
Design of Superbasic Guanidines: The Role of Multiple
Intramolecular Hydrogen Bonds
Danijela Baric,́* Ivan Dragicěvic,́ and Borislav Kovacěvic*́
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ABSTRACT: New organic superbases have been designed
using the concept of multiple intramolecular hydrogen bonds.
Substituents capable of forming strong intramolecular H-
bonds were selected on the basis of the energy of stabilization
that occurs upon the formation of a complex between
N,N′,N″-trimethylguanidine and small model molecules. The
proton affinities and the corresponding pKa values in
acetonitrile of the new superbases are examined by Density
Functional Theory (DFT). It is shown that N,N′,N″-
substitution of guanidine with appropriate substituents results in new organic superbases with gas phase proton affinities
between 286 and 293 kcal mol−1, thus being 15 to 20 kcal mol−1 more basic than parental superbase N,N′,N″-tris[(3-
dimethylamino)propyl]-guanidine (tris-DMPG), whereas estimated pKa values in acetonitrile range between 29.5 and 33.2.

■ INTRODUCTION

For more than three decades, the design and preparation of
new neutral organic bases has been a subject of considerable
interest for many researchers. During this time several types of
very strong neutral bases have been developed. These include
Schwesinger′s vinamidine1,2 and phosphazene bases,3 the
proazaphosphatrane bases developed by Verkade,4 and the
proton sponges originally introduced by Alder’s group5,6 and
later studied by Staab.7 Modifications of Alder’s 1,8-bis-
(dimethylamino)naphthalene (DMAN) proton sponge where
dimethylamino groups are replaced by more basic tetrame-
thylguanidino, dimethylethyleneguanidino, and hexamethyl-
triamino-phosphazenyl groups, thus leading to more basic
proton sponges, have been made by Sundermeyer’s and our
group.8 Some authors studied different aliphatic and aromatic
carriers of dymethylamino, tetramethylguanidino, and phos-
phazeno groups, mostly resulting with a very high basicity of
newly designed proton sponges.9−16 Utilizing supramolecular
scaffolds containing pyridine subunits (i.e., azacalix[3]-2,6-
pyridine), Maksic ́ and co-workers designed extremely basic
compounds with proton affinities up to 314 kcal mol−1.17−19

The same motif has been used by Uchida and co-workers20 to
design strong neutral superbases. Recently, Ganguly discovered
a new class of carbene superbases with PAs in the gas phase up
to 298 kcal mol−1.21 Present advances in the field of design and
synthesis of organic superbases can be found in a two recently
published review articles.22,23

Neutral organic superbases have a great practical importance
due to the fact that they have some distinct advantages over
their inorganic ionic counterparts. The latter exhibit some
unfavorable features, such as low solubility in most organic
solvents, pronounced sensitivity to the moisture and CO2, and

the production of hazardous waste. In contrast, strong neutral
organic (super)bases permit milder reaction conditions and
exhibit better solubility in organic solvents.
The importance of intramolecular hydrogen bonds and their

contribution to the basicity of organic compounds in the design
of strong organic bases has been shown in several experimental
and theoretical works.24−28 However, the previous studies were
principally focused on molecules with a single hydrogen bond.
Only recently has the presence of multiple intramolecular
hydrogen bonds been recognized as an important factor that
could be used in the design of strong organic bases.29−31 In
2002 we computationally designed N ,N′ ,N″-tris[(3-
dimethylamino)propyl]-guanidine shown in Figure 1 (tris-
DMPG), a system where guanidine was substituted by flexible
3-(dimethylamino)propyl chains capable of forming three
intramolecular hydrogen bonds when protonated.27 Our ab
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Figure 1. N,N′,N″-Trimethylguanidine (TMG), N,N′,N″-tris[(3-
dimethylamino)propyl]-guanidine (tris-DMPG), and N,N′,N″-tris(3-
metoxypropyl)-guanidine (tris-MtxPG).
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initio calculations predicted that the gas phase proton affinity
(PA) of this compound was around 25 kcal mol−1 higher than
the PA of N,N′,N″-trimethylguanidine (TMG, Figure 1), a
molecule which served as a reference base, where intra-
molecular hydrogen bonds do not contribute to proton affinity.
Later, tris-DMPG was synthesized,32 and the X-ray crystal

