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Abstract

This work explores the relationship between the structure and solvent effects on the basicity
of a large selection of conjugated N-heterocyclic nitrogen bases in different media: polar
aprotic solvent acetonitrile, polar protic solvent water and the gas phase. Altogether 58
previously unpublished basicity values in different media for 39 compounds are presented,
including 30 experimentally determined pK, values in acetonitrile. We present the pK, and
gas phase basicity values for quino[7,8-4]quinoline, which is one of the most basic conjugated
nitrogen heterocyclic compounds without basicity-enhancing substituents. The basicity trends
are rationalized by comparing basicity data of related compounds in different solvents, as well
as by using isodesmic reactions. The gas-phase basicity is predominantly determined by the
ability of a molecule to disperse the excess positive charge over a large number of atoms. In
solution the situation is less clear and smaller systems with localized charge often lead to
higher basicities because of solvent effects. In particular, it was found that fusion of an
additional benzene ring does not always lead to basicity increase in solution: its effect can be
either basicity-increasing or decreasing, depending on the ring size, number and position of
nitrogen atoms and medium. Correlation between measured pK, values in MeCN and in water
suggests that these two different solvents exert similar effect on the basicity of the studied

heterocycles.
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Introduction
Conjugated heterocyclic compounds containing one or more nitrogen atoms in the ring(s) are

very common in nature, research and technology. Many such compounds have a strong
bioactive effect and a large part of drugs, poisons, dyes, pesticides and narcotics contain
heterocycles in their structure.'! They are also widely used in organic synthesis as reactants,
catalysts or solvents.

Almost all N-heterocycles are basic compounds and often the basicity is essential to the
properties of these compounds, as it, for example, determines their ability to take part in
hydrogen bonding interactions.'”! In the case of drugs, the basicity is important because the
absorption of drugs is dependent on the their basicity.”! Also, in organic synthesis it is
beneficial to know the basicity of a compound to determine whether or not the compound is
protonated, thus correctly establish its protonation state.

The basicity of heterocyclic compounds in water has been extensively studied and, therefore,
aqueous pK, values of many different types of heterocycles are available.*'®! In non-aqueous
media the situation is the opposite. Besides the scarcity of basicity data for N-heterocycles in
non-aqueous solvents, the pK, values obtained by different groups are sometimes
inconsistent.'”! Although basicity and acidity values have been reported for different dipolar
aprotic solvents, the data are often incomparable because of the different methods and
conditions used for basicity determinations.!"! The previously established self-consistent
basicity scale in acetonitrile!'”! makes it possible to determine accurate pK, values for the N-
heterocyclic compounds studied in this paper. In addition to acetonitrile, basicity values in
tetrahydrofuran''), 1,2-dichloroethane®” and the gas phase!*' have been previously published
by our group.

It appears that in the gas phase the experimental basicity data of heterocyclic compounds is
also limited. Only for 55% of the compounds included in this work the respective gas phase
basicity (GB) values, determined as the deprotonation free energies, were available in the
NIST Chemistry WebBook database.”*

The aim of the present work was to experimentally determine the pK, values of different N-
heterocyclic compounds® (Figure 1) in a polar aprotic solvent acetonitrile (MeCN) and
compare them with available pK, values in water and the gas-phase basicities (GB). Using the
pK. and GB values it is possible to elucidate the relations between the basicity of the
investigated compounds, their structure and solvent effects. MeCN (g, = 35.94)1*! and H,O

(¢, = 78.36)*) are both polar solvents, but their properties are different. Most importantly, one



is aprotic and the other is protic solvent, which leads to different extent of solvent effects on
the basicity of the investigated compounds. In contrast, the gas phase (¢, = 1) is the least polar
medium and does not induce any solvent or counterion effects on the corresponding intrinsic
basicity.

According to the Bronsted-Lowry theory, the basicity of a base B; in a solvent S can be

defined by the following equation, where B{H" is the conjugate acid of base B;:

BH + S ———— B +SH (1)
The basicity of a base B, is expressed as the negative logarithm of the dissociation constant of
the conjugate base B{H", which is also known as the pK, value:

a(SH")-a(B))

K =-log(K )=-lo
pK, g(kK,) g 2(BH")

)

In this paper the previously developed spectrophotometric titration method for relative
basicity measurements was used.’® Use of this approach eliminates the necessity of
measuring the activity of the solvated proton, a(SH"), which is associated with difficulties in a
non-aqueous media. Therefore the equilibrium between the two bases, B and B,, was studied

here:

BH + B, ———— BH + B (3)
The difference in the basicities, or the relative basicity between the bases B; and B,, can,
therefore, be expressed as the ApK, value:

a(BzH+) -a(B))
a(B,H")-a(B,)

ApK, =pK, (B,H") -pK,(B,H") = log 4
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Figure 1. Structures of the heterocyclic compounds for which pK, values were evaluated. The favoured
protonation sites according to G4MP2 gas phase calculations are highlighted in blue. It was not possible to

reliably identify the protonation centre of quinazoline with these calculations. See the SI for protonated forms of

uracil and thymine.



Results

The basicities of 30 conjugated N-heterocyclic bases (Figure 1), belonging to the families of
pyridines, diazines, different S-member heterocycles and others have been measured in MeCN
solution and each reported as a result of at least two ApK, measurements against different
reference bases. The ApK, measurement results together with the assigned absolute pK, values
are presented in Table 1. In addition, the pK, values in water and GB values have either been
found from the literature or have been computed here. Scheme 1 presents the relationships
between the basicities of these compounds in different media. To add to the understanding of
the solvent effects, solvation energies of the studied compounds in water and MeCN have
been computed using SMD and COSMO-RS methods. The GB values of the following
compounds were additionally computed for comparison: 7,8-benzoisoquinoline 223.2 kcal
mol'l, 1,5-diazaphenanthrene 218.6 kcal mol'l, 4,6-diazaphenanthrene 219.7 kcal mol'l,
cinnoline 217.4 kcal mol”, quino[3,4-c]quinoline 220.2 kcal mol”, quino[7,8-c]isoquinoline
224.5 kcal mol™, 2-NO,-pyridine 200.4 kcal mol”, 3-NO,-pyridine 201.0 kcal mol™, 4-NO,-
pyridine 201.5 kcal mol”. Obtaining estimates of the pK, values in water or MeCN of
quinazoline, cinnoline, nitropyridines and quino[7,8-4]quinoline is detailed below.

In order to discuss structural effects on basicity, the standard free energy changes were
calculated for a number of isodesmic reactions, and are presented in Table 2.

The absolute pK, values in MeCN were found similarly to previous papers””® by minimizing

the sum of squares of the experimentally measured ApK, values and the assigned pK, values:
n, ; . N )
58 =3 {awk; - K, (HB3) - pK, (HB)) ] )
i=1

ApK! is the measured difference between the pK, values of the conjugate acids of the bases

B; and B;. pk, (HB;) and pK, (HBI*) are the absolute pK, values for the conjugate acids

found by the least squares procedure. The reliability and consistency of the results can be

evaluated by using the consistency standard deviation, which is defined by eq 6:

. | SS (©6)
n, —n,

During this work a total number of measurements 7, = 86 was done to determine the pK,

values for n, = 30 compounds, hence the consistency parameter s = 0.04, indicating good

consistency of the data.



Table 1. Experimental basicities in MeCN, H,O, gas phase, and calculated GB values. Bases measured in this

work are given in bold. The rest are reference bases.

