993 1.351 1.316 1928 0.036 121.21 121.77 114.29
4ANMe,PyOH/PyO 2.562 0.994 1.351 1.314 198 0.034 121.18 120.90 119.26
4ANMe,PyOH/4NO,PYyO 2.621 0.982 1.352 1.299 195 0.049 121.34 121.04 119.23
Me,MeOPyOH/4MeOPyO 2.545 0.998 1.352 1.326 1429 0.036 123.77 120.08 117.54
Me,MeOPyOH/4PicO 2.560 0.995 1.352 1.319 1928 0.039 123.78 120.30 117.02
Me,MeOPyOH'/3PicO 2.570 0.991 1.353 1.314 1927 0.044 123.80 121.03 114.64
Me,MeOPyOH/2PicO 2.562 0.993 1.352 1.317 1928 0.037 123.80 121.80 115.19
Me,MeOPyOH'/PyO 2.574 0.991 1.353 1.314 1928 0.034 123.77 120.80 116.18
Me,MeOPyOH/4NO,PyO 2.623 0.979 1.354 1.299 195 0.049 123.94 121.05 114.16
4MeOPyOH/4PicO 2.535 1.003 1.350 1.328 1928 0.048 122.15 120.44 113.63
4MeOPyOH/3PicO 2.527 0.997 1.350 1.319 1927 0.049 122.07 120.45 115.69
4MeOPyOH/2PicO 2.530 1.003 1.350 1.319 1928 0.039 122.02 121.89 117.15
4MeOPyOH/PyO 2.540 0.998 1.350 1.315 198 0.035 122.06 120.97 115.22
4MeOPyOH/4NO,P,0 2.591 0.985 1.351 1.301 195 0.051 122.19 121.15 114.77
4PicOH/3PicO 2.533 1.000 1.348 1.316 1927 0.046 122.59 121.30 115.49
4PicOH'/2PicO 2.517 1.008 1.347 1.320 1928 0.040 122.44 121.93 117.21
4PicOH/PyO 2.507 1.003 1.348 1.318 198 0.038 123.28 121.11 116.07
4PicOH/4ANO,P,0 2.580 0.989 1.349 1.302 195 0.052 122.58 121.16 114.62
3PicOH/2PicO 2.513 1.010 1.347 1.320 1928 0.040 123.31 121.93 117.29
3PicOH"/PyO 2.521 1.006 1.347 1.312 1928 0.032 123.36 121.04 116.31
3PicOH74NOP,0 2.574 0.981 1.349 1.303 195 0.053 123.47 121.17 116.24
2PicOH/PyO 2.543 1.000 1.349 1.316 198 0.036 124.03 120.97 117.48
2PicOH/4ANOP,0 2.595 0.987 1.350 1.303 195 0.053 124.14 121.14 114.97
PyOH/4NO,P,O 2.568 0.991 1.348 1.303 195 0.053 123.24 121.20 113.95
ANO,PYyOH'/PyO (PT) 2.473 1.025 1.342 1.320 1928 0.040 123.35 121.21 116.17

a Proton donor? Proton acceptor Data for neutraN-oxide. ¢ Reference 15.
whereEg,g, is the energy of heterocomplexed catiiay+ is inductive effect. In similar terms, i.e., by virtue of the negative
the energy of the proton donor, af, is the energy of the induction effect of the nitro group, the shortening of the ™
proton acceptor. bond in the nitro-substitutetl-oxide can be explained when
The Gibbs free energy of heteroconjugati@BHBI, was looking at the N-O bond of the proton acceptor. As expected,
calculated from the following expression: the bond is shorter (1.299..329 A; Table 1) than that in the
proton donors and it elongates with increasing proton-donor
AG =E +E° + DAV, - T[ _ + capacity of the ring substituent (i.e., with increasing basicity of
BHB BHB? Ev'b’BHBI PAVBray (S"b'BHBT the proton acceptor). Again, the gain in length of the®lbond

3 of the proton acceptor relative to the length of the bond in free
— (Sipers .+ Sips t+ -°R| (12 P P Y :
Sorarey) ~ Siver- + Sovn- + Sive + Sore) 2 (12) N-oxide tends to decrease with increasing basicity of the

o ) ] o acceptor down to limiting values of 0.053 A for the least basic
whereE,;, g5, is the difference between the zero-point vibra- - 4NO,PyO and 0.026 A for the most basic 4NMNRyO.
§|/o_r;atlheene:)gf|er§é)f;?teh2r(;d:fetl{aﬁgr:d ;hnedrgécge?’trréi péecf_sgge, The C-N—C bond angles of the pyridine ring are roughly
thtle rotati\c/)ngl and vibratioynal enfrto ies :nd m’R tefm r(l.\lfer)s/, equal for both the proton donor and acceptor, though for some
to translational degrees of freedompof ti,1e system. A tem eratureSyStemS’ e.g., those involving héeOPYOH" and 4MeOPy-

9 Y ) P OH' as the proton donors, the angles are by32 larger for
of 298 K and a pressure of 1 atm were assumed for all . .

