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ABSTRACT: Multiple aminopropyl substitutions of the initial N,N',N”-trimethylguanidine lead to high intrinsic
absolute proton affinities (APA) and basicities culminating in APA = 268.4 kcal mol~! (1 kcal = 4.184kJ) in N,N',N'-
tris(3-aminopropyl)guanidine (9). The reason behind a high proton affinity is identified as a strong cationic resonance
in the central guanidine moiety and the strength of the intramolecular hydrogen bonding (IMHB), which is enhanced
upon protonation. A cooperative IMHB effect in 9 and 9H " realized by three N(sp*)H---N(sp®) H-bridges is estimated
to be as high as 14.7 and 33.0 kcal mol ', respectively. It follows that the IMHB effect contributes 18.3 kcal mol ' to
the absolute proton affinity of 9, which is a respectable amount. The basicity of 9 in acetonitrile is estimated to be very
high, as evidenced by the corresponding pK, =28.8. A derivative of 9, N,N',N"-tris(3-dimethylaminopropyl)guani-
dine (10), assumes an even higher superbasic proton affinity of 275 kcal mol ' due to an additional relaxation effect

caused by the methyl groups. The corresponding pK,(MeCN) =29.4. Copyright © 2002 John Wiley & Sons, Ltd.
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INTRODUCTION

The proton and its reactivity are the central theme in
acid—base chemistry and biochemistry.'™ It is, therefore,
not surprising that a lot of research interest has been
devoted to proton affinity, basicity and proton transfer
reactions in the last two decades. However, the proton is
also a useful probe of the electronic structure of
molecules and the simplest model for studying the
electrophilic reactivity of aromatic compounds.*”’ It
follows that the proton, despite its very small size, plays
major role in a number of chemical phenomena.
Recently, considerable emphasis has been laid on the
strong organic bases and proton sponges in the gas phase,
including acyclic and cyclic guanidines®'' and phos-
phazenes.'>™'* The subject has been covered by several
extensive review articles lately.ls’21

The role of intramolecular hydrogen bonding (IMHB)
in determining the basicity of organic compounds was
realized rather early. Yamdagni and Kebarle** measured
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the enthalpies of protonation of o,w-diamines
NH,(CH,),NH,, n=2-7, and found that they were
consistent with the internally hydrogen-bonded cyclic
structures of the ions. This ‘internal (partial) solvation’
led to increased basicity in the gas phase, provided that a
substantial ring strain was absent. In contrast to the free
molecule gas-phase case, the external solvent effect in
solution may compete with the intramolecular functional
groups and delocalize the positive charge of the
protonated atom, thereby weakening its ability to take
part in ‘internal solvation.” A strong interference of
internal and external solvation is expected in highly polar
solvents such as H0.>*"%° An enhancement of gas-phase
basicity by the IMHB cyclization in polyfunctional
formamidines has been observed by Raczynska et
al.>**" 1t is plausible to expect that IMHB will play an
important role in biologically pertinent molecules invol-
ving polyfunctional groups. Indeed, it was found that a
stable six-membered ring cyclic structure is formed in the
protonated histamine®® and the protonated N*N*-
dimethylhistamine.?® Within this context, it should be
mentioned that part of the high basicity of arginine is due
to the ‘internal solvation’ of the guanidinium cation
moiety according to a careful ab initio study by Maksi¢
and Kovacevié,*® which confirmed earlier conjecture put
forward by Raczyriska er al.*” Recently, it was found that
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Scheme 1. The intramolecular hydrogen bond corona effect

the aminopropyl chain amplified basicity, if it was linked
to the highly basic imine nitrogen, which in turn was a
part of the molecular backbone undergoing aromatization
upon protonation. As an illustration, we mention
cyclopropenimine (1) and 2,5-dihydropyrrolimine (2)
moieties as depicted in Scheme 1.

Protonation at the imine site closes up a pseudo-six-
membered ring with the substituted nitrogen atom by
formation of a relatively strong hydrogen bond, which
stabilizes 1 by ~10 kcal mol ' (Ref. 31) and system 2 by
8kcal mol™! (Ref. 32). This characteristic closure
involving formally sp® atoms was termed the corona
effect.>’** Since the loop starts and ends up with the
same atom, it could be named as the single-center corona
effect. To complete a brief survey of the role of IMHB in
determining the high basicity of organic neutral com-
pounds, one should mention the proton sponges, which
found a wide range of applications in organic syntheses
due to some advantageous features. The paradigmatic
proton  sponge  1,8-bis(dimethylamino)naphthalene
(DMAN) (3) was synthesized ~30 years ago followed
by its numerous off-spring later on**—*® (Scheme 2).

The proton in the conjugate acid 3H" not only
remedies the unfavourable electron pair repulsion, but
forms in addition a farily strong hydrogen bond.
Recently, Raab er al® and Kovagevi¢ and Maksi¢*
have shown that even more favourable IMHB effect can
be obtained in 1,8-bis(tetramethylguanidino)naphthalene
(TMGN) (4) and 4,5-bis(tetramethylguanidino)fluorene
(TMGEF) (5) (Scheme 2). The reason behind the stronger
IMHB effect in 4 and 5 compared with DMAN was
identified as an interesting additional partial protonation
phenomenon in the guanidine group, which is not directly
attached to the proton. Extension of this work to other
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compounds possessing different molecular backbones led
to proton affinities as high as 268 kcalmol™' and
exhibiting basicity in acetonitrile around pK, = 29.*'

In this work, we examined the question of whether
there are systems with a multiple corona effect unknown
as yet, which might lead to compounds possessing very
high basicities. Our investigations are related to the gas-
phase case and to the liquid-phase case involving
moderately polar solvents such as acetonitrile. The
answer to the posed question is in the affirmative, as
this paper conclusively shows.

