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Abstract

The proton affinities derived from G3-calculations of 23 five-membered ring heteroaromatic molecules agree well with the experimentally
determined values available in the literature. The calculated local proton affinities show that the principal site of protonation of the heieroaroma
compounds examined is an atom of the ring, carbon when there is only one heteroatom in the ring, and nitrogen where there are two or mor
heteroatoms. The experimental proton affinities of non-aromatic cyclic ethers, amines and thioethers are also in excellent agreement with th
calculated values, with two exceptions (oxetaNenethylazetidine). The literature proton affinities of the four simple cyclic ethers, oxetane,
tetrahydrofuran, tetrahydropyran and oxepane were confirmed by Fourier Transform lon Cyclotron Resonance (FT-ICR) mass spectrometry, i
order to examine the disagreement between the values predicted by extrapolation or additivity for tetrahydrofuran and tetrahydropyran and thos
determined by experiment and by calculation. The proton affinity differences between the pairs tetrahydropyran/1,4-dioxane, piperidimmorphol
and related compounds show that introduction of an additional oxygen atom in the ring considerably lowers the basicity.
© 2005 Elsevier B.V. All rights reserved.
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1. Introduction the proton affinity of the molecull—7] as well as a measure

of the thermodynamic difference between the various possible

Enthalpies of formation and proton affinities are importantpoints of attachment of the protd8-13]. An example is the

thermodynamic quantities that can be derived from a variety oprotonation of pyridine and aniline, which in both cases could
experimental measurements. Modern composite computationtdke place on nitrogen or on any of the carbon atoms. The pro-
methods provide the means to reliably estimate the same quaten affinities of the two molecules can be measured as well as
tities with an accuracy that often rivals that of experiment. Incalculated, with excellent correspondence. The calculations pro-
addition, these methods can provide information to complevide the additional information that it is more than 200 kJ ol
ment results obtained experimentally and to examine problemsore favorable to protonate pyridine on nitrogen than on carbon,
that are not easily approached directly, such as site-specific pravhereas it is slightly (4 kJmof) more favorable for aniline
ton affinities. A case in point is the protonation of unsaturatedo be protonated on C4 than on nitrogfi¥—24] Further-
molecules, which often can take place at more than one posimore, systematic high-level computational studies can provide
tion. Computational studies can provide a reliable estimate ahternally consistent results that make it possible to discover

systematic trends in the properties of a series of compounds,

and results that support contested experimental observations
- or, occasionally, that suggest reexamination of experimental
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molecules, and cyclic ethers, amines and thioethers. The purpo: 100 - 87
is to examine the agreement between experimentally obtaine ]
and calculated values, to determine the preferred site(s) of prc .
tonation, to reexamine contested experimental proton affinities
and to study the influence of ring size and additional heteroatom
on the proton affinities. The main body of results are derived2 1
from G3-calculationg25], complemented by FT-ICR redeter-
minations of a number of critical proton affinities of cyclic
ethers.
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2. Methods

2.1. Computational studies 173
The 298 K proton affinities (PA) were derived from total ener- ] J

gies calculated with the G3 composite ab initio meth28], ] . J,

slightly modified in that geometry optimization was performed " 80 100 120 140 160 180

atthe MP2(full)/6—-31 + G(d,p) level. The G3-type methods have m/z

been shown to yield accurate estimates of the thermochemical _ _

properis of neutra molecules and 26, 27] Theencgies 7. S oo o 1 s P 2 FECR =)

(E) were obtained V_Vlth the Gau_SS|an 03 suite of progr{8} . tetrahydrofurar?l forle period of 10s. The following igns are prepsemi:

and the G3 enthalpies of formation were calculated as describe@ (protonated tetrahydrofurany/z 87 (protonated tetrahydropyrany/z

previously[29]. Disregarding heat capacity differences between43a (proton bound adduct of tetrahydrofuramy/z 159 (proton bound

the molecules and the protonated molecules (these differenceéduct composed of tetrahydrofuran and tetrahydropyran) and 173 (pro-

are often small[29]), PA=E(M) —E(MH+) +5/2RT. Proton ton bound adduct of tetrahydropyran). The corerected partial pressures were:

affinities obtained in this manner from G3-energies may suffef (eranydrofuran) #(tetrahydropyran) =0.8 107> Pa.