. the donors than for the acceptors. The values of this geometric

calculations. . . X

parameter oscillate around 120this corresponding to 3p
Results and Discussion hybridization and the planar structure of this fragment of the
system. The angles are slightly larger for the proton donors
(Table 1). A comparison of the ®O and N-O bond lengths
and the CG-N—C angles with experimental ones for homocom-

Selected calculated geometric parameters of the heterocom
plexed cations of pyridin&l-oxide derivatives calculated at the

RHF level with the 6-31G* basis set are summarized in Table ) ) ; o .
1. As seen, the ©-0 bond length between the proton donor plexed cation® shows that inclusion of the polarization function

(cationic acid BH) and proton acceptor (base)&onstituting in ab initio calculations (the 6-3lG*_basis §et) depicts reasonably
the heterocomplexed cations in systems without proton transferVell the geometry of the systems, in particular the bond lengths
range from 2.507 to 2.623 A. The bond elongates wheK, bgtween sugh polar ato_ms as those of nitrogen anfj oxygen. The
between the proton donor and acceptor increases. This isdifferences in geometric parameters among particular _hetero-
accompanied by the shortening of the-B bond (from 1.000 ~ complexed cations are due to the occurrence of different
to 0.979 A). On the other hand, thedD bond lengths for the ~ Substituents in the heterocyclic ring. The calculations also show
proton donor oscillate around 1.35 A (cf. Table 1). They become that the rings of cationic acid BHand base Bin systems linked
slightly elongated with 4N@PyO as the proton acceptor owing ~ With the O--H---O bridge are not coplanar.

to strong electron attracting nature of the nitro group. Substit-  In the proton-transfer system, 4M@yOH'/PyO, there is a
uents in the remaining pyridin&l-oxide derivatives donate  considerable, relative to the reverse system of PY@NO,-
electrons to the pyridine ring to produce the so-called positive PyO without proton transfer, shortening of the @ bond (by
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TABLE 2: Energies of Formation of Heterocomplexed Cations Calculated at the RHFAEBHBT(RHF)) and MP2
(AEg,g-(MP2)) Levels, Those Calculated with Accounting for Solvations Effects
(AEBHBT(SCRF)) and Gibbs Free Energies of the Process Calculated at the RHF LeveLEBHBT(RHF)) in kcal/mol?

AEgyg AGgy g ABgg ABgg; AEprot AGprot AEprot
BH*/B; system (RHF (RHF)  (MP2}  (SCRF)  (RHF) (RHF) MP2) K" logKgyg,
4NMePyOH'/Me,MeOPyO —31.14 —22.58 —36.08 —13.62 —255.66 —246.88 —240.87 12.78
4NMe,PyOH"/4MeOPyO -30.13 —2155 —32.92 b —-250.38 —241.75 —236.37F 1221
4NMe;PyOH!/4Pic, -2855 —2215 —30.51  —7.22 —2457F —237.3F —230.96 11.00 2.63
4NMe,PyOH!/3PicO -2819 —19.97 -29.95  -7.40 —243.6F —23550 —229.8% 10.31 2.00
4NMe;PyOH!/2PicO -27.92 1566 —3440 —10.68 —243.76 —235.40 -228.60 10.23 1.71
4NMe,PyOH?/PyO -27.92 1557 -28.77  —8.96 —241.24 —23294 -226.76 10.04 d
4NMePyOH!/4NO,PyO -1871  —806 -20.34  —6.87 —223.38 —21546 -211.16 564
Me,MeOPyOH/4MeOPyO  —31.78 —22.32 —36.10 —27.07 —250.38 —241.75 —236.37 1221
Me,MeOPyOH /4PicO -30.50 —20.29 —33.59 -23.08 —2457F —237.3F —230.96 11.00 3.16
Me,MeOPyOH/3PicO —-29.48 —18.80 —33.03 -23.89 —243.6F —23550 —229.8% 10.31 2.77
Me,MeOPyOH/2PicO -28.08 1841 —37.47 —2656 —243.76 —23540 -228.60 10.23 2.47
Me;MeOPyOH/PyO —-28.72 —18.04 —31.64 —2522 —24124 —232.94 -226.76 10.04 1.85
Me,MeOPyOH/4NO,PyO ~ —19.97  —8.82 —22.96 —23.23 —-223.38 —21546 -211.10 5.64
4MeOPyOH/4PicO -31.77 —20.76 —34.13 -11.15 —2457F —237.3F —230.96 11.00
4MeOPyOH/3PicO -3247 —19.68 —33.06 —11.15 —243.6F —23550 —229.8% 10.31
4MeOPyOH/2PicO -29.97 1889 —37.51 —14.04 —243.76 23540 -228.60 10.23
4MeOPyOH/PyO -3050 —17.73 -31.71 —12.96 —241.24 23294 -226.76 10.04
4MeOPyOH/4NO,PyO -20.74  —9.76 —22.91 b -22338 —21546 -211.10  5.64
4PicOH/3PicO -3160 —22.73 -3532  -590 —243.6F —23550 —229.8% 10.31 3.60
4PicOH/2PicO -31.25 —21.44 -3871  —879 —243.76 23540 —228.60 10.23 3.44
4PicOH'/PyO —-31.02 —20.78 —33.00 -7.60 —241.24 —232.94 —226.76 10.04 3.35
4PicOH/4NOPyO -20.68 —11.92 -23.68  -500 —223.38 —21546 -211.10 564 d
3PicOH/2PicO -30.78 —21.53  —39.00 -24371 —23540 -22860 1023 d
3PicOH/PyO —-31.45 —21.44 —33.26 —241.24 —23294 -226.76 1004 d
3PicOH/4NOPyO -2253 —10.31 —23.89 22338 —21546 —211.10 5.64 1.32
2PicOH/PyO —-31.40 —20.07 —34.45 —241.24  —23294 -226.76  10.04 3.54
2PicOH/4NO,PyO —-21.96 —10.84 —24.79 -223.38 —215.46 —211.10 5.64 1.77
PyOH/4NO,PyO -2330 —11.34 —24.59 22338 —21546 —211.10 564 d
4NO,PYOH'/PyO (PT) -35.88 —27.39 —37.61 —241.24 —23294 —226.76  10.04
-18.02  —9.9F -21.95

aFor comparison, also calculateds,o(RHF), AGpo(RHF), andAE,«(MP2) values are included as well as those Iéf pf proton acceptor (ref
6) and log Kares (ref 16) in acetonitrile® Indeterminable quantity®. Reference 15¢ The cationic heteroconjugation constant could not be
determined from potentiometric measuremefinergies (RHF and MP2) and free enthalpy (RHF) of formation of the hetereocomplexed cation
(in the system without proton transfer) as calculated from eqs 68 and 69, respectively.