structure revealed that protonated form of the molecule was
indeed in possession of three intramolecular hydrogen bonds,
as predicted by theoretical calculations. The calculated gas
phase PA of this compound was found to be 273.2 kcal mol−1,28

which is comparable to the basicity of tBu-P2 phosphazene.33

Eckert-Maksic ́ and co-workers modified the original idea and
synthethyzed N,N′,N″-tris(3-metoxypropyl)-guanidine (tris-
MtxPG depicted in Figure 1) where all three dimethylamino-
propyl groups on guanidine moiety are replaced with
methoxypropyl chain.34 However, the obtained proton affinity
of tris-MtxPG (266.4 kcal mol−1) is 6.8 kcal mol−1 lower than
that of tris-DMPG base.
It is well-known that guanidines are generally very good

catalysts for biodiesel production. There is a positive correlation
between their basicity and the catalytic activity in trans-
esterification reactions.35 In this context, tris-DMPG has
proven to be a superior catalyst compared to other guanidine
type bases.36 Consequently, the design of very basic guanidines
is not just an intellectual challenge. Rather, it can be of great
practical importance. In this paper we demonstrate that it is
possible to design highly basic guanidines, with a proton affinity
up to 293 kcal mol−1, using the concept of multiple
intramolecular hydrogen bonds.

■ COMPUTATIONAL METHODS
Calculations in gas phase are performed at the B3LYP/6-311+G-
(2df,p)//B3LYP/6-31G(d) level of theory. All structures were
confirmed to be energy minima on potential energy surface by
computing their vibrational frequencies analytically. PA are calculated
according to the equation

= − ++H H RTPA (B) (BH ) (5/2)298 298 (1)

where H298(B) and H298(BH+) stand for the enthalpies at 298 K of the
neutral and protonated base (B and BH+, respectively) calculated at
the B3LYP/6-311+G(2df,p)//B3LYP/6-31G(d) level of theory. The
pKa values in acetonitrile (MeCN) are estimated according to the
procedure described in detail in the paper by Glasovac et al.,37 which
involves the application of eq 2 obtained by correlation between
experimental data for pKa values in MeCN and calculated basicities:

= Δ ′ −+K Gp 0.545 (BH ) 133.5a a, sol (2)

The term ΔG′a,sol(BH+) corresponds to the difference of Gibbs
energies between product and reactants for the deprotonation reaction
of a protonated base (BH+) in solution. The Gibbs energy is calculated
as the sum of electronic energy, the thermal correction to Gibbs
energy, and the energy of solvation. The calculation of solvation
energies are performed using isodensity polarizable continuum
(IPCM) method at the B3LYP/6-311+G(2df,p)//B3LYP/6-31G(d)
level of theory.
All computations were carried out using the Gaussian0338 suite.

■ RESULTS AND DISCUSSION
Designing New Guanidine Superbases. To design

highly basic guanidines using the concept of multiple
intramolecular hydrogen bonds, it is necessary to find
substituents for the guanidine moiety that are capable of
forming intramolecular hydrogen bonds even stronger than
those present in tris-DMPG. To simplify the process of

designing the appropriate substitutents, we defined the
substituent as a molecular fragment that consists of two
parts: (1) a basic functional group, which serves as a hydrogen
bond acceptor, and (2) an alkyl chain that links the hydrogen
bond acceptor with the nitrogen atoms of the central guanidine
moiety. For example, in case of tris-DMPG, the substitutent is
built from the dimethyl amino group serving as a hydrogen
bond acceptor and a propyl chain as the bridging group.
To find the appropriate basic functional groups, we

calculated the energy of stabilization that occurs upon the
formation of a complex between the protonated N,N′,N″-
trimethylguanidine (TMGH+) and a series of model molecules
(A), as shown in Scheme 1. The molecules A provide models

for the basic functional groups in substituents that will be
involved in the putative superbases. Two types of complex-
ations are examined: formation of a monocomplex,
[TMGH···A]+ (Scheme 1, n = 1, where n stands for number
of molecules A in a complex) and formation of a tricomplex
[TMGH···A3]