Base ApKa pKa(MeCN)* PK.(H,0) GB(exp)’ GB(calc)®
1 2-CkCgH,Py(pyrr) r 20.17
2 Quino[7,8-h]quinoline 7‘7: T 19.61 12.0° - 2441
3 2,5-Cl,-CgHsP4(pyrr) L 18.52
4 4-NOy-CeHyP4(pyrr) | 18.51
5 2,3-(NHy),-Pyridine 15.24
6 Imidazole T ] 15.05 6.95° 2173 218.1
7 2,4-(NO,),-CsHsP4 (pyrr) 25— 14.88
8 2,6-(NHy),-Pyridine . 14.77
9 2,6-Cly-4-NO,-CoHyP; (pyrr) I 14.43
10 2,6-(CHy),-Pyridine T 14.13
11 2,6-NO,-CgH3P4(pyrr) ST 14.12
12 Phenanthroline A} 13.68 5.12° >217 230.9
13 Benzimidazole o L 1352 556° 2200  219.8
14 2-CH;-Pyridine n!“ ! T 13.32
15 Isoquinoline —'fL"m—n's. '[ 12.69 5.46" 219.9 2204
16 Acridine N 089 12.67 5.62" 2248 2258
17 Pyridine 1 1 12.53 523" 2147 2147
18 Thiabendazole —0.25, g o i 12.42 4464: - 223.8
19 2,2"-Bipyridine S o3 12.26 4.54 2231 2250
20 Carbendazim P ]. 12.24 4.53' - 221.9
21 Quinoline s o 11.96 4‘93:| 2202 219.8
22 5,6-Benzoquinoline " e 11.96 5.15 - 222.6
23 4-CH;0-Aniline . 11.86
24 2.CH,Quinoline-8-amine o o4 11.54
25  Phthalazine —u}_:n' o 11.55 3.47' - 219.5
26 N,N-Me,-Aniline i 74 11.43
27 2,2’-Biquinoline T 11.28 3.66" - 230.0
28  7,8-Benzoquinoline —0.85 10.84 425" - 221.3
29  Aniline Lolﬁ pow 10.62
30 Cinnoline ; 10.5° 229 2162 2174
31 2-CHy-Aniline . [ 1 10.50
32 Pyridazine :: 10.07 2.33' 2096 2105
33 2-CH;O-Pyridine 9.93
34 1-Naphtylamine 9.77
35  3-Cl-Pyridine -ol-v DL T 9.55
36 4-Br-Aniline () T 9.43
37 Quinazoline l l l = 9.19 1.95' - 212.3
38  Pyrazole T 1 9.1 248" 2057  206.0
39  Pyrimidine -0 8.72 1.3' 2045  204.6
40 2,4-F,-Aniline I 8.39
41 4-CFy-Aniine ) 8.03
42 1,2,3-Triazole —ul. GLO T 7.9 1170 2025  202.4
43 2-Cl-Aniline S I 7.86 f
44 Pyrazine A 0 86 0.42—0.22 7.74 0.6 202.4 202.0
45 4-F-3-NO,-Aniline 2 7.67
46 2,6-(CH,0),-Pyridine ! I . 7 o 7.64
47 Indazole —Uilnl- ki e 1[‘ 7.61 1.25 207.7 2083
48  Caffeine . 7 7.51 0.60 - 210.0
49  Quinoxaline T l nl-- 1 i o 7.40 0.56" 2088  208.9
50 Benzotriazole —o0s8 6.88 0.42' - 210.2
51 2-Cl-Pyridine % QL l [ 6.79
52 N,N-Ph,-N-CH;-Amine —044—F & 6.52
53  4-NO,-Imidazole | ] il 6.34 -0.16" N 201.6
54 4-NO,-Aniine o 6.22
55  2,5-Cl,-Aniline _J s 6.21
56 2-NO,-Imidazole ! 5.54 -0.81° - 200.4
57 2,6-Cly-Aniline & 5.06
58 5-NO,-Indazole Ulin 4.91 -0.96° - 197.8
59  6-NO,-Indazole -0.13 ! v 4.88 -0.97° - 197.7
60 2-NO,-Aniine | e e T 4.80
61 4-Cl-2-NO,-Aniline | l 3.80
62 2-Cl-4-NO2-Aniline poven 3.66
63  Uracil ?5701 T 3.38 ~0.5° 201.2 200.2
64 Thymine ' 1 2.70 ~0° 2032  203.1
65 2,3,4,5,6-Cls-Aniline bad l 235

“ pK, values measured in this work are bold and the rest are reference bases.!'”?” * Reference [22]. © GB or pK,

values calculated in this work. ¢ Reference [4]. ¢ Reference [5].” Reference [6]. € Reference [7]. " Reference [8]. '



Reference [16]. / Reference [9]. ¥ Reference [10]. ' Reference [11]. ™ Reference [12]. " Reference [13]. °
Reference [28]. 7 Reference [14]. ¢ Reference [15].

Table 2. Isodesmic reaction data. Every reaction was calculated both with neutral molecules (B) and with

protonated forms (BH").

Isodesmic reaction AG(B) AG(BHY)
[keal mol™'] | [keal mol™]
Pyridine + Naphthalene — Quinoline + Benzene -0.9 -6.0
Pyridine + Naphthalene — Isoquinoline + Benzene 0.1 -5.6
Quinoline + Naphthalene — Acridine + Benzene 2.7 -3.3
Pyrazine + Benzene — 2 Pyridine -1.9 -14.6
Pyridazine + Benzene — 2 Pyridine -19.6 -23.7
Pyrimidine + Benzene — 2 Pyridine 2.3 -7.8
Quinoxaline + Naphthalene — 2 Quinoline -1.9 -12.8
Phthalazine + Naphthalene — 2 Isoquinoline -18.2 -19.0
Cinnoline + Naphthalene — Isoquinoline + Quinoline -20.6 -23.6
Quinazoline + Naphthalene — 2 Quinoline 1.5 -6.1
7,8-Benzoquinoline — Acridine 6.1 1.5
7,8-Benzoquinoline — 5,6-Benzoquinoline 1.3 0.0
7,8-Benzoquinoline — 7,8-Benzoisoquinoline 2.4 0.5
Quinoline — Isoquinoline 1.0 0.4
Imidazole + Naphthalene — Benzimidazole + Benzene -2.4 -4.2
Pyrazole + Naphthalene — Indazole + Benzene 1.5 -0.8
1,2,3-Triazole + Naphthalene — Benzotriazole + 5.4 2.4
Benzene
Pyrazole — Imidazole -10.9 -23.0
Indazole — Benzimidazole -14.8 -26.4
Quino[7,8-k]quinoline + Naphthalene — 2 7,8- -11.3 11.6
Benzoquinoline
Phenanthroline + Benzene — 2 Quinoline -1.2 9.8
Phenanthroline + Benzene — 2 Isoquinoline 0.7 11.2
Quino|7,8-k]quinoline —Quino[3.,4-c]quinoline -2.7 21.3
Quino[7,8-h]quinoline —Quino[7,8-c]isoquinoline -6.6 13.1
2,2’ -Bipyridine(anti) — 2,2’ -Bipyridine(syn) 5.5 -6.7
2,2’-Biquinoline(anti) — 2,2’-Biquinoline(syn) 5.9 -5.9
1,5-Diazaphenanthrene — Phenanthroline 5.0 -7.3
4,6-Diazaphenanthrene — Phenanthroline 2.9 -8.3




Scheme 1. Relationships between the basicities of some of the studied compounds in different media.”
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solution data) and the GB value in kcal mol™ is in parentheses. Colors by derivatives: pyridine — black, diazines

— blue, imidazole — red, other 5-member rings — green, large molecules forming IMHB — orange.



Quinazoline. The commonly cited, directly measurable experimental value for the aqueous
pK. of quinazoline (pK, = 3.51') actually corresponds to a more complex equilibrium,
involving covalent hydration of quinazoline.*” A correct experimentally measured aqueous
pK. corresponding to the pK, definition (eq 1) is 1.95.1' This value is in good agreement with
our calculated pK, values 1.7...1.9 (depending on the method).

