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of Chemistry Large-ring cycloalkylamines are slightly less basic than other cycloalkylamines such as cyclohexylamine,
even though all have tetrahedral carbons and are strain-free. To understand why, enthalpy and entropy
for protonation of a series of cycloalkylamines were accurately determined by isothermal titration

calorimetry in 3:1 methanol-water. The study required resolving a discrepancy between these
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Accepted 28th July 2020 measurements and those in pure water. The data show that the lower basicity of large-ring
cycloalkylamines is not due to enthalpy but to a more negative entropy of protonation. Computations

DOI: 10.1039/d0sc02931a show that this can be attributed in part to an entropy of conformational mixing, but the dominant
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Introduction

Cycloalkanes C,H,, and their derivatives are abundant in
natural products* and fuels,” they are precursors to cyclic
products,® and they and their derivatives are frequent targets of
synthesis, where macrocycles are a particular challenge,*° often
to serve as receptors for small molecules and ions.”” They have
been a holy grail for many physical-organic chemists to study
their structure and reactivity.***>

Their rings have been classified as small (n = 3-4), common
(n=5-7), medium (n = 8-12), and large (n = 13)."*'* Small rings
suffer from angle strain, as proposed by Baeyer.'® Cyclohexane
(n = 6) has minimum strain owing to its chair conformation,
with tetrahedral bond angles and with staggered bonds that
eliminate torsional strain.'® Beyond cyclohexane the situation
becomes complicated. Medium rings suffer from a combination
of expanded bond angles, torsional strain, and transannular
repulsion. In large rings those strains diminish, and the rings
become strain-free for n = 14.

Acid-base behavior can be a sensitive probe for angle strain,
separate from torsional strain and transannular repulsion,
because the effective electronegativity of a carbon depends on
its hybridization. Indeed, titrations of cyclo-propyl-, -butyl-, and
-pentyl-amines showed a reduced basicity attributable to their
smaller CCC angles."”'® Basicities of larger cycloalkylamines
had also been measured, with medium-ring amines ca. 0.2 pK
units more basic than cyclohexylamine and large-ring amines
ca. 0.3 pK units less basic.” However, these variations are hardly
greater than the errors, so no conclusions were drawn.
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contribution is steric hindrance to solvation, also corroborated by computation.

Amine basicity is a topic of enduring interest. It probes
medium effects,” it is correlated with nucleophilicity,”** and it
determines suitability for CO, capture.”® Besides, basicity is
sensitive to push-pull effects of electron donors,* and also
responsible for the formation of NXN halogen bonds from
halonium ions* and of NHN hydrogen bonds as in protonated
1,8-bis(dimethylamino)naphthalene (“Proton Sponge”), whose
symmetry is a matter of controversy.”** Cycloalkylamines
provide a more homogeneous series of homologs than do the
more extensively studied azacycloalkanes, (CH,),NH,**?° where
not only ring strain and torsional strain but also nitrogen's
hybridization is affected by the ring size. Besides, those studies
have not been extended to large rings.

Subsequently relative basicities of cycloalkylamines were
measured,*® using a highly accurate NMR titration method.*"
Fig. 1 displays pK,'s relative to (CH;),CHNH;'.*? The data
confirm the reduced basicity of small-ring amines, the slightly
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Fig.1 ApK, of (CH,),_1CHNHz" vs. n (and including exo- and endo-2-
norbornyl at n = 4.5) in water (0) and in 3:1 methanol-water (0),
relative to (CH3),CHNHz" (1-H*), adapted from ref. 30.
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increased basicity of medium-ring amines, and the slightly
lower basicity for large-ring amines. However, this last
comparison was puzzling, because large-ring amines are free of
angle strain, torsional strain, and transannular repulsion and
ought to have the same basicity as cyclohexylamine.

It would be an oversight to dismiss this comparison as too
small to be worth addressing, especially inasmuch as secondary
isotope effects are even smaller but are widely valued as infor-
mative. Although the difference corresponds to less than
a twofold lower basicity for the large-ring amines relative to
medium-ring amines, it is accurately measured (0.22 + 0.05),
and the error bars in Fig. 1 are too small to be seen. This
difference is a puzzle, because the hybridization and torsional-
strain environments of the -NH, are identical in all these large-
ring and medium-ring amines, and so are those of the -NH;".
This experimentally measured difference is a serious challenge
to our claim to understand the relation between molecular
structure and chemical reactivity.