+ (Scheme 1, n = 3). The conformational space
of the monocomplexes has been meticulously examined, and
the global minimum was found for each complex. The starting
geometries of tricomplexes were obtained applying C3
symmetry on optimized geometries of the monocomplexes.
Namely, C3 is the expected symmetry of the protonated form of
newly designed superbases, as was the case in tris-DMPG and
its methoxypropyl counterpart tris-MtxPG. The optimizations
of tricomplexes were not constrained to any symmetry;
however, the optimized structures still retained approximate
C3 symmetry.
The stabilization energy of the complexation reaction

corresponds to the energy of intermolecular hydrogen
bond(s). It is expressed as the enthalpy of formation of a
mono- and tricomplex, respectively, at 298 K:

···Δ = −

+

+ +H H H

nH

[TMGH A ] TMGH

A

( ) ( ( )

( ))
n

298 298 298

298
(3)

We proposed that the greater stability of a complex would lead
to a stronger superbase and, additionally, that the differences
between the PA values of new superbases and TMG (Figure 1)
could be similar to the absolute values of the enthalpy of
complexation for tricomplexes.
A set of 13 neutral model molecules A (Figure 2) that could

play the role of strong hydrogen bond acceptors in mono-

Scheme 1
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[TMGH···A]+ and tricomplexes [TMGH···A3]
+ were exam-

ined. Molecules 1 (trimethyl amine) and 2 (dimethyl ether)
served as a reference, since they represent a model for the
hydrogen bond acceptor involved in a previously studied tris-
DMPG and tris-MtxPG superbases (Figure 1).
Enthalpies of complexation were calculated according to eq

3, and results are presented in Table 1. The data from Table 1

reveal that molecules 3−13 form H-bonds with TMGH+ that
are much stronger than those in the reference molecules 1 and
2. To improve efficiency and to reduce computational cost, we
selected only the most promising hydrogen bond acceptors
(i.e., basic functional groups) for further consideration, so the
value of ΔH298 = −40 kcal mol−1 for a tricomplex was applied
as a treshold. Therefore, molecules 3 and 8 were omitted from
the set of candidates for the design of new superbases.
After suitable hydrogen bond acceptors were selected, the

next step was to find the best possible linker (alkyl chain) that
would bind hydrogen bond acceptors with the central
guanidine moiety in such a way to obtain a favorable steric
arrangement of substituents in new molecules. Namely, we
assume that in tricomplexes the hydrogen bond acceptors
achieved optimal arrangement around athe central guanidine,
resulting in the strongest H-bond for a given model molecule.
Accordingly, in the new superbases, the alkyl chain that serves
as a linker between the hydrogen bond acceptor and the central
guanidine is selected in a way to preserve the maximum
possible strength of H-bonds. In other words, in new
superbases we tried to ensure the least possible perturbation

of the orientation and distance of H-bond acceptors from the
model tricomplexes. Therefore, different conformations and
lengths of alkyl chain were examined, and the optimal length
and conformation was determined for each new superbase.
Nine new superbases are schematically presented in Figure 3

denoted as 4′, 5′, 6′, 7′, 9′, 10′, 11′, 12′, and 13′, where
substituents X were derived from model molecules 4, 5, 6, 7, 9,
10, 11, 12, and 13 (shown in Figure 2), respectively. Molecules
1′ (tris-DMPG) and 2′ (tris-MtxPG) are given for
comparison.
For new molecules 4′, 5′, 6′, and 7′, the optimal alkyl chain

was found to be butyl. For the remainder of the molecules the
pentyl chain was preferred. It should be noted here that one of
the -CH2 groups in the alkyl chain is always derived from one of
the methyl groups present in the model molecules A. In
superbases 4′, 5′, 6′, and 7′, the intramolecular H-bond takes

Figure 2. Molecules A that served as H-bond acceptors in complexes
[TMGH···A]+ and [TMGH···A3]

+.