from small systematic imperfections compared to G3 enthalpies o o )
of formation, in part because the calculation of the proton affini- 1he determination of the proton affinities of the cyclic ethers

ties does not benefit from the correction of residual error thatvolved electron ionization of the species of interest and the
application of the HLC brings abo(]. There is in turn an reference base (B) in the FT-ICR cell with 15-30 eV electrons;
average difference of about 4 kJ mélbetween proton affini- Subsequent ion-molecule reactions led to the formation of the

ties derived from the G3 total energies and from G3 enthalpieBrotonated ether and the protonated reference base. The pro-
of formation. ton transfer reaction was studied by ejecting all ions except the

A number of studies of the compounds included in theProtonated reference base (Bfbr the protonated ether (M
present investigation have concerned calculated proton affinfrom the ICR cell and monitoring the subsequent ion-molecule
ties derived from computational results obtained at the Mp2teactions for a period of 10-30's. In addition to proton transfer,
level. These results nearly always agree with the results dermation of proton bound adducts was observed even at the low
G3-calculations (and with experiment) with regard to deterPressure inthe FT-ICR cell (sé¢g. 1). In the experiments with
mining the more favored site of protonation of polyfunctional ©xetane, the protonated ether reacts with the neutral parent and
molecules, but the absolute PA values derived from calculatioMith the reference bases to give stable proton bound adducts as
at this level are quite dependent on the choice of basis set, aeell as ions that arise by competing losses of water, ethene or
the results can differ considerably from the experimental valuedcetaldehyde from the adducts.

[10,30] Irrespective of the occurrence of competing processes, the
proton transfer reactions readily reach an equilibrium situation,
2.2 FTICR studies as exemplified inFig. 2 for the reaction between protonated

tetrahydropyran and cyclopentanone.

A Fourier Transform lon Cyclotron Resonance Bruker Dal- The average values of the measured equilibrium constants
tonics Apex Il instrument was used to determine the experimer@iven in Table 1refer to Eq.(1); the difference in gas phase
tal proton affinities as described previouf3jt]. The total pres- basicity, GB, between the selected reference base and the ether
sure in the instrument was in most experiments (k-3p-6Pa  is derived from Eq(2).
as measured with an ionization gauge placed in a side arm of t
main vacuum system. The ratig ofgthep partial pressures of thhgH+ +M =B+ MH” (1)
ether and the reference base was varied from 1:1t0 1:2 or 2L p7|n (K) = A,G° = AGB = GB(B) — GB(M) )
The measured partial pressures were corrected for the sensitivity
of the ionization gauge for the neutral species as described in In addition to the experiments summarizedTiable 1 the
the literature[32]. The ethers and the reference bases were akquilibrium constant for the proton transfer reaction between
commercially available and used without further purification. tetrahydrofuran and tetrahydropyran (E8)) was measured to
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Fig. 2. Relative abundance of protonated tetrahydropyran and protonated cyclopentanone as a function of reaction time. The correctedyregialgoeess
P(tetrahydropyran) = 1.6 10-% Pa andP(cyclopentanone) = 1.2 10-% Pa (see also text).

Table 1
Average values of the equilibrium constants for the proton transfer reactions, the difference in gas-phase/@s@®By, between the species of interest, the
gas-phase basicities (GB) and proton affinities (PA) of the cyclic etfier298 K)

Molecule Reference base GB (reference base) kP A(AGB)® GBexp! PAexp(1)° PAexp(2)f

Oxetane Butyronitrile 768 1203 —0.45 769 796 801
Cyclobutanone 773 0:80.2 3.0

Tetrahydrofuran Cyclopentanone 794 £6.2 -1.6 797 824 829
Diethyl ether 801 0.20.04 4.0

Tetrahydropyran Cyclopentanone 794 29.3 —2.6 798 825 830
Diethyl ether 801 0.540.2 15

Oxepane 3-Pentanone 807 0:86.1 2.5 802 829 834
Diethyl ether 801 0.£0.2 0.9

a The values are in kJ mol and taken from Re{37].

b Average values of 2—4 measurements.