It was therefore suggested that the lower basicity of a large-
ring amine might be due to conformational restrictions on its
ammonium ion.** This is reasonable, since the necessity of
solvent access to a positive charge should constrain the ring,
whereas in cyclohexylammonium ion the ring is rigidly tethered
away from the nitrogen. Such a conformational origin would be
manifested in the entropy, and separation into entropic and
enthalpic contributions has been used to explain some anom-
alies of amine basicity.**

In principle enthalpy and entropy contributions to basicity
could be separated by measuring the temperature dependence
of ApK,. Unfortunately, the error in AS° was found to be too
large to draw any conclusion.*® Therefore we have now under-
taken to measure enthalpies of protonation of cycloalkylamines
by isothermal titration calorimetry (ITC). Then entropies could
be determined from free energies evaluated from ApK,. We now
report that the reason large-ring amines are measurably less
basic than the other amines is that their AS° of protonation is
slightly but significantly more negative.

Results

The reliability of our ITC measurements is supported by their
excellent agreement with previously measured enthalpies of
protonation,®* as shown in Table S4.f However, those
measurements were limited to small-ring amines in aqueous
solution, where the large-ring amines of interest are not soluble.
Consequently it was necessary to measure enthalpies in
aqueous methanol. The choice of 75% methanol was a practical
one, to ensure solubility of both the amine and its protonated
form.

Table S7t lists the pK, and observed enthalpies for amine
protonation in untreated 3 :1 methanol-water. The baffling
result is that the exothermicity of protonation of cycloalkyl-
amines decreases with increasing ring size. In particular,
protonation of cyclopropylamine (1) is the most exothermic of
all, even though this is the least basic. Moreover, this is exactly
the opposite of what is observed in water (Table S4+).
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Table 1 pK, of protonated amines and enthalpy (kcal mol™), free
energy (kcal mol™), and entropy (cal mol™ K1) of amine protonation

in 3: 1 methanol-water at T = 25.0 °C

Amine pkK, —AH® —AG° AS°

1 10.268 £+ 0.005 13.57 = 0.04 14.008 £ 0.007 1.47 £ 0.13
3 8.788 £ 0.007 11.47 £ 0.05 11.989 £ 0.010 1.73 +0.18
4 9.602 £+ 0.005 12.88 £ 0.05 13.099 £ 0.007 0.75 £ 0.18
5 10.195 + 0.003 13.84 4+ 0.04 13.908 & 0.004 0.23 + 0.15
6 10.185 £+ 0.003 13.88 = 0.05 13.895 £ 0.004 0.05 £+ 0.18
7 10.327 4+ 0.002 14.09 & 0.06 14.089 £ 0.003 0.01 £ 0.20
8 10.371 £ 0.002 14.13 £+ 0.04 14.149 £ 0.003 0.05 £+ 0.13
9 10.347 £+ 0.004 14.11 4+ 0.07 14.116 £ 0.005 0.03 £ 0.22
10 10.296 £+ 0.003 14.04 & 0.04 14.046 £ 0.004 0.02 £ 0.15
11 10.317 4+ 0.003 14.08 & 0.04 14.075 % 0.004 0.00 £ 0.15
12 10.141 £+ 0.004 14.00 £ 0.05 13.835 £ 0.005 —0.55 £ 0.17
15 10.009 £+ 0.004 13.88 + 0.05 13.655 + 0.005 —0.76 £+ 0.16
16 9.977 + 0.004 13.87 +0.06 13.611 4+ 0.006 —0.86 £ 0.19
21 10.047 + 0.004 13.97 4+ 0.04 13.707 4+ 0.005 —0.88 £ 0.15

Table 1 lists the pK,, enthalpy, free-energy, and entropy
values for protonation of amines in 3 : 1 methanol-water that
had been purged with N,. (For clarity the boldface label for
a cycloalkylamine designates n, the number of carbons in the
ring.) The enthalpies of protonation of iPrNH, (1) and cyclo-
alkylamines 3, 5, and 6 are 0.4 + 0.1 kcal mol™" less negative
than those measured in pure water (Table S4+t), but they follow
the same relative order. In particular protonation of cyclo-
propylamine (3) is the least exothermic, opposite to the result in
untreated methanol-water (Table S71) but consistent with
expectations based on its lower basicity.