Table 1. Enthalpies of Complexations (kcal mol−1) for
Mono- and Tri-complexes (Scheme 1)

molecule A ΔH298 (mono-) ΔH298 (tri-)

1 −9.0 −23.4
2 −9.8 −26.0
3 −15.3 −38.3
4 −17.3 −40.6
5 −21.4 −49.8
6 −19.9 −43.9
7 −22.8 −48.2
8 −13.1 −33.2
9 −17.8 −44.1
10 −18.1 −44.1
11 −21.2 −52.0
12 −21.0 −50.4
13 −20.6 −49.4

Figure 3. Schematic representation of designed substituted guanidines
capable of forming multiple intramolecular hydrogen bonds.
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place between the imino nitrogen of the substituent and
hydrogen covalently bound to the guanidine moiety. In the
remaining superbases, the atom that accepts the H-bond is the
oxygen linked to carbon (in 9′ and 10′) or to phosphorus (in
11′, 12′, and 13′). There are two ways in which intramolecular
H-bonds in guanidines can be formed. In the first, the
substituent linked to the N atom of the guanidine moiety
interacts with the hydrogen atom covalently bound to N′ atom,
as in tris-DMPG depicted in Figure 1. The second form arises
when the substituent forms a H-bond with the hydrogen
covalently bound to the same nitrogen atom. For all superbases
except for the molecule 11′ the first arrangement was found to
be more favorable.
It was found that tris-DMPG in its neutral form possesses

two intramolecular hydrogen bonds, although much weaker
than in the protonated form.27 Consequently, we assumed that
superbases 4′−13′ in their neutral form also possess two
intramolecular H-bonds. In a proces of exploring conforma-
tional space of neutral bases, we retained the orientation of two
substituents (heteroalkyl side chains) that allows formation of
two intramolecular H-bonds in the same way as in protonated
form. Only the conformation of the third substituent, the one
that is not engaged in creation of an intramolecular H-bond in
the neutral form of the superbase, has been explored. We found
that in the majority of molecules the third substituent has an
extended zigzag form. Typical arrangement of heteroalkyl side
chains around central guanidine moiety in neutral and
protonated superbase is shown in Scheme 2, using the
superbase 5′ as an example.

Proton Affinity and pKa Values of Newly Designed
Superbases. The PA values are calculated according to eq 1 as
explained in the theoretical section. The accuracy of the applied
theoretical model for gas phase PA calculations has been
recently tested28 with some substituted guanidines and amines
exhibiting intramolecular hydrogen bonds in neutral and
protonated forms. It turns out that the applied theoretical
model gives results that are in relatively good agreement with
the experimentally observed values. However, accurate
determination of the pKa values still represents a challenging
problem for computational chemistry. In papers previously
published by our group, we have been using the approach
where theoretically calculated PA values in solvent (acetoni-
trile) are correlated with experimentally determined pKa
values.8,11,17,18,33,39 The obtained correlation was successfully
utilized in calculation of some newly designed compounds.
However, Glasovac et al.37 showed that, for the molecules
where intramolecular hydrogen bonding significantly contrib-
utes to the PA, better results are obtained if GB (instead of PA)
in solvent is correlated with pKa. For a series of guanidines

substituted with heteroalkyl side chains the agreement between
the theoretical and experimental values were within 1 pKa unit,
with a deviation of only 0.5 for tris-DMPG base. The results of
PA and pKa calculations for superbases 1−13 are presented in
Table 2.

Superbases 5′, 6′, 7′, and 13′ with PA values between 289.3
and 293.3 kcal mol−1, exhibit gas phase proton affinities higher
than that of tBu-P3 phosphazene (PA = 288.8 kcal mol−1).33