¢ A(AGB)=A(GB) (reference}- A(GB) (compound).

d The value (in kJ mot?) for a given ether is the mean of the two series of measurements. The average uncerisrky igol L.
€ Estimated with &'A;S° term of —27.4 kJ mot? (see text and Ref37]).

f Estimated with &A,$° term of —32 kJ mot ™! (see text).

be 0.74, which indicates a difference in gas-phase basicity of

about 0.7 kJ moit in favor of tetrahydropyran. Forthe M and MH species of the cyclic ethers, the symmetry
numbers are the same, and the entropy of the protonation reaction
O N / \ O N / \ will in turn be close to the entropy of the free proton in the gas
b o 0 o phase. The value of tHeA S° term then becomes32 kJ moft
i t (T=298 K), which leads to slightly larger PA values (Jeble 1)

than those obtained with tIfe\ S° value given in the literature.

®3)

The proton affinity of the ethers can be derived from the . .
L . 3. Results and discussion
measured gas phase basicity together with the entropy of protd-:
nation given in the literature; that i$A;S° = —27.4 kJ/mol at
an assumed temperature of 298 K. Alternatively,fheS° term
can be estimated from E¢4) in which o(M) is the rotational
symmetry number of the molecule(MH") is the symmetry
number of the protonated species &i@H™) is the entropy of

the free proton (108.95J mol K1),

3.1. Five-membered heteroaromatic compounds

The G3 proton affinities of the most basic site in the five-
membered heteroaromatic molecules are in excellent agreement
with those derived from experimentgble 3. Protonation of
those with only one heteroatom, furan, pyrrole and thiophene,

ArS°(M) = S°(MHY) — $°(M) — S°(HY) occurs prgferentially on carbop, in contrast to most other het-
eroaromatic compounds. Houriet et[@3] used ICR results to

~ R In { "(M)Jr ] — S°(HY) (4)  demonstrate that the site of protonation of furan was C2, the car-

o(MH™) bon atom adjacent to the heteroatom, and similar results were
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Table 2

Enthalpies of formation, proton affinities and sites of protonation for five-membered heteroaromatic moles2@8 Ky

Molecule AtH®(M) AtH°(MHY) 1 2 3 4 5 Exp.
Furan -33 686 699 815 771 771 815 12
2-Methylfuran —78 596 722 824 819 796 861 866
3-Methylfuran —66 617 719 851 774 792 835 854
Pyrrole 113 772 797 874 855 855 874 875
Thiophene 118 836 733 815 784 784 815 815
Pyrazole 183 822 761 896 759 805 764 894
3-Aminopyrazolé 187 796 828 925 736 875 792 g
4-Aminopyrazole 213 832 816 915 841 791 869 908
5-Aminopyrazolé 198 796 800 936 786 902 756 gF2
3-Methylpyrazole 144 761 791 917 763 833 784 906
4-Methylpyrazole 153 776 788 911 788 810 797 907
5-Methylpyrazole 145 761 786 918 782 843 770 906
N-Methylpyrazole 168 784 788 917 801 841 800 912
4-Fluoropyrazole 16 682 745 868 745 746 757 863
Imidazole 137 724 740 806 945 806 820 943
2-Methylimidazole 93 658 768 814 968 834 862 963
4-Methylimidazolé 97 669 765 832 961 809 857 953
5-Methylimidazol& 99 669 762 848 964 848 828 953
N-Methylimidazole 128 695 766 838 966 840 849 960
Oxazole -13 644 652 735 876 757 729 876
Isoxazole 84 771 678 846 673 730 628 849
Thiazole 154 785 685 754 902 767 744 904
Isothiazole 162 816 701 880 719 745 701 9 —
1H-1,2,3-triazole 272 L 843 894 b 713 879
2H-1,2,3-triazole 255 911 827 722 827 713 723 879
1,2,4-Triazole 199 844 699 844 697 888 691 886

a Values obtained with the G3 method. The enthalpy of formation of thé MHs refer to the species formed by protonation at the most basic site. Experimental
proton affinities from Ref{37] unless otherwise noted.

b Value from Refs[13,31]

¢ 3- and 5-substituted pyrazoles normally cannot be distinguished experimentally because of tautomerization, nor can 4- and 5-substitugésd imidazol

d PA of the NH group: 883kJ mott.

€ PA of the NH, group: 874 kJ mat,

f PA of the NH, group: 826 kJ mol™.

9 Experimental value not available.

h The calculations suggest that protonation in this position would result in ring opening and possibly decomposition.

I See the discussion in the text.