Cinnoline. Because cinnoline was not commercially available its pK, value in MeCN was not
experimentally determined. The value has been calculated using the COSMO-RS approach
and empirically corrected. The resultant pK,(MeCN) value is 10.5 = 0.3.

Nitro-substituted pyridines. The basicities of 2-, 3-, and 4-nitropyridine have been obtained
using the correlation between the pK, data in water and MeCN and/or empirically corrected
COSMO-RS calculations. Accordingly, the pK,(MeCN) values for 2-, 3- and 4-nitropyridine
are 3.8 + 0.4, 7.14 £ 0.13, and 7.85 + 0.13, respectively. The aqueous pK, of 2-nitropyridine
has been estimated as -2.5 £+ 0.5.

Quino[7,8-h]quinoline. The aqueous pK, value of quino[7,8-A]quinoline (QQ) was
impossible to obtain experimentally due to the extremely low solubility of this compound in
water. The value has been estimated in two ways: using the relationships between
experimental pK, data in acetonitrile and water, and with the aid of empirically corrected
COSMO-RS calculations. The results are summarized below. Please see the Supporting
Information for more details.

Using a simple linear correlation between the pK, values in water and MeCN (as depicted in
Figure 3) for prediction is not expected to give accurate results in the case of QQ. On one
hand, unlike other molecules studied in this work, QQ chelates the proton and effectively
prevents its interaction with surrounding media (phenanthroline, which may also be
considered chelating, does not hinder the proton-solvent interaction to the same extent as
QQ). On the other hand, QQ is by far the most basic heterocycle studied in this work,
meaning that it will be a far-away point in the correlation analysis, thereby additionally
decreasing the reliability of prediction. Amongst the bases with available accurate pK, values
in both water and MeCN, 1,8-bis(dimethylamino)naphthalene (DMAN) is the most similar to
QQ in the context of this discussion. Firstly, it is a very strong base (pK.(MeCN)=18.62!"")
and pK,(water)=12.10%); secondly, because of extensive charge delocalization and steric
shielding of the protonation centre the cation of DMAN, similarly to protonated QQ, lacks the
hotspots of localized excess charge (see Figure S2 in the SI). Such effective chelation

enhances the intrinsic basicity of a base, but significantly decreases solvent stabilization of its
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cation, as it was recently demonstrated for some pyridine-supported bicyclic guanidines.*")

This basicity-decreasing effect is probably more pronounced in media with strong hydrogen-
bond-acceptor properties (MeCN) rather than amphiprotic solvents (H,O). On the other hand,
as the protonation centres of rigid chelating bases are less accessible to solvent molecules,
compared to non-chelating molecules, the solvent stabilization of their neutral forms is also
weaker. Such basicity-promoting effect is more significant in hydrogen-bond-donating
solvents. Supplementing the correlation in Figure 3 with several strong bases, including
DMAN, supports the above arguments. Although the linear range extends to high pK, regions,
DMAN, the most effective chelating base in the set, stands out with lower difference of
pK.(MeCN) and pK,(water) than most other bases. Assuming the ApK,(MeCN-water) of QQ
is similar to that of DMAN (6.5 units), the aqueous pK, of QQ is expected to be at around
13.1. Comparisons between other chelating and non-chelating strong bases also suggest that
the pKa(water) of QQ is around 13.

COSMO-RS calculations were carried out using the cluster-continuum approach: one water
molecule was explicitly added to every neutral and protonated base. The set of 16 bases
relatively similar to QQ was used to verify and correct the computational pK, values. The
COSMO-RS results were found to correlate well with the experimental data, and the
empirical correction equation was obtained. The chelating and non-chelating bases were
described well by the same regression equation. The empirically corrected calculated pK, of
QQ is 10.3 with standard uncertainty 0.7.

Taking into account both estimates and considering the somewhat more reliable comparison
approach described above, the recommended aqueous pK, value of QQ is thus 12.0 + 1.5.
Comparison of spectrophotometric and differential potentiometric methods. In order to
validate the used spectrophotometric pK, measurement method and the recently developed
differential potentiometric method for comparison of absolute pH wvalues in different
solutions, the ApK, values of 5 base pairs were measured using differential potentiometry.
Table 3 presents the results. The root mean square (RMS) difference reveals good agreement
between the methods, demonstrating the mutual consistency of these methods based on
fundamentally different principles. This can be regarded as evidence of validity of both

methods.
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Table 3. Comparison of the results of spectrophotometric and potentiometric measurements.

ApK,* ApK,* .
Base 1 Base 2 (spectroplljlotometric) (potengometric) Difference
Quinoline Isoquinoline 0.73 0.70 0.03
Quinazoline Isoquinoline 3.50 3.56 -0.06
Quinazoline 5,6-benzoquinoline 2.77 2.85 -0.08
5,6-benzoquinoline | Acridine 0.71 0.72 -0.01
Quinoline Acridine 0.71 0.82 -0.11
RMS
difference: 0.09

“ ApK, = pK,(Base 2) - pK,(Base 1). With potentiometry the ApK, was measured by directly
comparing the solutions of the bases. With spectrophotometry the ApK, was calculated as differences

of the pK, values of the bases from Table 1.

Discussion

In the following discussion, the various structural effects on the basicity, elucidated from the
available data, are addressed. The compounds presented in this paper can be divided into
subfamilies based on the structural features. The studied derivatives of six-membered
heterocycles can be further divided into pyridines, diazines, and compounds containing
several pyridine rings. In case of five-membered heterocycles, derivatives of imidazole,
pyrazole and 1,2,3-triazole were studied in this work. The basicities of the heterocycles inside
these groups can be compared in different media because of the structural similarities.

As a generalization, it can be said that the main factors determining the basicity trends in the
gas phase are the ability of delocalizing the cationic charge across as large a m—system as
possible, and the differences between steric effects operating in the neutral and cationic forms
of the compound. The same factors operate in solution (with the large n—system now being
somewhat less important) and in addition, solvation phenomena (first of all possible steric

hindrance to solvation) are important.

Effect of hydrogen in peri position

The collected data show that a hydrogen atom in peri position with respect to the protonation
centre (e.g. hydrogen in position 8 in the case of quinoline, see Figure 1) has a weak
stabilizing interaction with the lone pair of the nitrogen in the neutral form of the respective
heterocycle and causes steric hindrance to the solvation of its protonated form, thus having a

basicity-decreasing effect. However, the peri effect on basicity may be overshadowed by
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other factors, e.g. improvement in the charge delocalization capability by the same structural
fragment that causes peri effect, therefore a fine interplay of these two opposing effects
determines the basicity trends in a family of related systems.

As an example, the pyridine derivatives quinoline and isoquinoline both have by more than 5
kcal mol™ higher basicity than pyridine in the gas phase, because of the larger size of the
molecular framework into which the cation charge is delocalized."* However, in both studied
solvents the basicity order is isoquinoline > pyridine > quinoline, despite the very similar
structures of the two benzo-derivatives. It has been previously reported that this kind of
difference in basicity comes from the peri steric effect.”” Peri effect is present in quinoline,
making it somewhat less basic than pyridine. However, this effect is absent in isoquinoline,
which is 0.17 pK, units more basic than pyridine in MeCN and 0.23 units in water. Without
the peri effect the main factor accounting for the higher basicity is the additional aromatic ring
stabilizing the protonated isoquinoline cation through the more extensive delocalization of the
positive charge. As in solution, isoquinoline is more basic than quinoline in the gas phase, by
0.6 kcal mol”. Comparison of quinoline and isoquinoline using the isodesmic reactions
approach (eq 7 and Table 2) reveals that the lower GB of quinoline is caused, first of all, by
the stronger stabilization of the non-protonated quinoline molecule, thereby supporting the

above mentioned interpretation of peri effect.