0.095 A) and only a slight shortening of the- bond of the These correlations seem worthwhile, because experiments
proton donor (by 0.006 A) with accompanying elongation of carried out in nonaqueous media revealed the mounting tendency
the O-H (0.034 A) and N-O bonds (0.017 A) of the proton  toward cationic heteroconjugation with increasing basicity of
acceptor. proton donors (at a fixed I{SN of the proton donor}® The
Table 2 summarizes calculated energies and Gibbs freecalculation supported that conclusion by demonstrating that both
energies of formation of the heterocomplexed cations the values calculated at the RHF leve\ By, (RHF) and
(AEgug; and AGgg,) at the RHF level, the energies of AG_. (RHF) and at the MP2 levelAEg;,(MP2)) can be
formation at the MP2AEy, ;) level, energies corrected for  resented as linear functions of respectivéBpro, AGpro, and
solvation effects (SCRF), experimentad{values for proton AEqo(MP2) of proton acceptor (at a fixed basicity of proton

atccetptofrsh, ?nd Iog(BlHBr (Iogarlthrtns '?f'l theAformat|qn CO'}'th acceptor). The parameteaagthe slope)b (the intercept)R (the
stants or heterocomp exes) in ace onitrii€. /A comparison ot the ., g ation coefficient), and (the standard error of correlation)
calculated energies and free energies at the RHF level shows

. f th ati h ith th I f
that AG, s, (RHF) is greater thamEg, s, (RHF) by almost a of these correlations together with the values of standard

constant increment of approximately 10 kcal/mol for all of the deviation of parametewsandb are listed in Table 3. Inspection

: ) : .~ of these parameters reveals good correlations between energies
chemical species considered. On the other hand, a comparison P 9 9

of the formation energies of the heterocomplexed cations at of form"?‘“°” of the heterocomplexes and th_e above-mentio_ngd
particular levels shows that the energies decline on moving from ENErgetic parameters of proton acceptors. It is worth emphasizing
the RHF level to the MP2 level. Thus\Eg,s, (MP2) is the that in all equations thg values of the correlation coefficignt,
lowest energy at all. This can be explained in terms of &€ clqse to unlty, ranging from 0.978 to 0.996. The large values
considering electronic correlation in the MalePlesset per- of the intercept in the correlations can be e_xplqlned by th(_a fact
turbation theory. On the contrary, accounting for solvation that the tendency toward heteroconjugation is not a simple
effects contributes, as expected, to an increase in energyfunction of protonation energy k@ value) of the proton acceptor
(AEg,s;(SCRF)) of formation of the heterocomplexes. or proton donor. For example, in_nonaqueous solutions this
The calculated energies of formation of the heterocomplexes, tendency depends on the difference in the basicity of the proton
at both the RHF and MP2 levels, and the free energies of the donor and proton acceptoApK,, and the arithmetic average
process calculated at the RHF level were correlated for eachof the logarithms of homoconjugation constants as a measure
class of the pyridinéN-oxide derivatives with fixed proton donor  of the tendency of a proton donor and proton acceptor to form
with the previously calculatéél energies and Gibbs free hydrogen bonds, as it has already been pré¥%&igure 2 shows
protonation energies of thé-oxides acting as proton acceptors. an example of the relationship betweerEBHBr(RHF) and
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TABLE 3: Coefficients a, b, R, and ¢ in Linear Correlations between the CalculatedAEg, 5. (RHF), AGg g, (RHF), and
AEBHB+(MP2) Values and Respectively Calculated\Ey o, AGpror, and AEyo: (MP2) Values of Proton Acceptors (for a Fixed
Proton’ Donor)?

AEBHB;(RHF) AGBHBf(RHF) AEBH|31+(MP2)b AEBHBI(MPZ)‘S

proton donor R R R R
a b o a b a a b o a b o

4NMePyOH" 0.395 69 0.978  0.497 99 0.930 0510 87 0.928 0516 89  0.998
(0.038) (9) 0931 (0.088) (21) 2107  (0.091) (21) 2.095 (0.015) (3)  0.347
MeMeOPyOH  0.444 79 0.988 0511 101 0.997  0.544 91 0.911 0526 88  0.999
(0.035) (8 0719  (0.019) (4) 0387 (0.123) (28) 2.362 (0.013) (3)  0.262

4MeOPyOH 0.510 93 0.979  0.486 95 0.995  0.614 106  0.920  0.556 94  0.999
(0.061) (15) 1.121  (0.027)  (6) 0.488  (0.151) (34) 2460 (0.014) (3)  0.228
4PicOH" 0.540 100  0.996  0.508 98 0.994  0.699 124 0948  0.613 106  0.999
(0.033)  (8) 0559  (0.037)  (6) 0.620  (0.165) (37) 2502  (0.023) (5)  0.322
3PicOH" 0.441 76 0.984  0.590 117 0.994  0.760 137  0.958