The rest of the newly designed superbases (4′, 9′, 10′, 11′, and
12′) are slightly less basic than tBu-P3 phosphazene, having PA
values within a narrow range from 286.2 to 287.6 kcal mol−1.
Superbases with PA values higher than in tBu-P3 phoshpazene
are those with phosphine imide based substituents as H-bond
acceptors (5′, 6′, and 7′) and one of the molecules with
phosphine oxide (13′). The strongest new superbase is
molecule 5′, containing P,P,P-trimethyl-phosphine imide
based substituent.
The calculated pKa values are in the range from 29.5 to 33.2,

being 5 to 9 orders of magnitude lower than the pKa of tBu-P3
phosphazene. The reason for such a striking difference between
proton affinity in the gas phase and the basicity in solution lies
in the fact that superbases 4′−13′ are already internally
solvated due to the presence of intramolecular H-bonds, and
therefore, the effect of external solvation is diminished. As a
consequence, the energy of solvation is less pronounced
compared to the bases where such internal solvation does not
exist (i.e., phosphazenes).

Estimation of the Influence of H-Bonds on PA Using
the Enthalpies of Complexation. Based on the data from
Table 1, the expected influence of intramolecular H-bonds
strength to the PA of the new superbases is remarkable. In that
context, it is illustrative to compare the PA values of new
superbases with the proton affinity of N,N′,N″-trimethylguani-
dine (TMG, Figure 1) where no intramolecular H-bonds are
present. Computed at the same level of theory, the PA of TMG
is 249.9 kcal mol−1, which is roughly 40 kcal mol−1 lower than
the PA of 5′, 6′, 7′, and 13′. If the presence of alkyl chains in
the substituent could be neglected, the stabilization that occurs
due to the formation of three intramolecular H-bonds in the
superbases should be proportionate to the enthalpy of
complexation in tricomplexes. Thus, if the strength of
intermolecular H-bonds present in tricomplexes is related to
the strength of intramolecular H-bonds in superbases, it may be
useful to compare the enthalpies of complexation with the
difference in PA values between TMG and new superbases.

Scheme 2

Table 2. Gas Phase Proton Affinities (PA, in kcal mol−1) and
pKa Values in Acetonitrile of Superbases Shown in Figure 3

molecule A′ PA pKa

1′ 273.2a 27.7b

2′ 266.4a 26.5b

4′ 286.2 29.5
5′ 293.3 32.3
6′ 289.3 30.6
7′ 293.1 32.0
9′ 286.3 29.5
10′ 287.5 30.8
11′ 287.6 33.2
12′ 286.4 28.1
13′ 289.5 30.4

aPA value from ref 28. bpKa value from ref 37.
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However, as already mentioned, the neutral form of
guanidines substituted with three heteroalkyl side chains
possesses two intramolecular H-bonds (Figure 3). Although
these H-bonds are much weaker than those in the protonated
forms,27,28 they cannot be neglected due to the influence they
make to the stability of the neutral form of superbases.
Therefore, the expected PAs of new superbases are related to
the energy of complexation of tricomplexes corrected for the
value of the enthalpy of complexation of dicomplexes formed
between neutral TMG and two model molecules A, according
to the reaction shown in Scheme 3.

The corresponding enthalpies of formation of dicomplexes
are given by eq 4:

···Δ ‐ =

− +

H H

H H

[TMG A ]

TMG A

(di ) ( )

( ( ) 2 ( ))
2

298 298

298 298
(4)

Their values are represented in Table 3. Molecules 3 and 8
are omitted, since they were not used for the design of new

superbases. The corrected enthalpies of complexation are
obtained as differences between the enthalpies of complexation
of tri- and dicomplexes and are denoted as ΔΔH298 (Table 3).
They are compared with the increase of PAs of new superbases
(ΔPA(I)) calculated as a difference between the PA of a given
superbase and that of trimethylguanidine, TMG.
For the reference superbase tris-DMPG (1′) the agreement

between the increase of PA (ΔPA(I)) and the corrected
enthalpy of complexation (ΔΔH298) is good. The difference is
only 1.6 kcal mol−1. For the molecules 4, 5, 6, 7, and 10 similar
or even better consistency is achieved, since the differences
between the ΔΔH298 and the obtained increase in PA of new
superbases do not exceed the value of 1.6 kcal mol−1.
Significant deviations are found for the molecules 2, 11, and
12. Molecules 9 and 13 also show notable disagreement
between ΔPA(I) and ΔΔH298, although less pronounced
compared to former examples.