Co—00 O —C, g

|
H

Accordingly, the peri steric effect is also present in acridine, and to a greater extent.
Nevertheless, the stabilization of protonated acridine through extensive charge delocalization
by three aromatic rings overcomes this effect in all three media. Acridine beats isoquinoline
by 5.4 kcal mol™ in the gas phase and has about the same basicity in MeCN (but is ca 0.7 pK,
units stronger base than quinoline in MeCN). In H,O, the pK, value for acridine is by 0.16
units higher than for isoquinoline, meaning that either the stronger stabilizing effect of the
additional aromatic ring for the acridinium cation predominates or, alternatively, the
stabilization of neutral acridine by hydrogen bond interactions from H,O is weaker.

When comparing acridine to its isomer 7,8-benzoquinoline it appears that the latter is a
weaker base by 4.6 kcal mol™ in the gas phase, by 1.82 pK, units in MeCN and 1.37 units in
water. This may be caused by the joint effect of stabilization of the neutral base by the H atom

in position 10, likely steric hindrance to protonation by the same H atom, and also by the
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dramatic hindrance to cation solvation caused by adding the third ring. The additional charge
delocalization ability of the third ring is weak because it is far from the basicity centre.

Analysis of isodesmic reactions vs. different isomers of 7,8-benzoquinoline (eq 8 to 10)
reveals the additional stabilization of the neutral 7,8-benzoquinoline compared to its isomers
between 1 and 6 kcal mol” (the highest vs acridine) while the protonated 7,8-benzoquinoline
is also more stable (by 1.5 kcal mol™) than protonated acridine and is of similar stability with
the remaining two compounds. This demonstrates that stabilization of the neutral base by
interaction of the nitrogen lone pair with H atom in position 10 is an important factor but

steric hindrance to protonation is not, or is overshadowed by some other electronic effects.

H
N

+
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Effect of intramolecular hydrogen bond in protonated bases

Phenanthroline, quino[7,8-A]quinoline (QQ), 2,2’-bipyridine and 2,2’-biquinoline are all
compounds that can form chelating complexes with different metal ions due to two suitably
positioned N atoms in their structure.**>% The chelating ability of these molecules allows
them to form intramolecular hydrogen bonds (IMHB) in their protonated forms. One
indication for IMHB is the elongation of the NH bond in the protonated base. The NH bond
lengths (in the gas phase) in the protonated forms of phenanthroline, QQ, 2,2 -bipyridine and
2,2’-biquinoline are 1.023, 1.058, 1.029 and 1.026 A, respectively, as opposed to 1.014-1.015
A in pyridine, quinoline and isoquinoline. Our data also confirms that the IMHB increases the
gas phase basicity of these compounds compared to their counterparts without this kind of
stabilizing bond.

2,2'-Bipyridine and 2,2'-biquinoline in their neutral forms predominantly assume anti
conformations in the gas phase (as seen in Figure 1). According to the calculations, upon
protonation both molecules rotate around the central C-C bond to allow the formation of the
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N-H:---N hydrogen bond. Comparison of such hydrogen-bonded cations with the protonated
forms still in "anti" conformations (see also Table 2) shows a 6.7 kcal mol™ effect of IMHB
formation for 2,2 -bipyridine and a 5.9 kcal mol™ for 2,2 -biquinoline, which makes them by
10.3 and 10.2 kcal mol™ more basic in the gas phase than pyridine and quinoline, respectively.
However, in solvents the pK, order of 2,2’-bipyridine and 2,2’-biquinoline is reversed
compared to the gas phase and these bases are less basic than pyridine and quinoline,
respectively. Apparently the electron-withdrawing effect of the quinolinyl and pyridyl groups
is stronger than the stabilizing effect of the IMHBs, which in MeCN and water are rather
weak because of efficient competition from solvent molecules.

Thiabendazole and carbendazim have GB values similar to 2,2'-bipyridine and IMHB is
expected in the protonated forms. Both protonated structures have two structurally very
similar NH bonds differing only by the presence of an IMHB. The lengths of the NH bonds in
thiabendazole are 1.008 A and 1.012 A and in carbendazim 1.009 A and 1.016 A. The
difference in length indicates that IMHB in the protonated forms plays a role in their basicity.
However, the energetic contribution cannot be obtained as due to the symmetrical structure of
the protonated benzimidazole moiety, it is not possible to envisage a realistic conformer
without IMHB.

Quino[7,8-h]quinoline and phenanthroline are the most basic of all the heterocycles studied
in this work in the gas phase, with GB values of 244.1 kcal mol” and 230.9 kcal mol™,
respectively. The very high basicity of these compounds (especially quino[7,8-4]quinoline) is
caused by the extensive delocalization of the positive charge of the protonated species into the
aromatic rings and also by the formation of stabilizing IMHBs.

In the protonated forms of these compounds there are no possibilities to remove the IMHB
with simple rotations around a chemical bond, so two different approaches to estimate its
effect were used: firstly, the GB values for IMHB-incapable isomers were calculated for

comparison (Figure 2) and secondly, isodesmic reactions 11 and 12 were used.

N

/N 7 N\ OO \I/
= N__ NI/ N |/
N= N N

1,5-diazaphenanthrene 4,6-diazaphenanthrene Quino[3,4-c]quinoline Quino[7,8-clisoquinoline

Figure 2. Molecules used in calculations of the effects of IMHBs. The favoured protonation sites according to
G4MP2 gas phase calculations are highlighted in blue.

For phenanthroline, we selected 1,5-diazaphenanthrene and 4,6-diazaphenanthrene for

comparison. In both isomers the nitrogen atoms are separated from each other by three
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chemical bonds as in phenanthroline. The aim was to keep all basicity-determining factors,
except IMHB, as similar to phenanthroline as possible. The only effect that cannot be avoided
this way is the effect of repulsion from the peri hydrogen in the protonated forms of the
isomers, but this effect is small as was explained above. Comparison of GB values of these
isomers indicates that the joint basicity-increasing effect of lone pair repulsion in the neutral
and IMHB in the protonated form on the GB value of phenanthroline is 11.2 to 12.3
kcal mol™ (found as GB differences between phenanthroline and the two isomers). Of this 7.3

to 8.3 kcal mol™ is the GB increasing effect of IMHB (see Table 2).
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Another possibility of estimating the energetic effect of IMHB on the GB of phenanthroline is
to consider the AG values of isodesmic reactions 11 and 12 with cationic forms. Besides the
IMHB energy, these reaction AG values include a repulsion contribution from the peri
hydrogen (which is a small effect), and a contribution attributed to charge compression on
going from a three-ring cation to a two-ring cation, which on the analogy with acridine (see
below) can be estimated as ca 3 kcal mol™. The overall effect of IMHB estimated this way is
7-8 kcal mol”, which is in excellent agreement with the previous approach.

In liquid phase, however, the effect of IMHB in rigid heterocycles is not straightforward. On
one hand IMHB increases the intrinsic basicity. On the other hand, it reduces the solvent
stabilization of the cation by obstructing the interaction of the added proton and the acceptor
atom with solvent molecules. In both H;O and MeCN phenanthroline has a much lower pK,
values than would be expected from its GB value: 5.12 and 13.7, respectively. This means
that phenanthroline has by about one pK, unit higher basicity than pyridine in MeCN and is
slightly less basic than pyridine in H>O. Solvation energies for both molecules and their
protonated forms in H;O and MeCN can be used to interpret these results. Compared to
pyridine, the solvation energy of neutral phenanthroline is by 6.2 - 8.3 kcal mol™ (depending
on computational approach, see the SI) more negative in H,O and 7.6 - 8.0 kcal mol™ more
negative in MeCN. The solvation energy of the protonated phenanthroline is by about 9.7 -
11.5 kcal mol™ and 7.7 - 9.0 kcal mol™ /ess negative in H,O and MeCN, respectively, when
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compared to protonated pyridine. According to these energy differences the basicity of
pyridine hugely benefits from solvation compared to phenanthroline both in neutral and in
cationic form, so the high intrinsic basicity of phenanthroline is reduced to the vicinity of
pyridine both in HO and MeCN.

