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In this work we report the proton affinities (£,,) of water, seven alcohols, and seventeen cyclic and
acyclic ethers, as measured by ion cyclotron resonance spectroscopy (ICR) with respect to the same
‘basicity ladder.” The £, for selected compounds have been calculated by MNDO, AM1, and ab
initio (3-21G and, in some cases, 4-31G*//4-31G and 6-31G*//6-31G) methods. These results are
used for a comparison of the various computational techniques and for the analysis of structural
effects on the neutral and protonated species. Methyl and other alkyl affinities of aliphatic alcohols
are determined and discussed. The experimental £, are treated by correlation analysis methods.

Alcohols and ethers are common and useful compounds
bridging the structural gap between water and cyclic! or acyclic
polyethers. The gas-phase proton affinity (E,,), of a base B is
defined as the standard enthalpy change for reaction (1) in the

BH* — B + H* 1)

gas-phase. In this work the E,, for water and a variety of
alcohols and ethers are reported. These experimental results are
then analysed in terms of structure-reactivity relationships
using both quantum mechanical and correlation analysis
techniques. This study is aimed at (i) providing a better
understanding of structural effects on the basicity of these
compounds, and (if) assessing the ability of advanced semi-
empirical techniques to describe these effects. This should
facilitate future insights in the field of crown ethers.

Results

Experimental values—These values were obtained with the
same instrument, namely, the U.C. Irvine Ion Cyclotron
Resonance Spectrometer and have been anchored to the same
‘basicity ladder’.2 Full experimental details are given elsewhere.?
Unless stated otherwise, relative proton affinities, 8E,.(B)
defined as 8E,,(B) = E,.(B) — E,.(H,0) are believed to be
accurate to within 0.2 kcal mol™'.+

Computational Methods and Results—(a) ab initio.} The
choice of the basis set was severely limited by the size of many of
the molecules studied herein. Thus, we selected the 3-21G split-
valence basis set* as a compromise between flexibility and
computational tractability. In a few instances, calculations were
also performed at higher levels. In all cases, the MONSTER-
GAUSS 80° package was used.

(b) Semiempirical. Two of the most advanced NDDO’
techniques were applied, namely Dewar's MNDO & and AM1°
as implemented in Thiele’s!® and Stewart’s!!' computer
program. Complete optimization of the geometries for the

neutral and protonated species is necessary if meaningful E,,, are
to be obtained.!® Thus, full geometry optimizations have been
performed on all the species and by the three methods. The
corresponding E,,, are given in Table 1. Although we shall not
deal here with a detailed, case-by-case comparison of the
experimental and calculated geometries, we report in Table 2
results for (2), (2)H*, (11), and (11)H* that are useful for the
next discussion.

Discussion

Molecular Geometries—It has been reported !> that the 3-
21G method leads to optimized geometries that compare quite
favourably with the experimental structures. This is indeed the
case for the neutral forms of the compounds studied herein. In
general, bond lengths agree within 0.02 A, or better, and planar
and dihedral bond angles are reproduced to within 3 and 4°,
respectively.

Although conformational barriers have not been calculated
in this work, the majority of the most stable conformations have
been correctly assessed. Of particular interest are the cases of:
(a) 2,2,2-trifluoroethanol (8) for which the gauche (defined by

t1cal =4.1841J.

1 ab initio E,, values are obtained as the negative differences between
the energies at the potential-energy minima for the protonated (BH*)
and neutral (B) species, as in equation (2). Because of the

E,(B) = —AE = AE(B) — AE(BH") 1))

parametrization features built into the NDDO methods, MNDO and
AM1 E,, were calculated according to equation (3) where AH; is the

E,(B) = —AH = —AH(BH") — AH,B) — AH(H*) (3)

enthalpy of formation for the various species in the gas-phase at 298 K.
In this formalism the value of AH{(H *) is determined by the one-centre
core-electron attraction integral, U,,. Its empirical value is quite differ-
ent from that appropriate to an isolated hydrogen atom. Thus, following
previous workers 12 we used the experimental value, AH(H*) = 367.2
kcal mol.
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Table 1. Experimental and calculated proton affinities for water and selected alcohols and ethers.