(0.080) (19) 1.248 (0.063) (14) 0.969 (0.227) (50) 3.084
aValues of standard deviations afandb in parentheses.Including 2PicO as the proton acceptbAfter removing 2PicO.
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Figure 2. Plot of ABge,(RHF) againstAEyo(RHF) of proton o0 3 piot of AE,,,.(RHF) againstAGyo(RHF) of proton
acceptors in the case of EMGOPVOH.F as 'the proton donor. Ab- acg(]:eptors in the case Bng léMeO)Png)H* as th:z lE)rotozl donF())r Ab-
breviations for proton acceptors are given in the graph. breviations for proton acceptors are given in the graph.
AEpof RHF) of proton acceptors for MeleOPyOH™ as the
proton donor. prone to both electrophilic and nucleophilic substitutions. This

As in the case of the energies, also very good correlations contribution implies that the MP2 method is by far more
(with the exception of systems involving 4ANMyOH' as the sensitive toortho effects than is the RHF method by which no
proton donor) were obtained for Gibbs free energies at the RHF deviations were noted for systems involving 2PicO as the proton
level (see Table 3). It is worth noting that the correlation acceptor.
coefficients for the majority of these correlations are close to  After rejection of the data points referring to systems with
unity, ranging from 0.994 to 0.997, with the exception of sys- 2PicO, a significant improvement of the correlations was
tems with 4ANMegPyOH' as the proton donor whefeis 0.930. obtained (see Table 3). For the system with 3Pi¢Q@id proton
This low correlation coefficient is due to the distinct deviation donor, no correlation is reported, because after rejection of
from linearity of theAGg,5. variations in systems involving  2PicO the correlation would have been constructed for two data
4PicO as the proton acceptor. In Figure 3 an exemplary points only. The correlation coefficients in these correlations
relationship is presented betweeGg, 5, (RHF) and AGpro are much higher (0.9980.999) than those for ones involving
for proton acceptors with M#eOPyOH" as the proton donor.  systems with 2PicO, and parametarandb are burdened with

As mentioned, thé\Eg;5,(MP2) values can also be linearly smaller standard deviations. For comparison, Figure 4 shows
correlated with those oAE,o(MP2) of proton acceptors. The  the relationships betweeAEg, 5. (MP2) andAE,o(MP2) for
obtained relationships are characterized by moderate correlatiodNMe,PyOH" as the proton donor under consideration of all
coefficients (ranging from 0.911 to 0.958), whereas slopes proton acceptors (solid line) and after rejection of 2PicO (dashed
and interceptd are burdened with relatively large standard line).
deviations (Table 3). However, a careful scrutiny of these As the energy (Gibbs free energy) of cationic heteroconju-
relationships shows that in the considered series of protongation turned out to be linearly related to that of protonation of
donors, i.e., ANMgPyOH", Me;MeOPyOH", 4MeOPyOH, the proton acceptors and bearing in mind the linear relation of
4PicOH", and 3PicOH, significant deviations from linearity ~ these energies (Gibbs free energies) agait&f yalues in
occur for systems containing 2PicO as the acceptor, this nonaqueous media (e.g., acetonitfité) can be envisaged that
affecting parameters of straight line equations such as that ofthere would also exist linear correlations between the calculated
AEgg;(MP2) vs AEprot(MPZ) for proton acceptors. The de- energies (free enthalpies) of heterocomplexes and experimental
V|at|ons can be explained in terms of the so-cabeitho effect. ng\N values (e.g., in acetonitrile) of thi-oxides acting as
Namely, inspection of mesomeric structures of pyridide proton acceptors. As a matter of fact, such correlation would
oxide®® reveals that positionsrtho and para are particularly have rather limited theoretical background but could be useful
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TABLE 4: Coefficients a, b, R, and ¢ in Linear Correlations between the CalculatedAEg, 5. (RHF), AGgg,(RHF), and
AEg,5;(MP2) Values and Experimental [K, Values of Proton Acceptors (for a Fixed Proton Donor}

AEBHBI(RHF) AGBHBT(RHF) AEBHB{(MPZ).J AEBHBIr('\/IPZ)C
proton donor R R R R
a b o a b o a b o a b o
4NMePyOH* —-1.73 —-9.62 —0.985 —-2.13 400 —-0.938 -—-2.06 —9.20 —0.925 -—-2.07 —8.37 —0.990
(0.14) (1.43) 0.766 (0.35) (3.71) 1.994 (0.38) (3.98)  2.140 (0.15) (1.56)  0.835
Me,MeOPyOH  —1.86 —9.69 —0.992 -—-2.08 2.86 —0.999 -2.08 -11.90 -0.907 -2.01 -—-11.70 —0.998
(0.12) (1.22) 0.604 (0.04) (0.40) 0.200 (0.48) (4.86)  2.404 (0.08) (0.83)  0.408
4MeOPyOH —2.17 —8.60 —0.981 -2.02 1.73 —0.993 -231 -10.00 -0.914 -210 -—-11.06 —0.998
(0.25) (2.40)  1.071 (0.14) (1.35) 0.605 (0.59) (5.69)  2.547 (0.09) (0.88)  0.392
4PicOH" —2.33 —7.55 —0.999 -2.15 0.23 —0.993 -2.66 —8.60 —0.941 2.33 —10.50 —-0.991
(0.03) (0.26) 0.111 (0.18) (1.71) 0.730 (0.69) (6.26)  2.667 (0.32) (2.88)  1.198
3PicOH" —190 -11.82 -0.995 -—-248 3.69 —0.999 -276 -—-8.21 —0.940
(0.20) (1.77)  0.730 (0.07) (0.65) 0.270 (1.00) (8.94)  3.690
aValues of standard deviations afandb in parentheseg.Including 2PicO as the proton acceptbAfter removing of 2PicO
TABLE 5: Coefficients a, b, R, and ¢ in Linear Correlations between Calculated AEg, 5, (RHF), AGgg,(RHF), and
AEg,5;(MP2) Values and Experimental Acetonitrile log K5, Values of Proton Acceptors (for a Fixed Proton Donor}
AEgg;(RHF) AGgg,(RHF) AEgys,(MP2)
proton donor R R R
a b o a b o a b o
(Me;MeOPyOH")P —1.40 —25.61 —0.742 —1.60 —14.78 —0.897 —1.00 —31.38 —0.221
(0.89) (2.33) 0.855 (0.55) (1.45) 0.534 (3.12) (8.12) 2.982
(Me:MeOPyOH")® —1.26 —26.29 —0.951 —1.56 —15.00 —0.915 —1.49 —28.88 —0.999
(0.41) (1.09) 0.391 (0.69) (1.82) 0.652 (0.02) (0.83) 0.016
4NMe,PyOH" —0.67 —26.81 —0.992 —6.47 —5.58 —0.922
(0.09) (0.18) 0.057 (2.72) (5.84) 1.808
4PicOH" —0.0013 —31.13 —0.919 —0.005 —21.09 —0.943
(0.0006) (0.12) 0.163 (0.002) (0.33) 0.466