To quantify the intramolecular hydrogen bond effect in quino[7,8-4]quinoline the GB values
for its isomers quino[3,4-c]quinoline (220.2 kcal mol™) and quino[7,8-c]isoquinoline (224.5
kcal mol™) were calculated. The nitrogen atoms are separated by four chemical bonds in these
isomers as in quino[7,8-k]quinoline. Our results demonstrate that the net GB increasing effect
of IMHB in protonated quino[7,8-4]quinoline and the lone pair repulsion in the neutral form
is around 20 - 24 kcal mol™. Of this 13 to 21 kcal mol™ is due to IMHB. These effects are
much larger than in case of the previously mentioned compounds and are in good agreement

with the above mentioned highest elongation of the NH bond in the protonated base.

+_>2 +_’*(13>

The energetic effect of the IMHB estimated from the AG value of the isodesmic reaction 13
amounts to 11.6 kcal mol™. Out of the three estimates of IMHB energy the highest one,
obtained with quino[3,4-c]quinoline, is artificially increased by the repulsion of the facing
hydrogen atoms in the 5 and 5' positions. Thus, we estimate the energetic effect of IMHB in
quino[7,8-4]quinoline as 12 kcal mol™.

Similarily to the gas phase, quino[7,8-/]quinoline has also remarkably high pK, values in H,O
and MeCN — 12.0 and 19.61, respectively. The solvation energy of neutral quino[7,8-
h]quinoline is by 5.6 — 6.7 kcal mol™ more negative in H,O and 9.0 - 10.0 kcal mol” more
negative in MeCN compared to pyridine. The protonated quino[7,8-/#]quinoline has by 15.1—
17.2 kecal mol™ less negative solvation energy in H,O and by 10.6 - 13.0 less negative
solvation energy in MeCN. The solvation energies show that, similarly to phenanthroline,
pyridine hugely benefits from solvation compared to quino[7,8-k]quinoline. Also, the
protonation site of quino[7,8-/]quinoline is much more sterically shielded than
phenanthroline's protonation site, so the solvent molecules are almost unable to form any
hydrogen bonds with it. However, since the intrinsic basicity of quino[7,8-4]quinoline is so

high, in solution it still beats pyridine by a wide margin.
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The effect of the ring size (5- vs 6-membered rings)

S5-member aromatic heterocycles have a higher overall electron density compared to 6-
member aromatic heterocycles: both have 6 m-electrons, but the ring size of 5-member
heterocycles is smaller. In part for this reason, out of all the molecules studied, the 5-
membered imidazole is the most basic single-ring heterocycle in the gas phase, beating all of
the studied six-member heterocycles without fused aromatic rings. Additionally, this is likely
due to the fact that neutral imidazole is more strained than the 6-member-rings. I.e. the initial
base is destabilized, while some of the strain is relieved upon the protonation. Both effects
contribute to the basicity enhancement producing a symmetrical imidazolium cation. These
effects are also operational in pyrazole, where, however, the conjugate acid is destabilized
through steric interactions as it suffers from the close vicinity of the two N-H fragments. This
becomes the dominant effect, which is absent in the analogous 6-membered pyridazine, thus
making the latter 4.5 kcal mol™' more basic in the gas phase. The same trend in the gas phase
is maintained upon fusing an additional benzene ring to these monocycles: benzimidazole is
more basic than quinazoline, while 5-membered indazole is still less basic than both 6-
membered phthalazine and cinnoline. It is also worth reiterating that the basicity of both
quinazoline and cinnoline is further reduced because of the peri effect, which, for example,
makes cinnoline 2.1 kcal mol™ less basic than the analogous phthalazine. Interestingly, the
same basicity order is also observed in both solution phases. Imidazole is a stronger base than
pyrimidine in both MeCN and water, the same holds for their benzo-derivatives
benzimidazole and quinazoline. Analogously, 5-membered pyrazole and indazole are less
potent bases than pyridazine and phthalazine/cinnoline in solution phases. As a general
conclusion we could say that 5-membered heterocycles involving two nitrogen atoms are
more basic than the analogous 6-membered systems in all studied phases, because in 5-
membered heterocycles the second nitrogen atom increases the electron density in the ring by
donating two electrons to the ring (for making up the aromatic sextet) thereby increasing
basicity, while in 6-membered ring the second nitrogen atom acts essentially as an electron-
withdrawing group, thereby reducing the basicity. On the other hand, if the two nitrogen
atoms are located next to each other, the latter effect is outperformed by the steric hindrance
of the two N—H fragments in the 5-membered systems, thus making them less basic than their

6-membered counterparts, where this effect is absent.
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Fusion of benzene ring to a single-ring heterocycle

The effect of fusion of an additional aromatic ring to a single-ring heterocycles is two-fold.
On one hand, it increases the volume for distributing the positive charge in the cation, which
usually results in promoting the gas-phase basicity, while reducing the solution phase basicity
constants. On the other hand, the fused benzene ring may act as electron-withdrawing or
electron-donating group, depending on the relative overall electronegativities of the initial
heterocycle and the fusion position of the added ring. Another possible effect is the peri effect
that was described above.

Specifically the effect of distributing the positive charge into a larger volume by fusing one
additional benzene ring to the structure can be seen from the isodesmic reactions 14 (and its
analogue with isoquinoline), 15 and 16. The stabilizing effect amounts to 6.0 kcal mol™ in the
case of pyridine — quinoline, 5.6 kcal mol™ in the case of pyridine — isoquinoline and 3.3

1. . . .-
kcal mol™ in the case of quinoline — acridine.
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Comparing pyridine with its benzene ring fused derivatives quinoline and isoquinoline shows
that in the gas phase the benzo-derivatives are by 5.1 and 5.7 kcal mol™" more basic. In both
solvents, however, the effect of improved charge delocalization is overshadowed by other
factors (e.g steric hindrance to cation solvation caused by peri effect), so the three compounds
demonstrate rather similar pK, values and basicity order isoquinoline > pyridine > quinoline.

Similar situation is observed in the case of 6-membered diazines, where the addition of
benzene ring leads to uniform basicity increase in the gas phase: benzodiazines are more basic
than corresponding diazines by 7-9 kcal mol”. Phthalazine and quinazoline are more basic
than the corresponding diazines also in solution (by 1.5 and 0.5 pK, units in MeCN and 1.1
and 0.7 units in water, respectively). As expected, the difference in the gas phase is larger,

because in the absence of solvation the effect of additional charge delocalization possibility is
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decisive. However, in the pyrazine-quinoxaline pair the benzo-derivative is slightly less basic
(by 0.38 pK, units) than the single-ring compound in MeCN and has similar basicity in H,O
(difference 0.04 units). The differences in relative computational solvation energies are not
large enough to undoubtedly elucidate the cause of these trends.