ROR’ E,./kcal mol™

R R’ Number Experimental STO 3-21G MNDO AM1
H H (¢)) 167.3 191.6 172.1 164.5
H 2) 182.5 204.8 175.0 171.9
H A3 187.8 208.7 177.1 178.8
H @ 189.6 210.3 178.2 179.0
H 5 190.2 211.8 178.8 179.5
H 6) 192.0¢ 2140 180.2 182.8
H ©)] 1934 215.5 181.8 186.5
CF,CH, H 3) 169.3 186.8 155.8 1579
(C)) 191.1 213.1 177.4 177.4
10) 195.2 216.7 179.4 1834

11) 196.1

(12) 197.3
(13) 198.6 2204 181.1 187.8
(14) 201.1 223.0 183.6 190.9

1-Adamantyl (15) 206.0
(16) 198.5 219.8 181.0 188.7

17) 202.3

(18) 205.1

(19) 201.1

(20) 204.8
1 212.0 232.8* 188.7 200.9
—~CH,),- 22) 186.4 203.8 179.4 177.2
—~(CH,)5— 23) 193.2 2204 183.3 187.0
—~CH,)4— 24) 197.6 221.3 1820 185.9
—~(CH,)s— 25) 198.5 219.1 182.9 186.5

“ From ref. 3(c). ® See the text. ¢ Experimental proton affinities based on

E,,(NH;) = 204.0 kcal mol™* (ref. 2).

Table 2. Experimental and calculated geometries for (2), (2)H*, (11),and 11) H*.*

Parameter/ Experimental 3-21G (Base) 3-21G (Base H*)  AM1 (Base) AM1 (Base H*)
1(CO) 1.4244° 1.440 1.532 1.4104 1.496
Hy o I(OH) 0.9630 0.967 0974 0.964 0999
N Sn «CH) 1.0937 1.083 1.074 1.119 1.120
Hg™ 4 £ (COH) 108.53 110.25 119.98 107.16 109.95
H £ (H,CH,) 108.63 108.53 124.44 105.11 112.43
3[CO] 3.20¢ 37 33 39 35
o[H,COH] 180.0 180.0 1799 179.9
¢[H,COH] 62.1 61.5 61.5 62.5
I[c(10] 1.415¢ 1425 1.504 1.416 1478
I[C(2)0] 1.404 1428 1.527 1.427 1.517
HoH I[C)C3)] 1.520 1.528 1.519 1.511 1.494
"'9\ N {O*H) — — 0971 — 0.995
It I[C(HH,] 1.084 1.085 1.076 1.118 1.119
H g I[C(1)H,] 1.100 1.085 1.076 1.119 1.120
! ¢ / \ / \H I[C(2H,] 1.101 1.087 1.076 1.123 1.123
Hy~ / I[C(3)H,] 1.092 1.082 1.083 1.116 1.119
H I[C(3)H,] 1.089 1.082 1.083 1.116 1122
L [C(1)OC(2)] 111.49 114.86 121.28 112,57 11322
£ [0C(2)C3)] 108.15 106.75 108.07 106.99 106.69
L[HC(D)H,] 109.33 108.97 111.78 110.50 11192
£ [H,C(2)C(3)] 110.95 110.47 113.14 111.12 114.12
L[H,C(3)C()] 110.10 110.87 108.59 109.31 108.10
o[C(1)OC()C(3)]  180.0 180.0 1789 179.9 178.3
3[OC(1)]* 224 2.6 1.5 22 0.8
y[ocqa)¢ 109.90 107.23 105.78 104.55 104.59

2 Bond lengths in A, angles in degrees. ® All experimental values for (2)

are from ref. 14(a). ¢ Methyl tilt angle as defined in ref. 14(b). ? Corrected

OC(methyl)H angle as defined in ref. 14(b). ¢ All experimental values for (11) are from ref. 14(b). /I = bond length; £ = bond angle; ¢ = torsion

angle; 8, v = methyl tilt angles.

the orientation of the O-H bond) conformer, G, is found to be
the most stable form, as a consequence of the lone pair-lone pair
repulsion existing in the frans conformation and the weak
chelation (O-H . - - F) present in G. This agrees with IR data'¢

and other ab initio (4-31G) calculations;'” (b) (24) and (25),
predicted to have puckered (C,) and chair (C,) structures, in
qualitative and quantitative agreement with the experimental
evidence '® as well as, for (24), with very thorough ab initio (4-
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31G) calculations.® More subtle features, such as the tilt angles
of the alkyl groups relative to the C(x)-O bonds in alcohols and
acyclic ethers !* are nicely reproduced.