I 1,2,3-Triazolium with hydrogens on N1 and N3; theH° value of the isomer with hydrogens on N1 and N2 is 961 kJthol

obtained for pyrrolg11,34,35]and thiopheng34]. In terms of ~ 3-position [Table 2.

values, the G3 proton affinity of pyrrole (874 kJ mé) is essen- CHs
tially identical to the experimental value (875kJmbl and a
comparable result is obtained for thiophene; that is, a proton (/ \5 (/ \5 / \
affinity of 815 kJ mot 1 is obtained by theory as well as experi- 0 0 CHs o
ment.

furan 2-methylfuran 3-methvylfuran

The protonation of furan and substituted furans has been
studied by several authdiB0,13,33,34,36]The calculated pro- The introduction of an alkyl group in pyrrole and thiophene
ton affinity of furan itself (815 kJ mot') is slightly higher than  leads also to an increase in basicity as exemplified by the pro-
that given in the NIST tables (803 kJmd) [37], but agrees ton affinity of 2-methylthiophene (859 kJmdi [37]) which
well with the value determined by Hourig83] and confirmed is 44kJmot! higher than of thiophene itself; it reflects that
recently (812 kJ mait) [13]. The introduction of methyl groups alkyl groups particularly stabilize the carbocations formed by
increases the proton affinity by 40-50 kJ mb{Table 2, butthe  protonation of a ring carbon atom. Alkyl substituents tend to
preferred site of protonation continues to be one of the carbostabilize nitrogen protonated heteroaromatic compounds to a
atoms adjacent to the ring oxygen, C5 in 2-methylfuran (calcsmaller extent e.g. the proton affinity of pyridine is 930 kJ ndol
861kJmot?!) and C2 in 3-methylfuran (calc. 851kJmd)  and of 2-methylpyridine 949 kJ mot [37].

[36], in good agreement with expectation based on conven- The five-membered heteroaromatic compounds with more
tional resonance considerations. The calculations also reveilan one heteroatom all possess a pyridine-type nitrogen atom.
that the methyl group enhances the proton affinity of the oxyThe calculations show that this atom is the more basic site in the
gen atom in furan (699 kJ mot) with 23 kJ mot L if situated at  oxazoles, thiazoles, diazoles and triazoles and that the energy
the 2-position and somewhat less (20 kJTidif present at the  difference between protonation at the pyridine-type nitrogen and
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the other ring sites is in excess of 100 kJ moin most cases be considerably higher than of the Miroup (826 kJ mol') in
(Table 2. These compounds are considerably more basic thaB-aminopyrazole.
furan, pyrrole and thiophene, which reflects that protonation on The protonation of 1,2,3-triazole is an unusual case. In the
pyridine-type ring nitrogen atoms does not disrupt the aromatigas phase, 2H-1,2,3-triazole is the more stable tautomer of this
system. They are, however, less basic than pyridine, with theompound (see E(q5)) [45]; we find that the G3 enthalpy of
exception of imidazole (PA =943 kJ md). formation is 17 kJmot® lower than that of the 1H-tautomer.
The thermochemical properties of substituted pyrazoles andowever, the more stable isomer of protonated 1,2,3-triazole
imidazoles have been studied extensivgp-43] and the is the N3-protonated 1H-1,2,3-triazole, that is, tautomerization
experimentally derived proton affinities in most cases agreaccompanies protonation. It follows that the symmetry number
well with our calculated valuesTéble 9. For the parent com- of the neutral is the same as that of the protonated species (Eq.
pounds, the G3 calculations result in a PA value for pyrazold4)) [46,47} the proton affinity calculated from the electronic
(896 kImot?) that is indistinguishable from the experimen- energies ofthe more stable forms of neutral and protonated 1,2,3-
tal value of 894 kJmol® and for imidazole the G3 value of triazole agrees well with that included in the NIST tatgg].
945kJmot! is also very close to that given in Ref37] With regard to 1,2,4-triazole, our calculated proton affinities
(943 kI mot1). The lower proton affinity of pyrazole than of (Table 9 suggest that protonation will involve N4, possibly in
imidazole has been ascribed to electrostatic interactions betweeontradiction to the assumptions of the NIST table autfg#k
the lone-pair at N2 and the pyrrole-type nitrodé#]. A compa-

rable effect may be held responsible for the result that the proto N ——N
affinity of isoxazole (calc. 846 kJ mot) is about 30 kJ mott ! \ \NH
lower than the value for oxazole (calc. 876 kJ migl With \N/

respect to the sulfur analogs, an experimental proton affinity ha

not been reported for the isothiazole isomer. The G3 calcula!H-1.2,3-triazole 2H-1,2,3-triazole (5)
tions, however, are in line with results for the related oxygen

species as the proton affinity of the nitrogen in isothiazole

(880 kJ mot?) is predicted to be 22 kJmot lower than the 3.2. Alicyclic compounds

value for the same site in thiazole. _ o .
The site of protonation is in most cases not an issue when non-