As the ring size increases, the enthalpies of protonation in
Table 1 become even more negative, reach a minimum at n = 8
and increase slightly for the large rings, as can be seen in Fig. 2.
A key result is that AH° for the large rings is essentially the same
as for the common rings. Therefore the lower basicity of the
large rings cannot be due to a lower exothermicity of
protonation.

Fig. 3 shows how the entropy of protonation depends on ring
size. The key result is that the entropy of protonation is high for
cyclopropylamine (3) but decreases abruptly to become almost
zero for common and medium rings (5-11) and then decreases
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Fig. 2 Enthalpy of protonation (AH°, kcal mol™) of cycloalkylamines
(CH2),_1CHNH, in 3 : 1 methanol-water vs. ring size (n).
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Fig.3 Entropy of protonation (AS°, cal mol™! K1) of cycloalkylamines
(CH2),_1CHNH> in 3 : 1 methanol-water vs. ring size (n).

further to become negative for large rings (12, 15, 16, 21). The
average AS° for n = 12 is —0.76 + 0.15 cal mol ' K™, signifi-
cantly more negative than the +0.03 £ 0.02 cal mol ™" K" forn =
6-11. Although the individual variations in entropy are not
much larger than the experimental errors, the averages are
consistent with this classification according to ring size. The
data conclusively show that although AS° is very near zero for 6-
11, AS° is slightly but significantly negative for large-ring
amines 12, 15, 16, and 21.

Discussion

The contradiction between the order of enthalpies of proton-
ation in water (Table S47) versus their reverse order in aqueous
methanol (Table S71) was baffling. How can protonation of the
least basic amine, cyclopropylamine, be, as expected, the least
exothermic in water, but the most exothermic in 3 : 1 meth-
anol-water? For weeks we considered many fanciful ration-
alizations involving solvent sorting in this mixed solvent.**?®
However, the same anomaly appears with 100% methanol, as
shown in Table S8, so this is not a consequence of solvent
sorting. Eventually we recognized that experiments at sub-
millimolar concentrations carry perils due to trace impurities,
even though all amines were carefully purified.

The impurity must be weakly acidic, to react with the more
basic amines and reduce their apparent heat of protonation,
while interfering with cyclopropylamine to a lesser extent.
Moreover, the effect of that impurity should be greater in
aqueous methanol than in water.

Carbon dioxide is just such an impurity, currently present in
the atmosphere at a global-warming level of 414 ppm.*” Indeed,
amines are effective for selective CO, chemisorption through
carbamate formation.*® The solubility of CO, in 3 : 1 methanol-
water can be estimated as 4 x 107> M, but only 1 x 107> M in
water, based on extrapolations from data obtained at much
higher pressures.* The higher concentration in aqueous
methanol is in a range to interfere with measurements of heats
of protonation, whereas this is less of a problem in water.
Therefore all amines were stored and used under N,, and
solvents for ITC were bubbled with N, to remove CO,. Fortu-
nately this precaution confirmed the expected parallelism of the
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enthalpies of protonation between water and aqueous meth-
anol, and it saved us from publishing an embarrassing blunder.
And when this result was told to colleagues, their usual
response was “How did you ever think of that?”

The enthalpies in Table 1 generally parallel basicities. The
small-ring amines 3 and 4 are the least basic, owing to smaller
C-C-C angles and increased s character in their C-N bonds."”
Correspondingly, protonation of these amines is the least
exothermic. The parallelism for the other amines is not perfect.
The slightly more basic medium-ring amines 7-11 show an
average enthalpy of protonation of 14.1 & 0.05 kcal mol %,
slightly greater than the 13.9 4+ 0.05 kcal mol ' average for
common-ring (5, 6) and large-ring (15, 16, 21) amines. However,
the enthalpies of protonation are the same for these latter two
groups, even though the large-ring amines are less basic. Why?

Rather than focus on enthalpies, it is more informative to
compare entropies of protonation (Table 1). Whereas AS° is very
near zero for common- and medium-ring amines, it is negative
for large-ring amines 12-21. This, finally, is the reason why
large-ring amines are slightly less basic than the other amines,
even though all carbons for n > 4 are tetrahedral.