As expected, the description of the smallest cycles is somewhat
poorer. For (22), the calculated (1.465 A) and experimental (1.436
A) C-O bond lengths differ substantially (a study at the 6-31G **
level 2° also falls short of reproducing this value); (23) is slightly
puckered2! but the calculated potential-energy minimum
pertains to a planar structure. Other relevant structural features
deduced from this study are as follows.

For alcohols (2) to (7). (i) The calculated C-O, O-H, and
C(x)}-C(B) bond lengths are nearly constant and, respectively,
equal to 1.437 + 0.003,0.965 + 0.002 and 1.531 + 0.004 A (the
corresponding averages of the available experimental values are
1.430 + 0.005, 0.954 + 0.006 and 1.526 + 0.003 A). (i) The
COH angles are practically constant with an average value of
110.9 + 0.5° (appreciably larger than the experimental average,
107.4 + 1.6°).

For acyclic ethers. (i) In the ROCHj series (R = CH,;, C,H,,
i-C;H,, t-C,H,), the H,C-O bond length is essentiall
constant, the average value being 1.429 + 0.004 A (0.013
longer than the experimental values). The O-C(H) (CH;), and
O-C(CH,), bond lengths are calculated to be slightly longer
(1.443 A). The average of the C(«)-C(B) bond distances for (9),
(10), (13), (14), and (16) is 1.530 + 0.004 A i.. practically the
same as for the alcohols. (if) In the same series, / COC increases
with the bulk of the R moiety, possibly as a consequence of
increasing back-strain.

Except for H;O% in crystals,'*® no experimental geometries
are available for the protonated bases studied here. Our
calculations on this ion (an admittedly unique oxonium
compound) confirm !%? that the predicted structure at the 3-21G
level has a D5, symmetry. Much more elaborate calculations are
needed 22:23%in order to find its ‘floppy’ (inversion barrier of 1.4—
1.5 kcal mol™!) pyramidal structure.?3® However, in the light of
the results obtained for the neutral bases and on account of the
fact that the differences between the experimental and
calculated bond lengths and bond angles are quite systematic,
we feel that, at least, the general structural trends and the
comparisons thereof are likely to be correct. These trends are as
follows. +

For protonated (2) to (7). (i) The average R(H)O-H and
C(«)-C(B) bond lengths are, respective]y, equal to 0.974 + 0.001
and 1.516 + 0.003 A. (i) The C-OH, bond distance steadily
increases along the series. [1.532 A for (2), 1.589 A for (7)]. (iii)
The average COH bond angle is 120 + 1°.

, For the protonated ROCH; series. (i) The average R(CH;)-
O-H and C(«)-C(B) bond lengths are respectively, equal to
0.970 x 0.001 and 1.521 + (+)004 A. (ii) Along the series, the
R(H)O-CH; and CH,(H)O-R bond lengths, respectively,
decrease from 1.504 A (9) to 1.494 A (14) and increase from
1.504 A (9) to 1.557 A (14). (iii) The average COC angle is
1235 + 1.6°

For protonated (22) to (25). In all cases, the C(«)O bond is
stretched by 0.07-0.08 A, while the C(«)-C(B) bonds are
shortened by some 0.015 A. The torsional angles of (24) and (25)
are little affected by protonation.

These results lead to the following conclusions. (@) The OH
bond length is essentially the same for protonated alcohols and
ethers and is very slightly longer in the protonated than in the

+

neutral forms. It follows that O—H bonds are strong and have
largely covalent character.!%?

(b) Upon protonation, all C—O bonds are appreciably
stretched !5%-23 while all the C(«)-C(B) bonds are shortened.
This implies that mesomeric structures (I'), (I'), and (II”) are
significant.

This contention is supported by the fact that bond stretching

14b
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+ +
ROH, —— ROH,
@ I
RO(H)R’ —— RO(H)R’* «—— RHOR’
an @) ar)

increases with the o-hyperconjugative 2* ability of R: CH; <
C,H; < i-C3H, < t-C4H,. This is related to the finding by
Meot-Ner,2*® and Hiraoka and Kebarle,26 that AH for reaction
(4) in the gas-phase increases by some 60 kcal mol~! on going

R + H,0 — (ROH,)* @

from R = CH; to R = t-C,H,. The same structural criteria
indicate that differential o-hyperconjugative effects are much
smaller in the neutral forms.