The molecule 2 is used as a model for N,N′,N″-tris(3-
metoxypropyl)-guanidine (tris-MtxPG, Figure 1). As men-
tioned above, Eckert-Maksic ́ and co-workers found that
methoxypropyl as a substituent on the guanidine moiety has
lower contribution to the PA than the dimethyaminopropyl
chain.28,34 The PA of superbase tris-MtxPG was found to be
6.8 kcal mol−1 lower than the PA of tris-DMPG. However, the
complexation energies presented in Tables 1 and 3 show that
molecule 2 (dimethyl ether), as a model for methoxy
substituent, has complexation enthalpy slightly higher than
that of molecule 1 (trimethyl amine) used as a model for tris-
DMPG superbase. The reason for a lower PA of tris-MtxPG
could be an inappropriate length of the alkyl chain that serves
as a linker. Therefore, we tested different lengths of alkyl chain
and found that propyl is not long enough to ensure the least
perturbation of arrangement between the methoxy group and
the guanidinium cation that was obtained in tricomplexes. The
proton affinities of superbases depicted in Figure 4, where

either the butyl (2′-butyl) or the pentyl (2′-pentyl) chain is
engaged as a linker between the metoxy group and the
guanidine moiety, are found to be 272.8 and 271.7 kcal mol−1,
respectively. The PA values of 2′-butyl and 2′-pentyl are now
more consistent with corrected enthalpy of complexation in
tricomplex.
The agreement between the increase of proton affinity

(ΔPA(I)) and the corrected enthalpies of tricomplexation
(ΔΔH298) for most of the molecules presented here is
remarkably good, as stated above. However, it is not
immediately clear why molecules 9′, 11′, 12′, and 13′ do not
follow this trend. It should not be forgotten that the presence of
alkyl chain in the superbases is completely neglected in this
analysis. The question arises as to whether this approach really
offer a realistic quantitative estimation of the PA increase due to
a presence of intramolecular hydrogen bonds? To answer this
question, we decided to investigate other possible contributions
to the PA of superbases 4′−13′ in more detail.

Estimation of Intramolecular H-Bond Strength in
Newly Designed Superbases by Comparison of Folded
and Unfolded Conformers. One of the approaches for
estimating hydrogen bond strength and its influence on the
proton affinities of substituted guanidines utilized previously27

is to compare the difference in PA of the fully extended
(unfolded) conformer of superbase where no H-bonds are
present (Figure 5) with the folded conformer that has all
intramolecular H-bonds intact (Figure 3).
The proton affinities of unfolded conformers are presented in

Table 4 along with the differences in PAs (marked as ΔPA(II))
between folded and unfolded conformers. Comparison of

Scheme 3

Table 3. Comparison of the Enthalpies of Complexation
with the Difference of PA between Superbases 1′−13′ and
TMG, in kcal mol−1

A ΔH298 (di-) ΔΔH298 ΔPA(I) ΔPA(I) − |ΔΔH298|

1 −1.7 −21.7 23.3 1.6
2 −2.6 −23.4 16.5 −6.9
4 −4.3 −36.1 36.3 0.2
5 −6.7 −43.1 43.4 0.3
6 −4.5 −39.4 39.4 0.0
7 −5.6 −43.6 43.2 −0.4
9 −4.7 −39.4 36.4 −3.0
10 −4.9 −39.2 37.6 −1.6
11 −8.1 −43.9 37.7 −6.2
12 −5.6 −44.8 36.5 −8.3
13 −6.0 −43.4 39.6 −3.8