How does entropy contribute? It may depend on two inter-
related effects, solvation and conformational restrictions.
Solvation is definitely involved, because in the gas phase
cyclohexadecylamine (16) is calculated (HF6-31G(d), data not
shown) to be 3 keal mol™" more basic than cyclohexylamine (6),
opposite to the order in solution. Similarly, the experimental
gas-phase basicity of acyclic amines increases with addition of
distant methyl groups.*

However, the role of solvation in decreasing the basicity of
large-ring amines is difficult to specify, so we first focus on
conformational restrictions. We choose the specific case of
a sixteen-membered ring, which benefits from the simplifica-
tion that it has few distinct positions for substitution.** The
three stable conformers of 16-H" are shown in Fig. 4 as corner,
edge, and center. Inversion of configuration in the latter two is
unfavorable because it forces the bulky substituent into the
interior of the ring, but inversion of configuration in corner
produces an equivalent structure. Also edge is paired with an
enantiomer. Therefore there are a total of 2, 2, and 1 conformers
of corner, edge, and center, respectively, along each of the four
sides, and many more conformations of the corresponding
amine 16.

Structures and energies were calculated with B3LYP/6-
31+G(d,p), a level that provides improved energies of isomeri-
zation across a wide range of organic molecules,*” and with
B3LYP/aug-cc-pVDZ, recommended for cyclohexylamine.*
Solvation was accounted for with the polarized-continuum
model, which is recognized as imperfect for cations and
amines in a hydrogen-bonding solvent like aqueous methanol.
The calculated energies of all the low-lying conformers of 6,
6-H", 16, and 16-H" are listed in Tables S1-S3.7 They can be
correlated with the number of steric repulsions between NH
and a CH five bonds away. In particular, center is destabilized,
reducing the number of populated conformers of 16-H".

Energies in Tables S1-S31 were converted to molar entropies
of mixing, according to eqn (1), where X; = mole fraction of

Chem. Sci, 2020, 11, 8489-8494 | 8491
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corner

Fig. 4 Conformers of cyclohexadecylammonium ion 16-H* (n = 16).

conformer 7 at 25.0 °C. This ought to be calculated as exp(—Grel/
RT)/Xexp(—Gye/RT), but free-energy calculations with the
B3LYP/aug-cc-pVDZ basis set require an inordinate amount of
computer time to calculate 144 or 147 normal modes. Therefore
energies were used to calculate mole fractions for this basis set.
To test whether this simplification creates error, mole fractions
were calculated with the B3LYP/6-31+G(d,p) basis set using both
sets of energies. Table 2 lists the calculated entropies of
conformational mixing for 6, 6-H*, 16, and 16-H". Comparison
of the B3LYP/6-31+G(d,p) entropies shows that the error in
using energies rather than free energies is negligible. This is
reasonable inasmuch as the zero-point energies and thermal
corrections are nearly the same for each conformation of an
amine as for its protonated form, as can also be seen from the
similarities between the G, values in Table S17 and the E.q
values in Table S2.}

Smix = —RZX; ln(Xl) (1)

The calculated entropy of conformational mixing for 6, 2.18
cal mol ' K™, is almost identical to R In(3), because 6 has three
nearly isoenergetic conformers, related by C-N rotation. Like-
wise, the calculated Sp,;, for 16, 5.31-5.33 cal mol " K™ ', is very
close to 5.38 cal mol ™' K™, which is R In(15), because 16 has
fifteen nearly isoenergetic conformers. It is only 16-H" that
deviates from a statistical mixture of five conformers, but its
calculated S,,;, of 2.98-3.02 cal mol * K*
from 3.20 cal mol—" K ', which is R In(5).

Those values lead to a calculated contribution of —2.32 +
0.01 cal mol™" K™ to the entropy of mixing for protonation of
16. These values are slightly more negative than the contribu-
tion of —2.18 cal mol™' K™ ' calculated for protonation of 6.
Therefore entropy of mixing does contribute to reducing the
basicity of large-ring amines.