N

// \\ // ) aromatic heterocyclic compounds are considered. However, the
N/N proton affinities of some of these compounds vary with ring size
H N in an unexpected manner, and with the presence of an additional

heteroatom in the ring.
Aubry and Holme$48] pointed out that the magnitude of the

proton affinity of open-chain compounds appears to be related
[ ‘ { ) i ‘ to the size (number of atoms) of the molecule in quesé®).
Their results suggest that the proton affinity should increase

along ahomologous series, approximately linearly relatedito 1/
wheren is the number of atoms (see also H&0]). Examining

The introduction of methyl substituents on the ring increasesuch a relationship for cyclic ethers, these authors noted that
the proton affinities relative to the parent pyrazole and imidazoléwo of these, tetrahydrofuran and tetrahydropyran, have about
compounds, but not nearly to the same degree as was observiag same literature proton affinifg7] (seeTable 3, whereas
for the furans. The calculated proton affinity of the 3- andthe expected relationshi@8] would suggest a proton affinity
5-methylpyrazoles is 10-12 kJ mdl lower than the reported difference of approx. 10 kJ mot. This led Aubry and Holmes
experimental value. According to the calculations the presence suggest that the experimental values should be reexamined,
of a methyl group on aring carbon leads to an increase in the pr@and we have now used FT-ICR measurements to (re)determine
ton affinity of the pyrrole-type nitrogen; for example, the protonthe proton affinities of the four simple cyclic ethers, oxetane,
affinity of the NH position in pyrazole is 761 and 791kJmbl tetrahydrofuran, tetrahydropyran, and oxepane, and found good
in 3-methylpyrazole. The effect of the methyl group, however,agreement with the previous literature valutstyle 3. In partic-
is nearly independent of its position with respect to the NH siteular, we find that the PA of tetrahydrofuran and tetrahydropyran
Similar results are obtained for the protonation at the NH posiare within 1 kJ mot?® of each other; also the calculated proton
tion in the methyl substituted imidazoleBaple 2. affinities of these two molecules are within 1 kJ mbbf each

Aminopyrazoles are not very much more basic than pyrazolepther.
consistent with the computational result that the N2 position Another pair of five- and six-membered cyclic ethers, 2,3-
of the ring is the preferred site of protonation in all examineddihydrofuran and 2H-3,4-dihydropyran, exhibit similar behav-
pyrazoles, regardless of substitution. Protonation at the NHior. The literature proton affinities of these two compounds are
group is more favored than at a ring carbon or the NH positiorwithin 1 kJ mot-! of each othef37,51,52] and the very small
for 3- and 4-aminopyrazole (sé&ble 2 footnotes d and e), difference is also in this case corroborated by the computational
whereas the proton affinity of C4 (902 kJ mé) is indicated to  results Table 3.

pyrazole imidazole

isoxazole oxazole isothiazole thiazole
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Table 3
Enthalpies of formation (G3 values) and proton affinities of simple cyclic ethers and open-chain afa@§8 K)

AtHC (M) AtH°(MHY) G3 Expg
Oxetane -81 634 819 803, 819, 79¢°
Tetrahydrofuran —184 521 829 822 824
2-Methyltetrahydrofuran —225 468 841 841
Tetrahydropyran -225 480 829 823 825
Oxepane —228 467 840 83 82F
1,4-Dioxane —320 415 799 797
Cyclohexanone -231 462 841 841
Tetrahydropyran-4-one —-329 381 823 -
2,3-Dihydrofuran —76 591 866 867
2H-3,4-Dihydropyran -119 549 866 866
2,3-Dihydro-1,4-dioxin -217 495 822 824
Methyl ethyl ether —221 502 811 809
Methyl propyl ether —241 476 817 815
Diethylether —256 451 827 828
Methyl butyl ether —262 452 821 820
Ethyl propyl ether —276 426 832 -
DME (aaa —350 383 801 -
DME (agg} —348 362 822 -
DME (agaf —349 334 849 858 844

@ Taken from Ref[37] unless otherwise indicated.
b From Ref[53].