Figure 4. Schematic representation of N,N′,N″-tris(3-metoxypropyl)-
guanidine (2′), N,N′,N″-tris(3-metoxybutyl)-guanidine (2′-butyl), and
N,N′,N″-tris(3-metoxypentyl)-guanidine (2′-pentyl).
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ΔPA(II) values with corrected enthalpies of complexation
(ΔΔH298) from Table 3 shows a relatively good agreement for
the molecules 9′, 10′, 11′ and 13′. Surprisingly, in superbases
4′, 5′, 6′, 7′ and 12′ this approach for estimating H-bond
contribution to the PA gives much smaller values than when
the approach through enthalpies of complexation. The
estimated strength of the H-bonds is now 20−27 kcal mol−1,
whereas enthalpies of complexation suggest that H-bonds
contribute between 36 and 44 kcal mol−1 to the PA. It can be
concluded that some effect(s) other than H-bonds may
contribute to the PA of new superbases. One of them is
certainly the positive inductive effect of alkyl chains present in
the superbases, which has not previously been accounted for.
The other, which could be more important, is the electron-
donating or accepting nature of functional group X. We may
therefore postulate that the difference in PA between
superbases 4′−13′ and TMG (ΔPA(I) in Table 3) can be
divided into these three contributions: (1) the influence of
intramolecular H-bonds, (2) the inductive effect of alkyl
groups, and (3) the inductive effect of functional groups X. The
first contribution, denoted as ΔPA(II), is calculated as a
difference between the PA of the folded and unfolded
conformers of the relevant superbases, as presented in Table
4. The second term, the contribution of the inductive effect of
alkyl chains, is obtained as a difference in PA values of
guanidine that was N,N′,N″-tris-substituted by butyl and pentyl
chain and PA of TMG. Proton affinities of tris-butyl-guanidine
and tris-pentyl-guanidine are 256.6 and 257.4 kcal mol−1,
respectively, as shown in Figure 6. These values are 6.7 and 7.5
kcal mol−1 higher than PA of TMG. Finally, the third
contribution, the inductive effect of functional groups X to

PA of the newly designed superbases, may be estimated as a
difference in PA between unfolded superbases and guanidines
that are tris-substituted with only the corresponding alkyl
chains. Namely, the alkyl chain is butyl for superbases 4′−7′
and pentyl for superbases 9′−13′, as depicted in Figure 6. The
obtained values are denoted as ΔPA(III) and presented in
Table 4.
The values of ΔPA(III) are positive for superbases 4′−7′,

being between 8 and 15 kcal mol−1. Since these numbers
represent the increase of PA due to the presence of functional
group X at the end of the unfolded alkyl chain, their positive
value means that X has a strong positive inductive effect,
donating electrons trough the alkyl chain toward central
guanidine moiety. The inductive effect leads to a higher basicity
of the molecule. However, at the same time it decreases the H-
bond accepting ability of X due to the electron transfer from X
toward the central guanidine moiety. Consequently, in
superbases 4′−7′ the intramolecular H-bonds are actually
weaker than the intermolecular bonds in the corresponding
tricomplexes, despite the good agreement between ΔPA(I) and
ΔΔH228 values obtained in modeling H-bond contribution to
the PA using enthalpies of complexation. Values of ΔΔH298

from Table 3 are in good agreement with ΔPA(I) for these
molecules due to an interplay of contributions described above
that probably have same magnitude but opposite sign.
Nevertheless, the values of enthalpy of complexation
(ΔΔH298) still represent reliable guidance during the process
of finding the appropriate substituents in this type of
superbases.
The inductive effect, but with opposite sign, is the cause for

relatively large negative ΔPA(III) value for superbase 9′. In this
molecule, the N-methyl acetamide substituent acts as an
electron acceptor. This enables relatively good preservation of
the H-bond strength obtained in the tricomplex. However, at
the same time, it significantly decreases the basicity of the
molecule when H-bonds are not present, as can be seen from
the PA value of the unfolded conformer. It is interesting that
the negative inductive effect of the functional group X
(ΔPA(III) of −10.7 kcal mol−1) is partially canceled out by
the positive inductive effect of the pentyl chain, being 7.5 kcal
mol−1, resulting in an additional increase in basicity that was
already achieved due to the presence of strong intramolecular
bonds. A similar situation is apparent for the superbase 10′, but
with a smaller negative inductive effect of X (ΔPA(III) of −4.5
kcal mol−1) and consequently a weaker preservation of H-bond
strength compared to the tricomplex.
The PA values for molecules 11′, 12′, and 13′ are between

286 and 289 kcal mol−1, whereas the stabilization energy based

Figure 5. Schematic representation of unfolded conformers of
superbases 4′−13′.