aValues of standard deviations afandb in parenthese<.Including 2PicO as the proton acceptbAfter removing 2PicO.
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Figure 4. Plot of AEg,g.(MP2) againstAE,(MP2) of proton
acceptors in the case of 4I{IIMRs/OI-r* as the proton donor. Abbrevia-
tions for proton acceptors are given in the graph.

tiometric titrations, because the equilibria were either not
attained at all or were attained to a small extent only thus leading
to equilibrium constants too small to be determined potentio-
metrically. Hence, it was impossible to construct linear cor-
relations for all of the classes of compounds (rejected was the
class with 4AMeOPyOH), whereas in the remaining three classes
(with 4ANMe,PyOH", Me;MeOPyOH", and 4PicOH as the
proton donors), the number of proton acceptors was also
reduced. For this reason, from the statistical standpoint, as the
most reliable can be considered correlations between theoretical
AEgg; and AGg,g, values on one hand and those Apot
andAép,ot of proton acceptors, on the other hand. As a matter
of fact, these values are correlated only indirectly with cationic
heteroconjugation constants. They were, however, previously
determinedf for all of the systems studied.

Nevertheless, by utilizing those systems for which experi-
mental heteroconjugation constants were known correlations
between theoretical and experimental values have been estab-
lished. For systems with MbeOPyOH" as the proton donor

for experimental studies. The parameters of these correlations(there was the greatest number of experimental data for this

are listed in Table 4.

A direct verification of the consistence of experimental results
with those obtained by the ab initio method would be possible
by finding correlations between the calculat&l, s (RHF),
AGgyg,(RHF), andAEg, 5. (MP2) values and the Jetermined
cationic homoconjugation constants, lA&g,,5,. Unfortunate-
ly, not for all of the systems for which the ab initio calcula-
tions were accomplished were theKg, 5, values known. For

species; the cationic heteroconjugation constants were deter-
mined for four proton acceptors), linear correlations have been
found between the calculatefiEg, g (RHF), AGgg.(RHF),

and AEgg,(MP2) values and those of l0§Kg, g, in aceto-
nitrile (Table 5). Very low correlation coefficients, in partic-
ular with the MP2 method, where there is no correlation between
theoretical and experimental data points, are due to deviation
from linearity of systems containing 2PicO (because of the

a part of the systems the values were not determined becausenentionedortho effect) as the proton acceptor. After rejection

of experimental restrictions, for instance, for all systems with
4MeOPyOH as the proton donor and for 4MeOPyO as the

of these systems, the correlation coefficients increased sig-
nificantly and the standard deviations of tlaeand b pa-

acceptor. Furthermore, for some experimentally studied systemsrameters markedly decreased (see Table 5). In Figure 5, rela-

the equilibrium constants could not be determined from poten-

tionships are shown between the calculai®g, g (RHF),



Study of Energetics of Cationic Heteroconjugation

TABLE 6: Energies of Formation of the Heterocomplexed Cations Calculated at the RHFAEBHB (RHF) and
AGBHEH(RHF)) and MP2 (AEBHBT(MPZ)) Levels, as Well as Gibbs Free Energies of the Process Calculated at the RHF Level

(AGBHBT(RHF)) in kcal/mol?

J. Phys. Chem. A, Vol. 105, No. 31, 2002387

AEgyg AGBHBT ABgg AEprot AGpor AEpror AN
BH*/B, system (RHF (RHF) (MP2 (RHF) (RHF) (MP2) pKAN log AKgyigs