Fusion of 5-membered heterocycles with benzene, in addition to improving charge
delocalization in the protonated base, also leads to an overall decrease of electron density in
the 5-member ring (incl. at the protonation centre) of the neutral base, which has a basicity-
decreasing effect. Isodesmic reaction 15 shows that both the neutral and protonated
benzimidazole is more stable than imidazole. In the gas phase, benzimidazole is more basic
than imidazole, but only by 1.7 kcal mol™". The basicity increase is small because of the stable
neutral form of benzimidazole. An analogous isodesmic reaction can also be calculated for the
pair pyrazole — indazole (see Table 2). Fusing an aromatic ring to pyrazole also increases its
GB value moderately, by 2.3 kcal mol”. The slightly bigger basicity increase compared to
imidazole-benzimidazole pair comes from the less stable neutral in the case of indazole.
However, in both studied solvents imidazole is by around 1.3-1.5 pK, units more basic than
benzimidazole. Besides the electron distribution, an additional reason for a decrease in the
basicity of benzimidazole is solvation: the difference in the solvation energy between cation
and neutral is -53...-54 kcal mol™ in the case of imidazole and -49 kcal mol™ in the case of
benzimidazole in water. In MeCN the same differences are -53...-55 kcal mol and -48...-51
kcal mol”, respectively. The differences between these energies between imidazole and
benzimidazole are smaller than the threshold that we have defined above. Nevertheless it is
encouraging to see that differences in solvation energies agree very well with the differences
in the pK, values. A similar trend is observed with pyrazole and indazole where the former
one is by 1.2-1.5 pK, units more basic in both studied solvents. The differences in the
solvation energy between the protonated and neutral form of pyrazole and indazole in water
are -58...-60 kcal mol™ and -53..-55 kcal mol™, respectively, while in MeCN these are -58.. .-
59 kcal mol™ and -52...-54 kcal mol™". This is again an effect of dispersing the positive charge
over the larger system in benzo-annulated derivatives, which lowers the effective stabilization
by solvation. In imidazole and pyrazole the excess positive charge is condensed in a smaller
framework, leading to much stronger solvation in polar solvents such as MeCN and H;O.
1,2,3-benzotriazole is by 7.8 kcal mol™ more basic in the gas phase than 1,2,3-triazole, which
is a much higher difference than previously observed with 5-member diazines and
corresponding benzodiazines, being rather similar to 6-member rings. The dominant effect

here is probably the increase of the charge density in the highly-electronegative 5-member
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ring at the expense of the 6-member ring, reversing the situation observed in the imidazole-
benzimidazole pair. An isodesmic reaction analogous to reaction 15 (Table 2) shows that the
basicity increase comes mainly from the less stable neutral form of benzotriazole. The more
stable protonated benzotriazole is also an important factor. The basicity order remains the
same in both solvents: 1,2,3-benzotriazole is by 1.0 pK, units more basic than 1,2,3-triazole in

MeCN and by and 1.47 units in water.

Relative positions of nitrogen atoms in the ring

The analysis of the basicity data shows that the presence of the -N=N- bond in the ring
destabilizes the neutral form due to the close vicinity of two nitrogen lone pair electrons and
increases basicity. A nitrogen atom in either para or meta position to the protonation centre
acts as an electron-withdrawing group and reduces basicity, the para position being more
efficient, because the resonance effect with the protonation centre is not possible with the
meta position. The relative basicity of the various heterocycles depends on the interplay of
these factors.

The order of basicity of the three studied diazines is the same in all 3 media: pyridazine >
pyrimidine > pyrazine. [sodesmic reactions (Table 2) reveal that, in the gas phase, pyridazine
with its weak -N=N- bond is significantly destabilized compared to pyrimidine both in neutral
(22 kcal mol™) and protonated (16 kcal mol™') forms. The difference between the relative
stabilities, amounting to around 6 kcal mol™, is probably caused by the extra destabilization of
the neutral pyridazine by the repulsion between the neighbouring nitrogen lone pairs. Thus,
the lower GB of pyrimidine compared to pyridazine is first of all caused by its more stable
neutral form.

Pyrazine is the least basic of these three diazines. According to the isodesmic reactions, there
is no additional stabilization of the neutral form like in pyrimidine, but the second nitrogen
atom in the para position effectively acts as an electron-withdrawing group with respect to the
protonation centre (similarly as, for example, a nitro group would), hence lowering the
basicity.

The basicity order of the benzodiazines — phthalazine/cinnoline, quinazoline and quinoxaline
— is the same as for the corresponding diazines in all three media, suggesting that the same
basicity-influencing factors are in effect. Of the two benzo-derivatives of pyridazine —
phthalazine and cinnoline — the former is by 2.1 kcal mol™ more basic in the gas phase, by ca
1 pK, unit in MeCN and 1.18 pK, units in water. Although there is a stabilizing peri effect to

the nitrogen lone pair in both neutral and protonated cinnoline, still both forms of phthalazine
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are more stable according to the isodesmic reactions. These isodesmic reactions (eq 17 and eq
18) reveal that in the case of phthalazine the neutral is by 2.4 kcal mol” and the protonated
form is by 4.6 kcal mol™ more stable than in the case of cinnoline. The higher GB thus comes

primarily from the more stable protonated phthalazine.

Isodesmic reactions 19 and 20 confirm that both imidazole and benzimidazole have higher
gas-phase basicities than pyrazole and indazole (by 12.1 kcal mol” and 11.5 kcal mol™,
respectively) because of the more stable protonated forms caused by the efficient cationic
resonance delocalization between the two nitrogen atoms. The overall basicity difference is
somewhat decreased by the increased relative stability of the neutral forms as well, only to a

lower extent.
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Effect of electron-withdrawing substituents

Introduction of electron-withdrawing groups has a general decreasing effect on the basicity of
heterocycles, caused by both resonance and field-inductive effects of substituents. However,
the extent of basicity decrease depends on the position of the substituent relative to the
protonation centre and locations of partial charges in the molecule. It determines how strongly
the substituent can deplete the electron density from the protonation centre in the neutral base
and reduce the stabilization of the excess positive charge in the conjugate acid. It is of interest
to compare the effect of nitro group on the basicity of the most basic 6-membered cycle
(pyridine) and 5-membered cycle (imidazole). The addition of a nitro-group to positions 2 or
4 in imidazole lowers its GB value by 17.7 kcal mol™ and 16.5 kcal mol”, pK,(MeCN) by
9.51 and 8.70 units, and pK,(H,O) by 7.76 and 7.11 units, respectively, which is very
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significant. Although in the imidazole cation the excess charge is delocalized across the ring,
there is still a significant positive charge on the H atoms of the two -NH- groups. The nitro
group, when inserted in position 2, is nearer to the positively charged centres than when it is
in position 4, so it has a stronger decreasing effect on the basicity in the former case.

In case of pyridine the nitro group lowers the GB value very similarly in all positions: by
14.3, 13.7 and 13.2 kcal mol™ in positions 2, 3 and 4, respectively. The effect is notably
smaller than in case of imidazole. In MeCN, the nitro group in position 3 or 4 lowers the
basicity by 5.4 and 4.7 pK, units, respectively, while in position 2 the effect is -8.8 pK, units,
being similar to that in imidazole. In H,O the nitro group in positions 2, 3 and 4 decreases the
basicity of pyridine by 7.7, 4.4 and 3.8 pK, units, respectively. It must be noted that the
quantitative basicity differences are somewhat less reliable in case of pyridines compared to
imidazoles, since the literature pK, values of pyridines were inconsistent or unavailable and
had to be estimated (see details in SI). However, the obtained data is sufficiently reliable to
demonstrate the basicity trends.

Generally stronger effect of nitro group on 5-member rings is most probably due to the
smaller ring size and its overall higher electron density.

The basicities of 5- and 6-nitro-substituted indazole are very similar in the gas phase and both
solvents. It can be assumed that substituents in position 5 and 6 in indazole are located
distantly enough from the protonation centre to have almost the same effect on the basicity in
all studied media.

Benzimidazole-derived pesticides thiabendazole and carbendazim, as compared to
unsubstituted benzimidazole, are more basic in the gas phase (by 3.9 kcal mol™ and 2.1 kcal
mol”, respectively), but less basic in both MeCN (by 1.10 and 1.28 units) and water (0.92 and
1.03 units) because of the thiazolyl and carbomethoxyamino functional groups. The factors
making thiabendazole and carbendazim more basic in the gas phase are larger volume for
charge delocalization and IMHB. These factors are weakened (IMHB) or compensated for by

solvent molecules in solution (larger volume).