However, that difference is significantly less than the
difference between —0.76 + 0.15 cal mol ' K™, the average AS°
for n = 12, and the 0.03 & 0.02 cal mol * K™ * for n = 6-11. This

is not so different

Table 2 Calculated molar entropies (cal mol™ K1) of conformational
mixing

Basis set Smix (6)  Smix (6-H')  Smix (16)  Smix (16-H")
B3LYP/6-31+G(d,p) 2.18 0.00 5.33 3.02
B3LYP/6-31+G(d,p)*  2.18 0.00 5.32 2.98
B3LYP/aug-cc-pVDZ®  2.18 0.00 5.31 2.98

¢ Using mole fractions based on energies rather than free energies.
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discrepancy is not due to any inadequacy of these basis sets,
because so negative a AS° would require 16 edge-H' to be
destabilized by ~1.0 kcal mol ' and 16 center-H' by
~2.0 kecal mol™", unrealistically higher than the calculated
energies in Tables S1-S3.1 Nor is the discrepancy due to our
choice of 16 for calculations, because other large rings are just
as unlikely to deviate from a nearly statistical population of
conformers. Therefore although conformational restrictions do
contribute to the negative AS° for n = 12, we conclude that they
are not dominant. We must admit that our original explanation,
in terms of the number of conformations available, is wrong.

If conformational restriction and entropy of mixing are not
sufficient to account for the negative AS° of protonation for n =
12, what does? We conclude that steric hindrance to solvation
must also contribute, as is seen in protein-ligand binding.**
The computations support this explanation: Table S97 lists the
calculated short NH-to-CH distances in cyclohexylammonium
jon (6-H") and in the three conformers of cyclo-
hexadecylammonium ion (16-H") of Fig. 4. In 6-H" there are
only 2.5 A four-bond distances, because the -NH," is held
rigidly away from the ring. In contrast, in 16-H" there are also
some five-bond distances that are shorter, around 2.2 A,
comparable to the 2.3 A five-bond NH-to-CH distances calcu-
lated for the axial conformer of 6-H*. Those nearby CH hydro-
gens hinder the solvation of the NH', so that the solvent
organization to accommodate that hindrance leads to a nega-
tive AS° and correspondingly a measurably lower basicity for the
large-ring amines. Moreover, a further contrast is that AS® of
protonation is positive for 3 and 4 because the small rings hold
the CH farther from the NH" and enable solvent access.

Finally, we can return to the question of why the enthalpies
of protonation are the same for common-ring (5, 6) and large-
ring (15, 16, 21) amines, even though the latter are less basic.
This question was deferred in favor of a consideration of the
entropies of protonation. Yet if steric hindrance to solvation is
responsible for the difference in basicities, why does this not
manifest itself in the enthalpy? The paradigm for this behavior
is the greater aqueous acidity of formic acid over acetic acid,
owing to steric hindrance to ionic solvation and appearing in
the entropy, not the enthalpy.** Thus we can understand why
the lower basicity of large-ring amines resides in the entropy
and not at all in the enthalpy.

Experimental section

Enthalpies of protonation of cycloalkylamines were determined
by isothermal titration calorimetry (ITC) with a VP-ITC

This journal is © The Royal Society of Chemistry 2020
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instrument (MicroCal, Inc.).*” The reference cell of the calo-
rimeter was filled with 3 : 1 methanol-water, and a solution of
the amine in 3 : 1 methanol-water was placed in the sample cell
under UHP nitrogen gas atmosphere. A 3 : 1 methanol-water
solution of p-toluenesulfonic acid was then added in a series of
30 injections. The heats of dilution of each amine and of p-
toluenesulfonic acid were measured independently. The ITC
data were analyzed and fitted by the Origin 7.0 software adapted
for ITC data analysis (MicroCal, Inc.). All titrations were per-
formed in duplicate or triplicate. Further details are presented
in ESL.}

Conclusions

In summary, AH° values for protonation of cycloalkylamines
were accurately measured by isothermal calorimetry and
combined with highly accurate ApK, values to evaluate AS°® of
protonation. The data show that the lower basicity of large-ring
amines is not due to enthalpy but to a more negative entropy of
protonation. Computations show that this can be attributed in
part to conformational restrictions, but the dominant contri-
bution is steric hindrance to ionic solvation, also corroborated
by computation.
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