4NMePyOH+/4NOPyO -18.71 —8.06 —20.34  —260.10 -251.30  —247.42 15.63
Me;MeOPyOHHA4NO,PYO —19.97 -8.82 —22.96  —255.66  —246.88  —240.87 12.78
4MeOPyOHH/4NO,PyO —20.74 —-9.76 —2291  —250.38  -241.75  —236.37 12.21
4PicOHH/ANO,PYO —20.68 -11.92 —23.68  —24571  -237.31  —230.96 11.00
3PicOH+/4NO,PYO —22.53 -10.31 —23.89  —243.60 -23550  —229.81 10.31
2PicOHH/4NO,PYO —21.97 —10.84 —2479  —243.71  -23540  —228.60 10.23
PyOH+/4NOPyO —23.30 —11.34 —24.5 —241.24  —232.94  —226.76 5.64
4NMe,PyOH+/PyO —27.92 —15.57 —28.77  —260.10  —251.30  —247.42 15.63 b
Me;MeOPyOH+/PyO —28.72 —18.04 —31.64  —255.66  —246.88  —240.87 12.78 1.85
4MeOPyOHH/PyO —30.50 -17.73 —31.71  —250.38  —241.75  —236.37 12.21
4PicOH+/PYO —31.02 —20.78 —33.00  —24571  -237.31  —230.96 11.00 3.35
3PicOHHPYO —31.45 —21.44 —33.26  —243.60 -23550  —229.81 10.31 b
2PicOH+/PyO —31.40 —20.07 —34.45  —243.71  -23540  —228.60 10.23 3.54
4NMe;PyOHH/2PicO —27.92 —15.66 —34.40  —260.10  —251.30 —247.42 15.63 1.71
Me;MeOPyOH#H/2PicO —28.08 —-18.41 —37.47  —255.66  —246.88  —240.87 12.78 2.47
4MeOPyOHt/2PicO —29.97 —18.89 —37.51  —250.38  —241.75  —236.37 12.21
4PicOH+/2PicO —31.25 —21.44 —38.71  —24571  -237.31  —230.96 11.00 3.44
3PicOH/2PicO —30.78 —21.53 —39.00  —243.60 -23550  —229.81 10.31 b
4NMe,PyOH+/3PicO —28.19 —19.97 —29.95  —260.10 —251.30  —247.42 15.63 2.00
Me,MeOPyOH#/3PicO —29.48 —18.80 —33.03  —255.66  —246.88  —240.87 12.78 2.77
4MeOPyOHt+/3PicO —32.47 —19.68 —33.06  —250.38  —241.75  —236.37 12.21
4PicOH+/3PicO —31.60 —22.73 —35.32  —24571  -237.31  —230.96 11.00 3.60
4NMe,PyOH+/4PicO —28.55 —22.15 —30.51  —260.10 —251.30  —247.42 15.63 2.63
Me;MeOPyOH#/4PicO —30.50 —20.29 —33.69  —255.66  —246.88  —240.87 12.78 3.16
4MeOPyOHt/4PicO —31.77 —20.76 —34.13  —250.38  —241.75  —236.37 12.21

aFor comparison, included are calculat&#,.{RHF), AGuo{ RHF), andAE(MP2) values and experimentalKpof the proton donor (ref 6)
and IogAKBHBf (ref 16) in acetonitrile® Cationic heteroconjugation constant could not be determined from potentiometric measurements
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Figure 5. Plot of AEgg.(RHF), AGgy g (RHF), andAEg5,(MP2)
against IogAKBHBI in acetonltrlle in the case of MMeOPybH as

the proton donor. Abbreviations for proton acceptors are given in the
graph.

AGgyg,(RHF), and AEg5.(MP2) values and those of log
AKgyg, In acetonitrile for the MgMeOPyOH' proton donor.
With the two remaining classes of compounds (containing
4NMe,PyOH" and 4PicOH as the proton donors) for which
the number of experimental 08Kz, 5. Values was smaller
(three only), good correlations were found at the RHF level
only. There was no correlation betweeévg, g, (MP2) and
log AKgpg; (the correlation coefficients oscnlated around

(in the range of units or tens) than in the case of correlations
between the calculated heteroconjugation energies (free energies)
and the calculated protonation energies (free energies); see Table
3. For such values of intercept, the entropy contribuidnan

be responsible.

Having in hand the results of calculations of the protonated
N-oxide systems as the proton donors with nonconjugated
N-oxides as the acceptors (Table 2), in the next step selected
were five basic (i.e. those involving at least three proton donors)
sets of systems with a fixed proton acceptor and various proton
donors. In these sets as proton acceptors were 4PicO, 3PicO,
2PicO, PyO, and 4N&PyO and as proton donors were 4NMe
PyOH", Me;MeOPyOH", and 4MeOPyOH in the case of
4PicO as proton acceptor; 4ANMRyOH", Me;MeOPyOH", and
4MeOPyOH with 3PicO as proton acceptor; 4NRyOHt,
Me,MeOPyOH", 4AMeOPyOH’, 4PicOH", and 3PicOH with
2PicO; 4NMePyOH", Me;MeOPyOH", 4MeOPyOH, 4Pi-
cOH", 3PicOH", and 2PicOH with PyO; 4ANMePyOH", Me-
MeOPyOH", 4MeOPyOH", 4PicOH", 3PicOH", 2PicOH", and
PyOH" with 4NO,PyO. To clarify the results, Table 6 sum-
marizes the energies and Gibbs free energies of formation
(AEgyg; andAGg,g,, respectively) of the heterocomplexes at
the RHF level, the formation energieAHg,5,) at the MP2
level, and experimentalif values of proton donors, as well as
log AKpgg; Vvalues in acetonitrile. Obviously, all systems
constltutlng these sets satisfied the conditions of the absence
of the proton-transfer equilibria. In this way, foundations were

—0.25). This lack of correlation can be present probably becauselaid for verification of experimental hypothesis that the tendency

of the presence of thertho effect for considered 2PicO systems.
Moreover, it is well-known that correlation between data in
solution and gas phase is poor for 2-substituted derivativés.
The relationships betweehEgz. (RHF), AGg, 5, (RHF), and
log AKgyg, for 4ANMePyOH" and 4PicOH as proton donors,
respectlvely, are also collected in Table 5. It is worth noting

toward cationic heteroconjugation in nonagueous media declines
with increasing basicity of the proton donor at a fixeld,f
proton acceptof:16-18 To verify this hypothesis in depth, the
energies of formation of the heterocomplexed cations, at both
the RHF and MP2 levels, and Gibbs free energies of formation
calculated at the RHF level were correlated respectively with

that in the above correlations the intercept values are much lowerthe previously calculatédenergies and Gibbs free energies of
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TABLE 7: Coefficients a, b, R, and ¢ in Linear Correlations between Calculated AEg, 5. (RHF), AGgg,(RHF), and
AEBHB+(MP2) Values and Respectively Calculated\Ey o, AGpror, and AEyo: (MP2) Values of Proton Donors (for a Fixed
Proton’ Acceptor)?