Tautomerism of 1,2,3-triazole and 1,2,3-benzotriazole

1,2,3-triazole and 1,2,3-benzotriazole have two different prototropic tautomers (eq 21). Our
G4MP2 calculations show that in the gas phase 2-H-1,2,3-triazole and 1-H-1,2,3-
benzotriazole, respectively, are the dominant forms. The 2-H-1,2,3-triazole tautomer is by 3.6
kcal mol™ more stable than the 1-H-1,2,3-triazole tautomer. For the protonated molecules

hydrogens in positions 1 and 3 are always preferred for both molecules. This is in agreement
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with the previously reported large predominance of the 2-H-1,2,3-triazole tautomer in the gas
phase.’" " However, in the aqueous phase both 1-H and 2-H tautomers are present while the
2-H tautomer is still the favored by a factor of 2 to 4.°%* The increase of the 1-H tautomer
content in aqueous solution comes from the relief of the lone pair repulsion by hydrogen
bonding (destabilizing the 1-H tautomer in the gas phase) and the higher stabilization of the 1-
H tautomer by solvation because of its higher dipole moment.**"!

In the gas phase different theoretical methods give contradictory results in terms of the
prevalence of the 1-H and 2-H tautomers, leading to the conclusion that they exist in
comparable amounts.'*') Experimental evidence shows that the content of the 1-H tautomer in
gas phase increases with temperature, implying that the 2-H tautomer is more stable.[*?! At the
same time, our G4MP2 calculation show that 1-H-1,2,3-benzotriazole is more stable than the
corresponding 2-H tautomer, yet only by 0.5 kcal mol™. In the solution phase 1-H tautomer of

1,2,3-benzotriazole significantly predominates.****!
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Correlation of basicities in different media

Figure 3 presents the correlation of pK, values in MeCN experimentally determined in this
work against aqueous pK, values found from literature (where available). The overall
correlation is described by the equation:
pKa(MeCN) = 1.20pK,(H0) + 6.57 (22)
s(intercept) = 0.15; s(slope) = 0.04; n = 28; * = 0.97; § = 0.50.
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Figure 3. Correlation of the basicities of the studied bases in water and acetonitrile (filled triangles — pyridines,
filled circles — indazoles, squares — diazines, filled diamonds — imidazoles, empty squares — benzodiazines,
empty triangles — chelating compounds, empty diamonds — other compound types). The pK, values of uracil,

thymine (different protonation sites) and quino[7,8-k]quinoline (no experimental pK, in water) were not

included.

From Figure 3 it can be seen that there is quite a good correlation between basicities in MeCN
and water, which includes all the different classes of heterocyclic compounds. An even better
correlation can be obtained for only the different imidazoles (eq 23). The previously
published pK, values of 5-NO,-benzimidazole and 2-NH,-benzimidazole are also included in

this correlation.!'”]

pKa(MeCN) = 1.26pK,(H,0) + 6.47 (23)
s(intercept) = 0.13; s(slope) = 0.03; n = 8; = 0.997; S = 0.22.

The correlation between pK, values in MeCN and GB values is much poorer. This makes
sense because MeCN and the gas phase are more notably different media than MeCN and

water are. The equation for this correlation is:

pK.(MeCN) = 0.29GB - 51.9 (24)
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s(intercept) = 5.0; s(slope) = 0.02; n=31; " = 0.84; S=1.5.

Conclusions

We presented 58 previously unpublished basicity values including 30 experimental pK, values
in MeCN, 22 calculated GB values, 4 calculated pK, values in MeCN and 2 calculated pK,
values in H,O for a set of various conjugated nitrogen heterocycles. Analysis of the compiled
data reveals that the main factors determining the basicity in the gas phase include: the ability
of the molecule to delocalize the resulting positive charge across as large a m—system as
possible once protonated, and different steric and stereoelectronic effects (e.g. presence of a
peri hydrogen) operating in the neutral and/or protonated forms of the compound. The same
factors operate in solution, yet their effect may be eclipsed by solvation phenomena like steric
hindrance to solvation. Therefore, in solution, the fusion of an additional benzene ring does
not always lead to a basicity increase as it leaves less hotspots with excess charge for an
efficient solvation. This effect can be either basicity-increasing or decreasing, depending on
the ring size, number and position of nitrogen atoms and medium.

Introduction of a second nitrogen atom into pyridine leads to a basicity decrease as it acts
similarly to an electron withdrawing group. The extent of the basicity decrease is lowest in the
presence of a -N=N- bond, which increases basicity by the repulsion between nitrogen lone
pairs, which destabilizes the neutral molecule. The basicity decreasing effect of a stronger
electron withdrawing groups, such as the nitro group, depends on its distance from the
protonation centre. This effect of the nitro group on the basicity is especially strong in 5-
membered rings because of their intrinsically higher electron density.

We showed that a good correlation between the pK, values in MeCN and H,O exists for
various non-chelating heterocycles with the protonation centre on a N atom, which can be
further improved by correlating only basicities of similar groups of compounds (e.g.

imidazoles).
Experimental Section

Chemicals

Trifluoromethanesulfonic acid (TfOH, Aldrich 99+%) and tert-
butyliminotris(pyrrolidino)phosphorane (~-BuP1(pyrr), Aldrich >97%) were used to prepare
acidic and basic titrant solutions. Commercial MeCN (Romil 190 SpS far UV/gradient
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quality) was used as the solvent after drying on molecular sieves (3 A), which was found to
lower its water content mostly to the range of 2-4 ppm (never above 6 ppm). The water
content was determined by Karl Fischer titration using a Mettler Toledo DL32 coulometer
with the Hydranal®-Coulomat AD reagent (Riedel-de Haén). This method has been
previously used to determine low water contents in aprotic solvents.'*”) Tonic liquid 1-hexyl-3-
methylimidazolium bis(trifluoromethylsulfonyl)imide (ComimNTf,, Aldrich 98%) was used
as salt bridge electrolyte. The origin of the measured bases was the following: quino[7,8-
h]quinoline was synthesized according to a modification of the procedure of Zirnstein et

(4647 Phenanthroline (Chemapol, "pure for analysis"), 2,2'-biquinoline (Trest

al.
Soyuzreaktiv, "pure"), 7,8-benzoquinoline (Merck, for GC), quinoline (Aldrich, 98%),
pyridine (Fluka, >99.8%), isoquinoline (Fluka, analytical standard), acridine (Fluka, >97%),
2,2-bipyridine (a kind gift from Prof. M. Mishima, Kyushu University), quinazoline (Aldrich,
99%), pyrimidine (Aldrich, >98%), phthalazine (Aldrich, 98%), pyridazine (Alfa Aesar,
98+%), quinoxaline (Fluka, analytical standard), pyrazine (Fluka, analytical standard),
benzimidazole (Aldrich, 98%), thiabendazole (Dr. Ehrenstorfer GmbH, analytical standard),
carbendazim (Dr. Ehrenstorfer GmbH, analytical standard), 2-NO,-imidazole (Fluka, >98%),
4-NO;-imidazole (Aldrich, 97%), imidazole (Sigma, >99%), pyrazole (Aldrich, 98%),
indazole (Aldrich, 98%), 6-NO,-indazole (Aldrich, 97%), 5-NO,-indazole (Aldrich, >99%)),
benzotriazole (Reakhim, “pure for analysis”), 1,2,3-triazole (Aldrich, 97%), caffeine (a kind
gift from Prof. Tullio Ilomets), uracil (Fluka, >99%), thymine (Sigma, >99%). The structures

of all these heterocyclic compounds are presented on Figure 1.