(¢) When comparing the series ROH and ROCH, we found
that £ COC is consistently larger than / COH. The same holds
for their protonated forms although, for the latter, both sets of
angles are wider i.e. 120° or more, possibly as a consequence of
enhanced electrostatic repulsions between the substituents on
the oxygen. In the case of the protonated cycles (22) to (24), the
release of I-strain by this mechanism is severely restricted and
this is likely to be one of the reasons for (22), (23), and (24) being
respectively less basic than (9), (10), and (16).27 As with acyclic
ethers, however, protonation leads to a considerable stretching
of the C-O bonds.

(d) Following protonation, the average increase of the R-O
bond length is some 0.03 A larger for the ROH than for the
ROCH, series. The shortening of the C(«)~C(B) bonds is also
more important in the former case. This indicates that, relative
to hydrogen, a methyl group reduces the o-hyperconjugative
contribution from R. Although much smaller, the alkyl

substituent effect on the O-CH; distance suggests that the
weight of contribution of structure (II1') decreases as the bulk of
R increases.

RO(H)CH, «—— ROHCH,
@) (Ir)

In general, the AM1 method provides a satisfactory
description of the geometries of the neutral species.?® Here we
find that the C—C and C-O bond lengths are, at most, to within
0.02 A of the experimental values and bond angles agree to
within 2° or better.2® This method even out-performs the 3-21G
model in the calculation of many COH and COC bond angles.
The same holds for the C-O bond length in (23) (calc. 1.436 A).
Also, the most stable conformations of the acyclic molecules are
generally well predicted. The main weakness of the method lies
in the determination of the torsional angles for (24) and (25); the
former is predicted to be planar and while the chair structure of
the latter is correctly established, the calculated torsional angles
(31.9°) are too small.

For the protonated species, significant differences exist
between the AM1 and STO 3-21G geometries. Taking as a

reference the optimized geometries for CH36H ,andC 2H56H2
determined by means of high level ab initio calculations,?3-3° the
STO 3-21G results are superior. Nevertheless, the AM1
calculations are able to reproduce the main structural features
described in the previous section. This lends support to the
finding that the Bu'-O bond lengths in protonated (7), (14),
and (21) decrease following the order (7) > (14) > (21).
MNDO tends to overestimate core—core repulsions.® As a
consequence we find that for neutral species both the C(x)-C(B)
bond lengths and the COC bond angles are too large by ca. 0.03
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Table 3. Influence of the basis set on the calculated E,,, values.

J. CHEM. SOC. PERKIN TRANS. 2 1990

Base 3-21G* 321G**  431G? 4-31G*c  6-31G*® 631G**  E,,..°
1) 191.6 1822 183.2 174.7 182.6 173.7 167.3
@) 204.8 195.0 199.9 190.3 1992 189.6 182.5
6 2140 203.2 208.9 198.9 208.4 192.0
© 213.1 200.5 209.6 199.2 208.8 198.5 191.1

“In kcal mol'. ® Fully optimized geometries. ¢ 4-31G optimized geometries. ¢ 6-31G optimized geometries.
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Figure 1. Experimental E,,.,, vs. calculated E,,(3-21G) differential
proton affinities. Compounds numbered as in Table 1.

A [0.1 and 0.05 A for (8) and (22)]. Again, (24) is found to be
planar; for (25), the bond angles are overestimated by up to 11°
and the torsional angles underestimated by up to 47°. Even so,
most of the trends revealed by the other methods can still be
recognized and the correct conformation for alkyl alcohols 3!
obtained.

Proton Affinities

Theoretical Calculations—(a) ab initio. ‘Theoretical E,,
values at the STO 3-21G level, E,,(3-21G)s, are defined by
equation (2). Let AEzp, AE,,, AEyg, and AE,,,, respectively,
stand for the difference in zero-point vibrational energy AE;p =
Ey s (BH') — E; ., (B), the thermal energy correction
(AE,.,), the energy difference at the Hartree~Fock (AEyg) limit
and the electron correlation energy (AE,,,). The E,, at 0K, E ,, ,
is given by 2332 equation (5). From previous work on water *2