AEBHB{(RHF) AGBHB{(RHF) AEBHB;(MPZ)
proton donor R R R
a b o a b o a b o
4PicO —0.328 —114 —0.985 0.139 13 0.688 —0.339 —115 —0.954
(0.057) (15) 0.391 (0.147) (36) 0.992 (0.107) (26) 0.840
3PicO —0.275 —100 —0.881 —0.194 —68 —0.670 —0.305 —107 —0.964
(0.104) (26) 1.133 (0.142) (35) 1.492 (0.059) (14) 0.713
2PicO —0.214 -83 —0.955 —0.360 —106 —0.973 —0.238 —94 —0.951
(0.038) (10) 0.526 (0.049) (12) 0.650 (0.045) (11) 0.652
PyO —0.216 -84 —0.989 —0.314 —95 —0.931 —0.255 -92 —0.963
(0.016) 4) 0.252 (0.061) (15) 0.901 (0.036) (8) 0.591
4ANOPYyO -0.211 -73 —0.939 —0.183 —54 —0.902 —0.186 —67 —0.946
(0.035) 9) 0.595 (0.039) 9) 0.650 (0.029) @) 0.527

aValues of standard deviation efandb in parentheses.
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Figure 6. Plot of AEg,g.(RHF) againstAE,(RHF) of proton Fi

. L igure 8. Plot of AEg,.(MP2) againstAE,o{(MP2) of proton
donors in the case Qf PyO as the proton acceptor. Abbreviations for donors in the case of PyO as the proton acceptor. Abbreviations for
proton donors are given in the graph. proton donors are given in the graph.

correlations have been found to be linear functions described
by the correlation parameters listed in Table 7. In these
correlations, absolute values of slopasand interceptb
decreasegradually with decreasif\§o: for proton donors. It
is worth noting that the correlation coefficient, are close to
unity (range from 0.953 to 0.989) with the exception of the
equation for 3PicO (0.881). In Figure 6, an example is provided
of the relationship betweemEBHw(RHF) andAEpot (RHF) of
the proton donors for PyO as the acceptor.
As in the case of energies, good correlations at the RHF level
] were obtained also with Gibbs free energies, with the exception
221 of systems involving 4PicO and 3PicO, where the correlation
e B [P PO P coefficients oscillated around 0.7 (see Table 7) which proves
G (RHF) keal/mol] the lack of linear relationships in these cases. In Figure 7, an
, - _ example is provided of the relationship betwe¥#,,s. (RHF)
Figure 7. Plot of AGgyg,(RHF) againstAGyo(RHF) of proton —  anq G, for the proton donors and PyO as the acceptor
donors in the case of PyO as the proton acceptor. Abbreviations for Also, the AE, (MP2) values can be linearly correlated
proton donors are given in the graph. . BHB .
with those of AE,{MP2) of proton acceptors, the correlation

protonation of theN-oxides acting as proton donors for each coefficients being in the range 6f0.946 to—0.964 (see Table
set of pyridine N-oxide derivatives (with a fixed proton 7). An example of the relationship betweexEgz (MP2)

4NMe PyOH-
>

40MePyOlI-
[ ]

Me_MeOPYOH

(RHF) [keal/mol|

LTS
=3
1

AG

3PicOH*
a

acceptor). and AEq of proton donors for PyO as the acceptor is shown
The results of correlation analyses supported that conclusion.in Figure 8.

It was found that the\Eg, 5, (RHF) andAGg, 5, (RHF) values As in the case of the classes with fixed proton donor, also in

calculated at the RHF level, as well as thOSGAEBHw(MPZ) those with fixed proton acceptors, linear relationships have been

calculated at the MP2 level, can be represented as linearestablished between the calculated energies (Gibbs free energies)
functions of respectivelAEyrot and AGpot Of the proton donor of the heterocomplexes and experlmentmﬁ’i‘) values in

(at a fixed basicity of proton acceptor). At the RHF level, when acetonitrile for N-oxides functioning as proton donors. The
considering formation energies of the heterocomplexes, the parameters of these correlations are listed in Table 8. It should
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TABLE 8: Coefficients a, b, R, and ¢ in Linear Correlations between Calculated AEg,,5.(RHF), AGg5.(RHF), and