¢ This work.

d No hydrogen bond.

€ Internal hydrogen bond.

bon[51,52], whereas the two saturated ethers are protonated on
[\ [\ O | oxygen.
0 o] 0 0

One further problem associated with the examination of sys-
tetrahydrofuran 2 3-dihydrofuran  tetrahydropyran 2H-2,3-dihydropyran tematic trends in the proton affinities of CyC"C ethers is that
the proton affinity of oxetane is not securely established. The
Even though the introduction of an additional ring methyleneyvalue given in the NIST tablei87] is 801 kJmot! as based
group into tetrahydrofuran and dihydrofuran is not accompanie@ipon a gas-phase basicity of 774 kJ molHowever, the report
by anincrease of the proton affinity, the introduction of exocyclichy Bordeg et al.[53] suggests a considerably higher proton
substituents does not have similarly unusual consequences: thfinity, about 819 kJ mott. The results of our FT-ICR experi-
proton affinity of 2-methyltetrahydrofuran is 20 kI méhigher  ments are in reasonable agreement with the value in the NIST

thanthe proton affinity of tetrahydrofuran. This difference agreesables Table J if the TA,S° term is taken to be-27.4 kI mot?
well with the change observed when additional substituents are

introduced at the.-carbon atoms of open-chain ethers, as illus-

trated by the PA differences between methyl ethyl ether, diethylable 4

ether, and methyl propyl ethefdble 3: an additional methyl Enthalpies of formation (G3 values) and proton affinities of simple cyclic amines
' ) ' .. and sulfidesT=298 K)

group at thea-carbon atom increases the proton affinity by

approx. 20kJmol!, whereas an additional methylene group AtH°(M)  AfH°(MHY)  G3  Exg
further removed from the oxygen atomincreases the proton affins,etidine 102 694 942 943
ity by 5-6 kJ mot L. N-Methylazetidine 87 661 959 883
The unusual behavior is possibly a peculiarity of five- andPyrrolidine -1 580 952 948
six-membered cyclic ethers, possibly the chance accumulatioiMethylpyrrolidine -15 554 964 966

: T Iperidine —47 531 955 954
of small effects. The reported experimental proton affinities oig;_Methylpiperidine 60 502 971 971

the corresponding pairs of saturated cyclic amines and cyclig-Trifiuoromethyipiperiding

- - 925
thioethers Table 4 are in line with additivity expectations; Morpholine (prot on N) —146 461 926 924
the six-membered ring compounds are slightly stronger baseBrot on O) ‘ 566 823
than their lower homologs and the differences are of the sam&™Methylmorpholine (N) —159 429 945

der of magnitude as found for the corresponding open-chaif-c 22" 51 615 949 944
or ar _ P g op Mhietane 65 767 832 835
cqmpounds, in goqd agreement with 'Ehe proton affinities detefretranydrothiophene _31 655 848 849
mined by calculation. Furthermore, it may well be that theTetrahydrothiapyran —62 620 852 856

analogous behavior of the two pairs o_f cyclic et_hers does NOta e taken from Ref37].
reflect that the same effects are behind the slightly unusualb presumably misprint in Ref37]; see text.
observations; the two unsaturated ethers are protonated on caf-Enthalpies of formation were not obtained.
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(Table 7. We are unable to determine the reason for the discrepsolution and is sufficiently widely recognized to be the sub-
ancies between the different experimental determinations of thect of text-book problem$56]. One possible reason for the
gas-phase basicity of this compound, but we note that a nungas-phase difference is that the protonated species with oxy-
ber of reactions compete actively with proton transfer, whichgen in the 4-position suffers destabilizing interactions between
may introduce a significant source of error. Our computationathe positive charge and the combined effects of the two remote
results and those of Bordept al.[53] would suggest that the C-O bond dipoles. This agrees well with the observation that
present experimental value represents a lower limit to the truthe less electronegative NH group in position 4 exerts a much
proton affinity of oxetane. For oxepane, our experimental protoismaller influence on the proton affinity (the difference is con-
affinity agrees reasonably well with the literature velBi€l and  siderably larger for the piperidine/morpholine pair than for the