E

pa,0 = _AEHF + AE‘(:orr + AEIH + AEZP (5)
and alcohols,?? the (AEzp + AE,,,) contribution is estimated at
7.0 kcal mol™". 1t follows that the E,,,(3-21G) values are some 16
kcal mol™! too large (the uncorrected values being so by an
average of 23 kcal mol™!). This difference has three compon-
ents,2>3233 jo. AE(BSE), AE(BSSE), and AE,,,,, the first two
originating in the basis-set effect and in the basis-set super-
position error, respectively. A direct evaluation of these terms
for all the bases studied herein was not feasible, but higher level
calculations have been carried out on (1), (2), (6), and (9)
(calculations at the 4-31G* and 6-31G* levels, respectively). The
results are displayed in Table 3. These values show, as expected,
a substantial decrease in the calculated E, values with an
increase in the size of the basis set, the effect being largest
for (1).34

The most remarkable feature is the large effect brought about

by the inclusion of the polarization functions. Thus, in every
case, E;,(3-21G*) < E,(6-31G). In fact, if we recall that (Azp +
AE,,,) ca. 7.0 kcal mol™, the corrected E,,,(4-31G*) values are
close, within the limits of experimental error, to the experi-
mental E,, values. This explains why the difference between
E,,(4-31G*) and E_(6-31G*) is less than 1 kcal mol™'. These
results agree with recent findings 3* regarding the influence of
polarization functions on calculated E,, values: (i) they reduce
the size of the BSSE by a factor of 24 and (i) for systems
wherein the basic centre is first-row atom, singly polarized
basis sets provide a reasonably good description of electron
correlation in protonation processes. Recent work 33 on (22)
has shown that at the 3-21G level, AE(BSSE) is ca. —3.3 kcal
mol~!. Hence, AE(BSE) + AE,,,, ca. —13 kcal mol'. This
term is too large for the straightforward use of E,,(3-21G) to
be of chemical interest. Fortunately, these errors, as well as
AE,, and most of the AE; term largely cancel out when
comparing a series of isodesmic reactions such as reaction (6).3*

ROR’ + H,0* — ROH)R'* + H,O  (6)

Indeed, Figure 1 is a plot of 8E,, .,, vs. 8E,(3-21G). [8E,, =
E,.(ROR’) — E (H,0)] and it portrays an excellent linear
relationship spanning a range of 45 kcal mol™! (equation 7).

8E,,(3-21G) = (=09 + 1.3) + (0.941 + 0.050)3E,, ., (7)

{In kcal mol™!; n = 14 [excluding (8), (22), and (23)]; r* =
0.993; sd = 0.9 kcal mol}.

This equation does not apply to (8), (22), or (23), which reflects
the inadequacy of a small basis set for the treatment of small
cycles and hydrogen-bonded systems.

The E,,(MNDO)s given in Table 1 are seen to be too small
(by 7-15 kcal mol™'). A plot of 8E,,, .,, vs. SE,,(MNDO) shows
that alcohols and aliphatic ethers define two separate, parallel
lines with very high slopes (ca. 1.77). This is a consequence of the
range of variation of the §E,,(MNDO)s being greatly reduced
by the overestimated core—core repulsions. This effect, together
with the poor description of hydrogen-bonding provided by this
method® account for the 3E,,(MNDO) of (8) being 19.5 kcal
mol~! off the line for aliphatic ethers. The results reported in
Table 1 indicate that the E  (AM1) are too low by 3-12 kcal
mol™'. The plot of 3E,, ., vs. 8E,,(AM1) (Figure 3) however,
shows a great improvement with respect to the MNDO results.
Thus, a single correlation equation applies to both alcohols and
ethers [equation (8)]. (1) and (23) are off the line but (8) and (22)

SE, (AM1) = (0.66 + 0.23) + (0.960 + 0.086)3E,, ., (8)
[In kcal mol}; n = 15,r? = 0.974; sd = 1.6 kcal mol']

are quite well behaved.
From equations (7) and (8), a linear relationship between
8E,,(3-21G) and 3E,,(AM1) is derived. It allows the estimation
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Figure 3. Experimental E,, .,, vs. calculated 8E,(AM1) differential

proton affinities. Compounds numbered as in Table 1. O, ROH; B,
ROR’.
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Figure 2. Calculated differential energies of the highest-occupied MOs,
8Eyomo vs- experimental differential proton affinities, 8E,, .,,. Com-
pounds numbered as in Table 1. O, ROH; B, ROR".

of 8E,,(3-21G) for (21) at 41.2 kcal mol™". This value has been
used to obtain the corresponding E,,,(3-21G) given in Table 1.