AEg,5;(MP2) Values and Experimental Acetonitrile pKa Values of Proton Donors (for a Fixed Proton Acceptor}
AEBHBIr(RHF) AGBHBIr(RHF) AEBHBIr(MPZ)
proton acceptor R R R
a b o a b o a b o
4PicO 0.86 —41.90 0.970 —0.49 —14.49 0.920 1.08 —47.36 0.999
(0.22) (2.94) 0.559 (0.21) (2.81) 0.535 (0.05) (0.65) 0.124
3PicO 0.84 —41.19 0.837 0.42 —25.78 0.491 1.11 —47.11 0.984
(0.38) (5.01) 1.308 (0.53) (6.94) 1.811 (0.14) (1.83) 0.479
2PicO 0.64 —37.53 0.861 1.16 —33.58 0.982 0.88 —48.28 0.990
(0.22) (2.74) 0.901 (0.13) (1.60) 0.526 (0.07) (0.89) 0.291
PyO 0.69 —38.50 0.947 1.02 —31.22 0.940 0.94 —43.44 0.980
(0.12) (1.44) 0.538 (0.18) (2.25) 0.843 (0.09) (0.94) 0.433
ANO,PYyO 0.48 —26.51 0.935 0.35 —14.04 0.777 0.41 —27.83 0.840
(0.08) (0.94) 0.613 (0.13) (1.46) 0.948 (0.12) (1.35) 0.882
aValues of standard deviations afandb in parentheses.
TABLE 9: Coefficients a, b, R, and ¢ in Linear Correlations between Calculated AEg, 5, (RHF), AGgg,(RHF), and
AEg,5;(MP2) Values and Experimental Acetonitrile log AKgg, Values of Proton Donors (for a Fixed lgroton Acceptor}
AEgg,(RHF) AGg g, (RHF) AEgyg;(MP2)
proton acceptor R R R
a b o a b o a b o
3PicO —2.14 —23.80 —0.993 -1.76 —15.58 —0.700 —3.35 —23.42 —0.994
(0.25) (0.73) 0.287 (1.80) (5.16) 2.039 (1.02) (0.36) 0.405
2PicO -1.99 —24.04 -0.917 -3.33 —10.04 —0.999 —2.44 —30.67 —0.952
(0.87) (2.28) 1.060 (0.14) (0.37) 0.172 (0.78) (2.06) 0.958
PyO —1.57 —25.82 —0.999 —1.44 —15.43 —0.938 —-1.37 —29.03 —0.905
(0.04) (0.13) 0.059 (0.53) (1.61) 0.699 (0.65) (1.94) 0.845

aValues of standard deviations afandb in parentheses.

ALy, RIF)

, in nonaqueous media in systems with fixed basicity of proton
S ﬁs(‘;]:f; acceptor and variable basicity of proton donors, on the other
. hand. Correlation coefficients in the majority of cases, with the
exception of two relationships for 3PicO as the proton acceptor,
are in excess of 0.9 and range frer0.917 to—0.999. Bearing
in mind these findings and those referring to existing correla-
26+ tions between calculatedEg, g, (RHF), AGg, 5, (RHF), and
AEg5.(MP2) values and those ofkg", it can be found
that they all support the preliminary experimental hypothesis
on the influence of the K, of proton donor on cationic
heteroconjugation constants (at a fixed basicity of the proton
acceptor) which states that the constants decline with increasing
basicity of proton donors (at a fixed basicity of proton acceptor).
With a comparison of the efficiencies of the correlations
between theoretically calculated energies and Gibbs free energies
of formation of the heterocomplexed cations and analogous-
magnitudes of protonation of the proton acceptor (at a fixed
" basicity of the proton donor), as well as of proton donors (at a

be emphasized that high correlation coefficients for all of the fixed .baS|C|ty O.f proton accelptor). on the one hand a}nq
considered classes of compounds were obtained at the MP2 IeVeiaxpenmental cationic heteroconjugation constants in acetonitrile

only, unlike correlations for fixed donors where the coefficients 1 the other, a conclusion can be drawn that there is a better
were high both at the MP2 and the RHF levels. correlation between the theoretical magnitudes and the proto-

By utilizing the limited number of available experimental nation energies (Gibbs free energies) than between them and
cationic heteroconjugation constants in acetonitrile (under e heteroconjugation constants determined in nonagueous
assumption that the minimal number of the data points used toMedia. This is compatible with a previous conclusion stating
establish the correlation is three, three sets were formed with that the cationic heteroconjugation constants are affected not
fixed proton acceptor, namely, 3PicO, 2PicO, and PyO), an ONly by the [K4's of both the proton acceptor and donor but
attempt was made to correlate theoretiasEy, s, (RHF), also b)_/ cationic homocomggaﬂqn constants of bases B and B
AGgys, (RHF), andAEgs, (MP2) with those of 10gAKg, s occurring in the heteroconjugating systé. _

(Figure 9). The correlation parameters are listed in Table 5 The In Table 2 also, the results are shown of calculations of the
values of correlation coefficients confirm existence of linear energies (RHF and MP2) and Gibbs free energies (RHF) of
correlations between the calculated energies and Gibbs freeformation of a heterocomplexed cation in a model system with
energies of formation of the heterocomplexed cations, on the proton transfer, 4AN@yOH"/PyO. In such systems, the calcu-
one hand, and experimental cationic heteroconjugation constantsiatedAEELB1+ andAGELBI values are usually considered to be

Me MeOPyOH+

2204

224

1

244

AGBHB , [kcal/mol]

-28 4 MeMeOPYOH*

304 4PicOH,
Me MeOPYOH* & 2PicOH
324 * )
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2344
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-
Figure 9. Plot of AEg, 5, (RHF), AEgg.(RHF), and l0gAKgg,-

(MP2) against IogAKBHBT in acetonitrile in the case of PyO as the
proton acceptor. Abbreviations for proton donors are given in the graph

AEB[ IB" ’
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the sum of the energy (Gibbs free energy) of formation of the  (3) Inclusion of electronic correlation to perturbation theory
heterocomplexed cation and the energy (Gibbs free energy) of(MP2) allows us to far more precisely calculate energetic effects
the proton transfer. The latter can be calculated from the of specific processes, for instance, those accompanyingythe

following relationship: effects.
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discussions. Calculations were carried out using the computation
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this hypothesis, the previously calculatednergies and Gibbs

free energies of protonation of PyO and 49O and the
energy and Gibbs free energy of proton transfer were calculated (1) Coetzee, J. FProg. Phys. Org. Chenil967, 4, 45.
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