Measurements of pK, values

Spectrophotometry. The experimental setup, methodology and data treatment method of the
spectrophotometric pK, determination were essentially the same as described in previous

1726271 A brief description is given here. The determination of pK, values in MeCN is

works.!
based on differences in basicities of two bases where the first substance is a heterocyclic
compound of an unknown basicity and the other one is a reference base with a previously
known pK, value. Both compounds individually and the mixture of these two compounds is
spectrophotometrically titrated in order to obtain the spectra of the neutral and fully
protonated forms. It is preferred that the spectra of the neutral and protonated forms of the
studied compound and reference compound are different and that the absorption maxima of

both compounds are at different wavelengths. Using these spectral data it is possible to

calculate the dissociation levels a = [B] / ([B] + [BH]) of the conjugate acids of both bases in
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all mixtures formed during titration. From these a values, differences in pK, values (ApK,, eq

25) are calculated.

ApKa _ log (94} (1 - 0!2)

ax:(—a) 2
TfOH and #BuPl1(pyrr) were used as acidic and basic titrants for all the titrations. All
spectrophotometric titrations were carried out using a Perkin Elmer Lambda 40 UV-Vis
spectrophotometer which was connected to an external compartment inside a MBraun Unilab
glovebox with optical fiber cables. The glovebox was filled with 99.999% pure argon;
moisture and oxygen contents inside the glovebox were monitored and were always under 10
ppm during the experiments. Bases with previously published pK, values were used as

[1727] The same pK, determination method has already been used for acidity or

basicity determinations in different solvents e.g. 1,2-dichloroethane!”, tetrahydrofuran''’,

reference bases.

acetonitrile!'”.

Differential potentiometry. ApK, in MeCN was also measured using differential
potentiometry with two metal-coated glass electrodes!*™ (obtained from the Laboratory of
Glass Electrochemistry, St. Petersburg State University) similarly as described in ref [49] with
a potentiostat instead of a pH meter. Also the experiment time was changed from 2-15 min to
1-30 min. The ApK, values were calculated from the measured absolute pH (see ref [50] for
details about the absolute pH concept) differences of two partially neutralized base solutions
in MeCN with a known ratio of protonated and deprotonated forms (eq 26). The ratio of the
neutral and protonated forms was determined by UV-Vis spectrophotometry. Salt bridge
electrolyte was CemimNTT, and liquid junction potentials cancel out in these experiments.
The differential potentiometry measurements of relative basicity were made outside of the
glove box because of technical reasons and the water content in the solutions was 140 — 200
ppm. However, we have earlier found that water content in the range of 200 ppm does not

have marked influence on ApK, values of bases.”!!

B, | [B,]
ApK = ApH -lo [B, +1lo 2 26
PR P g|B1H+| & B, H" (26)
Quantum chemical calculations

Gas phase energies. The gas-phase basicity (GB = —AGy) of a compound (B) is defined by

the following equation:

AGy

B+H —= BH" (27)
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All Gibbs free energy values employed in the calculation of the GB values and energies of

isodesmic reactions were obtained using the G4MP2 methodology!”

Gaussian 09 software package!™!. The G4MP2 method uses B3LYP/6-31G(2df,p) optimized

implemented in the

geometries to calculate vibrational frequencies and thermal corrections. Wherever applicable,
different starting geometries of neutral and protonated bases were used in order to ensure that
the most stable conformer of each investigated particle has been found. In case of many
possible protonation sites within the molecule the most stable protonated forms were
identified. The minimum-energy conformers of B and BH" were used for GB calculations. All
stationary points were found to be true minima, as evidenced by the absence of imaginary
frequencies in the corresponding vibrational spectra (NImag = 0).

Results from the quantum chemical calculations were also used for the calculations of free
energy changes in isodesmic reactions. Isodesmic reactions are chemical reactions
(hypothetical or actual) in which both the number and the type of chemical bonds in the
reactants and products are the same on both sides of a reaction. This concept can be used to

54331 I that case the same isodesmic

elucidate the effect of molecular structure on basicity.
reactions are calculated for both neutral molecules and their protonated forms, which allows
to estimate the energetic contributions of structural effects.”® Usually it is preferred to use
enthalpies for the calculations of isodesmic reactions but when both sides of the reaction
equation have the same number of molecules and no intramolecular cyclization occurs then
Gibbs free energies can also be utilized."® In this work free energies are used for all
isodesmic reaction calculations in order to make the obtained values directly comparable with
differences in GB values.

Solvation energies of neutral and protonated species were computed using SMDP? and
COSMO-RSP* I methods.

In case of the SMD implicit solvation model (implemented in Gaussian 09°°%) software) the
geometry optimization and vibrational frequency calculations were carried out in 3 media
(water, acetonitrile, gas phase) using M06-2X functional and 6-31G(d) basis set. The
vibrational spectra were checked for imaginary frequencies, the absence of which was taken
as a proof of the stationary point being a true minimum. The solvation energy of a species was
calculated by subtracting its gas-phase energy from its total energy in the solvent. All
conformers (including tautomers) of the neutral and protonated bases were calculated, and the
lowest energies obtained in every medium were used for the calculation of solvation energy,

disregarding of the possible mismatch of the geometries of the lowest-energy species.
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In the case of COSMO-RS method the first step (carried out using TURBOMOLE V6.5°"
software package) is a quantum chemical calculation yielding the equilibrium geometry and
partial charge distribution on the surface of the molecule (so-called sigma-profile). Geometry
optimization was performed using DFT method at BP/TZVP level of theory. All stable
conformers (including tautomers) of the molecules were found and vibrational analysis was
carried out to ensure that the obtained geometries correspond to true energy minima. SCF
convergence threshold of 107 Hartree, gridsize m3/m4 and geometry convergence threshold
of 10°...10® Hartree were used. In cases where imaginary frequencies were found in the
vibrational spectra, the geometries were reoptimized using finer grid (m5), larger basis set
(def2-TZVPD), stricter geometry convergence criteria, or the combination of the above.
Subsequently a single-point energy calculation with def2-TZVPD basis set and, in case of
ideal conductor, Fine Cavity parameter was performed. The second step is statistical
thermodynamics procedure (carried out using COSMOthermX software, Version C3.0
Release 17.011°%%] with parametrization BP_TZVPD FINE_C30 _1701) that accounts for the
solute-solvent interactions and yields the energies of the species in the solution, from which
the desired solute properties are calculated. Gas-phase SCF energies obtained at
TZVP//TZVPD level of theory were employed for the calculation of the gas-phase chemical
potential instead of the estimates computed by COSMOthermX by default. All conformers of
the species were taken into account using the inherent conformer-weighing procedure in
COSMOthermX.

The computations in liquids are considerably more complicated and, as a rule, less precise
than the matching computations in vacuo, which may put in some doubt the accuracy of
absolute values of calculated solvation energies not supported by any experimental
counterparts. At the same time, comparing solvation energies of different but structurally
related neutrals (or cations) computed by the same approach within the same solvent is
meaningful, especially if the solvation energy difference is sufficiently large. In this work we
consider that solvation energy differences can be used for supporting discussions if the
corresponding difference is at least 5 kcal mol™. This threshold comes from our earlier
experience with various correlations of combinations of GB and solvation energy differences
with pK, values in the same solvent.

Computational pK, valuesin solution. In the absence of experimental data the corresponding
pK, values were obtained from correlations involving COSMO-RS results and experimental
data of a set of compounds (similar to the compound of interest) with known pK, values.

Please see the Supporting Information for detailed descriptions of each case. The uncertainties
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of the computational pK, values were generally estimated as two times the standard deviation
of the regression and we assess their coverage probability as 90%. In the case of aqueous pK,
of quino[7,8-/]quinoline the uncertainty estimate is based on pooling the expected reliabilities
of the different alternative approaches used to evaluate the pK, value and is also expected to

have coverage probability of 90%.
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TOC Figure:
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TOC graphic text:
Experimental pK, values in acetonitrile and gas-phase basicities of 30 conjugated heterocyclic
compounds are presented. The basicity-determining structural and solvent effects are
discussed and the basicity trends are rationalized by comparing the basicity data of

structurally similar heterocycles in acetonitrile, water, the gas phase and by using isodesmic

reactions.
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