with the value obtained computationalljaple 3. piperidine/piperazine pair).
We note in passing that the proton affinity @fmethylaze- e O
tidine listed in the NIST tablef87] is in all likelihood a typo- o o
graphical error (cfTable 4. The value provided is 61 kJ nol +%/
lower than that of the parent molecule, azetidine, in conspicuous HO oy
contrast with the expectation that the introduction aVamethyl The difference between the proton affinity of piperidine

group would increase the basicity somewd&. The literature 54 4-trifluoromethylpiperidine affords an additional illustra-
reference provided in the NIST tablg] does not provide data  jon that the interaction between the charge and a remote bond
by which to assess the proton affinity/éimethylazetiding54].  gipole can significantly influence the stability of the protonated

~ The proton affinities of cyclic ethers exhibit an additional yygjecyle and in turn the proton affinity of the neutral species.
interesting feature: the replacement of a ZCgroup by an |ntroduction of the 4-trifluoromethyl group causes a 30 kJhol
oxygen atom in position 4 of saturated six-membered heteraqyction of the piperidine proton affinitffgble 4.

rocycles is accompanied by a lowering of the proton affinity oy interpretation derives support from a comparison with
by up to 40kJmot* (Tables 3 and ¥ Tetrahydropyran/1,4- the open-chain compounds that correspond closely to the
dioxane, APA 26kJ mot * (calc. 30kJ mot?); 2H-3,4- tetrahydropyran/1,4-dioxane pair, butyl methyl ether and ethy-
dihydropyran/2,3-dihydro-1,4-dioxinAPA 42kJmol™ (calc.  |ene glycol dimethyl ether (dimethoxyethane, DME). The cal-
44kJmol); piperidine/morpholine APA 30kJmot™ (calc.  ¢yjations demonstrate that the proton affinity of the latter is
29kJmot™), N-methylpiperidine¥-methylmorpholine, APA quite dependent upon conformatif&v], even when only those

26 kJ mqtl (calc.). The cyclohexanone/tetrahydropyran-4-on€gtamers are considered that cannot form intramolecular hydro-
pair exhibits a similar differenceyPA 18 kmot* (calc.). By gen bonds (seEig. 3. DME in the anti-anti-anti conformation
contrast, replacement of the 4-ggroup by an NH grouplowers - pa5 5 calculated proton affinity of 801 kJ m&) 20 kJ mott

the proton affinity by only 5-10 kI mot (Table 4. The calcu-  |qwer than that of butyl methyl ether, whose proton affinity
lated structures of these molecules and their protonated formge find not to be particularly dependent upon conformation
show that they all adopt chair-type conformations and that th?55]_ By contrast, the calculated proton affinity of DME in the

acidic proton occupies an equatorial positj6h]. anti-gauche-gauche conformation is 822 kJnholn this con-
o) formation DME would appear to resemble 1,4-dioxane (in which
@ [ ] by necessity the two oxygen atoms must be gauche), but one of
- . the two C-O dipoles (the O—GHbond) points away from the

4 p positive charge, and the unfavorable electrostatic interactions
exp. 866 kJ mol exp. 824 kJ mol are therefore less pronounced. The DME conformations that
o o} allow intramolecular hydrogen bonding have yet higher calcu-
O lated proton affinity, consistent with the recently measured value
O [ j E j of 846 kJ mot 1 [58]. We note that the remarkable proton affin-

N : '|\J 'I\' ity difference between those gauche and anti DME conformers
CHg CHj that do not exhibit intramolecular hydrogen bonding reflects dif-
ferences between the enthalpies of formation of the protonated
species almost entirely; the difference between the enthalpies

This lowering of the basicity upon introduction of a ring of formation of the various conformers of neutral DME is very
oxygen also influences the properties of these compounds small.

H

exp. 954 kJ mol™  exp. 924 kJ mol” Calc. 971 kd mol™" Calc. 945 kJ mol”

H
H
I+ 5+ / \+
\/\/O\ \O/\/ .
anti-anti-anti conformation  anti-gauche-gauche conformation

Fig. 3. Schematic drawings of protonated methyl butyl ether and protonated dimethoxyethane in the indicated conformations.
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4. Conclusions [19] R.L. Smith, L.J. Chyall, B.J. Beasley, H.l. Keathaa, J. Am. Chem.
Soc. 117 (1995) 7971.
e_[20] M.J. Nold, C. Wesdemiotis, J. Mass Spectrom. 31 (1996) 1169.