Empirical Correlations—(a) Proton charges. Protonation of
an n-base leads to a substantial build-up of positive charge on
the hydrogen(s) attached to the donor atom. Empirical
correlations have been established between the electron
populations > on these hydrogens, gy ., and the E,, values of
the bases.>® We find a reasonable linear correlation between
OE,, cxp and ¢y 4(3-21G) n = 14 [excluding (8), (22), and (23),
r? = 0.968, sd = 2.0 kcal mol™!. It is remarkable that g, (3-
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21G) is essentially the same within the couples (6)/(7) and
(13)/(14).

The correlations between the 8E,, .., values and the gy,
values determined by the NDDO methods are too crude to be
useful .3’

(b) Energies of the highest-occupied molecular orbitals
(HOMO). The E,, values of n-bases such as alcohols and ethers
can be related to the ionization potential of the lone pairs or the
donor atom through equation (9)3® where HA(BH™) is the

E,(B) = HA(BH") — E(B) + Ei(H) ®

homolytic bond dissociation energy of the O-H bond. If this
term remains constant within these families, the E,, values must
then match exactly the adiabatic ionization potentials of the
neutral bases. In the absence of all the pertinent experimental
data, the energies of the HOMOs, Eyoumo, can be used. Figure 2
is a plot of 8E,om0 [8Exomo = Enomo(B) — Enomo(H20)] vs.
OFE 4 cxp- It shows that a crude linear relationship does indeed
exist, but its slope (1.6) is much higher than unity. Closer
inspection of this plot reveals that two limited correlations
pertaining respectively to alcohols [excluding (8)] and alkyl
ethers are generated; their slopes (1.00 + 0.34) and (0.82 +
0.43) being much closer to the expected value. These results are
consistent with the known sensitivity of these correlations to
changes in the hybridization and geometry at the basic
centre.3%3° No useful relationships can be obtained by using the
AM1 or MNDO values.

O,, Orbital Energies—It has long been established *® that,
within families of bases, good linear relationships exist between
E,, and the 1s core binding energies of their basic centres. Thus,
McMahon and Kebarle have recently reported *! a remarkably
good linear relationship between E,, and the experimental
(ESCA) O,, binding energies for a variety of oxygen bases with
E,, values spanning a range of 100 kcal mol™! (from O, to
Me,CO). Since experimental values are lacking for most of the
compounds studied herein, we have compared the E,, with the
O,, orbital energies calculated at the 3-21G level. In a plot of
E,.exp V5. 8Eg, = Ep (B) — Eo (H,0), alcohols [excluding
(8)] and alkyl ethers define separate lines with slopes much
higher than that found experimentally. Thus Eg  values at the
3-21G level are not sufficiently reliable for these purposes.

Correlation Analysis Approach—This section is restricted to
the analysis of £, for compounds (1-(7) and (9)(21).

The main structural changes to be expected on going from
water to alcohols and then to ethers, are those associated
with (i) polarizability,*? (ii) o-hyperconjugation, and (iii) re-
hybridization of the oxygen atom.

Polarizability effects are measured by the o, parameters.*?
Figure 4 is a plot of 3E,, .., vs. Zo, = 6,(R) + o, (R") for
compounds having the general formula ROR’. From this plot,
two highly precise (sd < 0.4 kcal mol™) linear relationships are
obtained, pertaining, respectively, to alcohols [A, c,(H) = 0]
and ethers (B). The corresponding correlation equations*? are
given by equations (10) and (11). The additivity of alkyl

SE,

Pa,exp

=(30+22) + (367 + 1.4Zc, (10)
8y e = (64 + 17) + (268 + 1.5)Zc, (1)

polarizability effects in the ether series holds all the way from
(CH,;) to (t-C4H,),0.

The slope in equation (10) is smaller than that in equation
(11) indicating that E,,(ROR’) < E,,(ROH) + E,,(R'OH) —
E,.(H,0). This difference reaches 16.6 kcal mol™! in the case of
(9). It follows that on going from the alcohol to the ether series,
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Figure 4. Experimental differential proton affinities 8 E,,, ., vs. polariz-
ability parameters, £o,. Compounds numbered as in Table 1. O, ROH;
I, ROR’.

Table 4. Differential methyl-cation and proton affinities 3gE,,., and
OgE,, for selected aliphatic alcohols in the gas-phase at 298 K.