Table 4. Proton Affinities of Unfolded Conformers of Newly
Designed Superbases A′ (kcal mol−1) Together with the
Contributions ΔPA(II) and ΔPA(III)a

A′ PA (unfolded) ΔPA(II) ΔPA(III)

4′ 265.2 21.0 8.6
5′ 269.7 23.6 13.1
6′ 269.4 19.9 12.8
7′ 271.6 21.5 15.0
9′ 246.7 39.6 −10.7
10′ 252.9 34.6 −4.5
11′ 256.1 31.5 −1.3
12′ 260.9 25.5 3.5
13′ 257.5 32.0 0.1

aΔPA(II) corresponds to the difference between the PAs of folded
and unfolded conformers, and ΔPA(III) is the difference between
unfolded superbases and guanidines substituted with corresponding
alkyl chains only.

Figure 6. Schematic representation of guanidine′s trisubstituted with
butyl and pentyl chains and their PA.
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on intermolecular H-bondings in tricomplexes is estimated to
be ∼44 kcal mol−1. If the stabilization that occurs due to the
presence of H-bonds was completely preserved, the resulting
proton affinities would reach almost 295 kcal mol−1. We have
already established that part of that stabilization may be lost
due to the inductive effect of X (ΔPA(III)) when the electrons
from X are withdrawn toward guanidine moiety, thus
diminishing the H-bond accepting ability of X. However, the
inductive effect of X is negligible in this case, so it cannot cause
the weakening of H-bonds. As in all other cases, different
lengths and conformations of alkyl chains were explored;
however, such high values of PA were not achieved. The exact
reason for this discrepancy is not entirely clear. However, it
could be attributed to an unfavorable interaction between the
substituent X and the alkyl chain. The atom of phosphorus in
superbases 11′, 12′, and 13′ is linked to the sp3 atom (nitrogen
or carbon) that binds X with an alkyl chain. In molecules 5′, 6′,
and 7′ with higher PA, phosphorus is bound to the sp2 atom of
nitrogen that links X with alkyl chain. Different hybridization of
the linker atom results in different steric arrangement, since the
linker atom in superbases 11′, 12′, and 13′ already binds
methyl groups that can cause steric clashes with the alkyl chain
and induce strain in the heteroalkyl substituent. The strain is
more pronounced in the protonated form of these molecules,
where additional pseudoring is created due to formation of the
third intramolecular H-bond. Increased strain in the protonated
form thus leads to a lower PA value.

■ CONCLUSIONS

A step-by-step approach in designing new superbasic
guanidines with heteroalkyl side chains able to form intra-
molecular H-bonds is presented. This approach consists of two
steps: (1) finding a strong H-bond acceptor by calculating the
enthalpy of complexation between the central guanidine moiety
(TMG) and basic molecules that can serve as molecular
fragments with strong H-bond ability and (2) finding the
optimal length of alkyl chain that connects central guanidine
with basic molecular fragment in a way to preserve the ideal
orientation of the basic molecular fragments around the central
guanidine. This approach proved very efficient since we were
able to find substituted guanidines that are far more basic than
the parental tris-DMPG in the gas phase as well as in
acetonitrile. The obtained gas phase proton affinities vary
between 286.2 and 293.3 kcal mol−1, while the pKa values range
from 29.5 to 33.2. Using this approach we found that when a
methoxy group serves as the basic molecular fragment, as in the
previously synthesized tris-MtxPG, the propyl chain is not long
enough to achieve maximal PA. Replacing the propyl chain with
a butyl or pentyl bridge increases the PA of the resulting
molecules by ∼6 kcal mol−1. A more detailed analysis of various
effects that may influence PA of heteroalkyl-substituted
guanidines revealed that not only do intramolecular hydrogen
bonds play an important role but the inductive effect of the
molecular fragment at the end of alkyl chain and alkyl chain
itself also have a significant influence on PA.
The new superbases studied herein are the most basic

guanidines designed so far. As these compounds should be
synthetically accessible, we look forward to their preparation
and application in an experimental setting.
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