The G3 proton affinities of an extended series of fiv !
%2 ] R.K. Roy, F. de Proft, P. Geerling, J. Phys. Chem. A 102 (1998) 7035.

m_embered hetgroaromatic molecules are in e_xcellent agreemell; o\ |ee, H. Cox, W.A. Goddard IIl, J.L. Beauchamp, J. Am. Chem.
with the experimental values. The calculations confirm that = soc. 112 (2000) 9201.

heteroaromatic molecules with a single nitrogen, oxygen or sul23] N. Russo, M. Toscano, A. Grand, T. Mineva, J. Phys. Chem. A 104
fur atom protonate preferentially on a carbon atom adjacent (2000) 4017.

to the heteroatom. Five-membered heteroaromatic moleculé&] A- Bagno, F. Terrier, J. Phys. Chem. A 105 (2001) 6537.

ith th het t d idi t it 25] L.A. Curtiss, K. Raghavachari, P.C. Redfern, V. Rassolov, J.A. Pople, J.
with more than one heteroatom and a pyridine-type nitroge Chem. Phys. 109 (1998) 7764

tend to protonate on this site even though the proton affinity ofe) L.A. curtiss, K. Raghavachari, P.C. Redfern, J.A. Pople, J. Chem. Phys.
the pyridine-type nitrogen depends on whether it is bonded to 112 (2000) 7374.

directly to another heteroatom (as in isoxazole) or whether i§7] L.A. Curtiss, K. Raghavachari, Theor. Chem. Acc. 108 (2002) 61.
located at the three position (as in oxazole). The presence ofl2f] M-J Frisch, G.W. Trucks, H.B. Schiegel, G.E. Scuseria, M.A. Robb, J.R.

thvl in the ri f the fi b d het ti Cheeseman, J.A. Montgomery Jr., T. Vreven, K.N. Kudin, J.C. Burant,
methyl group In the ring ot the five-membered heleroaromatic J.M. Millam, S.S. lyengar, J. Tomasi, V. Barone, B. Mennucci, M. Cossi,

molecules changes the proton affinity of the species without . scaimani, N. Rega, G.A. Petersson, H. Nakatsuiji, M. Hada, M. Ehara,
altering the thermochemically preferred site of protonation. The K. Toyota, R. Fukuda, J. Hasegawa, M. Ishida, T. Nakajima, Y. Honda,
G3 proton affinities of the alicyclic oxygen, nitrogen and sulfur ~ O. Kitao, H. Nakai, M. Klene, X. Li, J.E. Knox, H.P. Hratchian, J.B.

compounds are in agreement with the experimental values with ~ Cross V- Bakken, C. Adamo, J. Jaramillo, R. Gomperts, R.E. Strat-

th X tion of oxetane wh roton affinity still has to b mann, O. Yazyev, A.J. Austin, R. Cammi, C. Pomelli, J.W. Ochterski,
€ exception ol oxetane 0se proton a y s astobe py Ayala, K. Morokuma, G.A. Voth, P. Salvador, J.J. Dannenberg, V.G.

determined accurately by experiment. In particular, the present  zakrzewski, S. Dapprich, A.D. Daniels, M.C. Strain, O. Farkas, D.K.
study confirms that the proton affinities of tetrahydrofuran and  Malick, A.D. Rabuck, K. Raghavachari, J.B. Foresman, J.V. Ortiz, Q.
tetrahydropyran are essentially the same. The reduction of the Cui, A.G. Baboul, S. Clifford, J. Cioslowski, B.B. Stefanov, G. Liu, A.

proton affinity observed when oxygen atoms are introduced into ~ Liashenko, P. Piskorz, 1. Komaromi, R.L. Martin, D.J. Fox, T. Keith,

th turated het lic b be int ted in t f M.A. Al-Laham, C.Y. Peng, A. Nanayakkara, M. Challacombe, P.M.W.
€ Saturated heterocyclic bases can be Interpreted in terms o Gill, B. Johnson, W. Chen, M.W. Wong, C. Gonzalez, J.A. Pople, Gaus-

electrostatic effects. sian 03, Revision C.02, Gaussian, Inc., Wallingford CT, 2004.
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