Alcohol S Epe® B Epeat*
@) 0 0

&) 53 38

@) 7.1 5.1

) 7.7 63

©) 95 6.7

™ 109 7.3

“ In kcal mol . ® Defined in the text. ¢ The enthalpies of formation of the
neutral species are taken from ref. 44.

and along the latter, increasing polarizability is counterbalanced
by some effects(s) varying in a proportional way. Saturation of
the o-hyperconjugation fits this requirement (this follows from
the discussion in the section Molecular Geometries). Further-
more, an analysis at the 3-21G level of the positive charge
transferred to the R groups in the protonated ROCH; series
shows it to be smaller than that transferred to the same groups
in the protonated alcohol series. Also, the charge transferred
to the CH; group decreases in the order CH; > C,Hs >
i-C;H, > t-C,H,.

The methyl cation affinity of an alcohol, E, . (ROH) is
defined as E_,(ROH) = —AH for reaction (12) in the gas-

ROH + CH;* — RO(H)CH;* (12)

ROCH; + H*— ROH)CH;* — E,(ROCH,) (13)
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phase. Taking into account reaction (13) it follows that
E,...(ROH) = E_(ROCH;) + AH{(ROH) — AH,(ROCH,) +
AH(H*) — AH(CH,") Differential structural effects on a
property X, dg(X), are defined as 8x(X) = X(R) — X(CH,) and
from which we obtain equation (14). Using the data given in

88 Emea(ROH) = 3E,,,(ROCH;) +
8:[AH(ROH) — AH{(ROCH,)] (14)

Table 1, the differential methyl-cation affinities collected in
Table 4 are obtained. These data also allow the determination
(or a very good estimation) of other alkyl affinities.

We notice that:

S Emes(ROH) — 8y E,,(ROH) =
5{AH{ROH,) — AH[RO(H)CH, "]}

This indicates that the difference between E,,, and E,, is only
determined by the stability of the ionic forms.*>
From the results given in Table 3 we obtain equation (15).

8RE‘mc:n(R()I-I)
= (0.0 £ 0.7) + (0.70 + 0.10)5;E,(ROH) (15)

(in kcal mol™!, n = 6,72 = 0.971,sd = 0.4 kcal mol-!)

It can be shown *S that, because of equations (10) and (11), all
differential alkyl-cation affinities, 8z E,.,(ROH) are the same,
irrespective of the size of the alkyl cation (in the absence of
appreciable steric effects). This is confirmed and the average
ratio OgE,,(ROH)/3zE,,(ROH) is found to be equal to
0.73 + 0.09.4’

The differential Bu' cation affinity for Bu'OH is 3.1 kcal
mol~!, while the calculated value is 7.5 kcal mol-!. We take this
difference as indicating a back-strain effect. Figure 4 shows no
abnormal behaviour for Bu',0, therefore, a strain effect of ca.
4.4/0.73 = 6.0 kcal mol™! is also to be found in the neutral form.
Indeed, AH = 7.8 kcal mol™! for reaction (16) in the gas phase.

t-C,H,OH + t-C,H,OCH, —>
(t-C4H,),0 + CH,OH (16)

Finally, we notice that differential lithium-cation affinities,
E,,, are available for a variety of alcohols.*® Their $E,, and E,,,
are proportional, but the slope of the line is 0.42. In the light of
previous analyses,? this is related to the O-Li bond having a
smaller covalent character. We have performed calculations at
the 4-31G level on the species RO(H)Li* and CH;O(Li)R*.
They show that the stretching of the C~O bond and the amount
of positive charge transferred to the alkyl groups are smaller for
these ions than for the corresponding protonated forms.*®

Conclusions

From a computational point of view, to obtain ‘absolute’ E,,
values it is necessary to reach, at least, the 4-31G*//4-31G level.
In this case, the calculated E,, values are to within 1 or 2 kcal
mol™! of the experimental values (upon the appropriate
corrections). ab initio 3-21G and semiempirical AM1 calcul-
ations are comparable in providing correct ‘differential’ £, and
geometries of the neutral forms (in the absence of chelation or
severe I-strain), The MNDO method gives less satisfactory
results.

An important conclusion of this study is that o-hypercon-
jugative effects play a significant role in both protonated
alcohols and ethers.

Regarding structure—reactivity relationships, those existing
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between E,,, and O, orbital energy or HOMO, range from non-
existent to poor (3-21G calculations), contrary to literature
statements. Within families, E,, is a linear function of the
polarizability of the substituent on the oxygen atom (as
measured by the o, parameter). Moreover in the acyclic ether
series, polarizability effects are additive.

Finally, this work leads to new insights regarding alkyl-cation
affinities of alcohols.
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