COMPUTATIONAL METHOD

Absolute proton affinities (APA) in the gas phase are
computed in the following standard way:

APA(B,) = (AEq), + (AZPVE),,
(AEq), = E(B) — E(B;H)"

(AZPVE), = ZPVE(B) — ZPVE(B,H)"

where B and BH" denote the base in question and its
conjugate acid, respectively, and « signifies the site of
proton attack. Equations (2) and (3) give the electronic
and zero-point vibrational energy contributions to the
proton affinity, respectively. A search of the Born—
Oppenheimer energy hypersurfaces was performed with
the efficient Hartree—Fock model employing the 6-31G*
basis set. Further, the minima on the potential energy
hypersurface that correspond to equilibrium geometric
structures were verified by vibrational analyses at the
same level. The calculated vibrational frequencies were
used in deriving the ZPV energies by the application of a
common scale factor, 0.89, as is customary. The final
single-point calculations take into account the fact that a
proper description of the nitrogen lone pair requires the
use of the more flexible 6-311 + G** basis set, and that
for reliable estimates of the proton affinity an explicit
account of the correlation energy is needed at least to the
level of Mgller—Plesset (MP) perturbation theory of the
second order. This gives rise to the MP2(fc)/6—
311 + G**//HF/6-31G* + ZPVE(HF/6-31G*) model,**
which offers a good compromise between accuracy and
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Scheme 2. Some proton sponges involving strong IMHB
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PROTON AFFINITY OF GUANIDINES 767

feasibility. It will be abbreviated hereafter as MP2. A
somewhat less accurate but more efficient model is
provided by the scaled Hartree—Fock scheme (HF.). It is
based on very good correlation between the MP2 proton
affinities and the difference in HF energies of a neutral
base and its conjugate acid.*** The corresponding
equation for protonated nitrogens is

APA(By) = 0.8924AE(HF/6-31G")y
+10.4 kcal mol ™! (4)

The reason behind the good performance of Eqn. (4)
is the fact that the ZPVE contribution to the proton
affinity is practically constant in general, being
8.5+ 0.4 kcal mol™' for nitrogen bases, which in turn
is absorbed in the additive constant in Eqn. (4). It should
be pointed out that, strictly, the proton affinity is defined
as the enthalpy difference at 298 K between the
interacting species (a base, proton and the conjugate
acid). This includes an additional term [(5/2)RT] in Eqn.
(1) appearing from the translational energy of the proton
and the pAV contribution, if a plausible assumption is
adopted that protonation does not change the heat
capacity significantly. This additional term is unneces-
sary in our MP2 model, since the latter is selected in such
way (by judicious choice of the basis set) that it
reproduces the experimental data at room temperature
with reasonable accuracy.

All computations were carried out using the Gaussian
94 program.44

RESULTS AND DISCUSSION
Structural features

The target system N,N',N"-tris(3-aminopropyl)guanidine
(9) is presented in Fig. 1 together with the parent N,N',N"-
trimethylguanidine (6) and its mono- and bisaminopropyl
derivatives (7 and 8, respectively). The protonated forms
are shown in Fig. 2. Systems 7 and 8 can exist in several
tautomeric forms, since it is well known that guanidines
possessing at least one hydrogen at the N-amino atom
undergo prototropic tautomerism.*’ Finally, N,N',N’-
tris(3-dimethylaminopropyl)guanidine (10) is also con-
sidered, since a superbasic gas-phase proton affinity of
over 270 kcal mol ! is expected. We shall consider the
structural features first. For this purpose it is useful to
introduce an index called the degree of pyramidalization
of the nitrogen atom [DP(%)]. It is defined as™°

DP(%) = l360 - i 04,-] /0.9 (5)
i=1

where the summation is extended over three bond angles
of the apical nitrogen in question (in degrees).

Copyright © 2002 John Wiley & Sons, Ltd.

The characteristic bond distances of the parent
compound 6 are given in Fig. 3. The central guanidine
moiety is essentially planar. One can clearly distinguish
between the double bond C=N and single bond C—N
distances, the former being shorter by 0.12 A. Protona-
tion at imine site induces equivalence of all three CN
bonds, which assume a distance of 1.326 A. These bonds
resonate strongly, as we have shown in a recent study of
the basicity of polyguanides.'' It appears that a strong
cationic resonance is the main reason behind the high
intrinsic proton affinity of the guanidine moiety con-
tributing to proton affinity a fairly large energy. More
specifically, it lies in the range 24-27 kcal mol '.!!
Needless to say, the guanidine skeleton remains planar in
6H". It is interesting to note a relatively high pyrami-
dalization of the amino groups in 6 (12 and 16%) and
their perfect planarization upon protonation. Finally, the
single C—N bond distance involving the former imino
nitrogens increased to 1.460 A in 6H" due to rehybrid-
ization of the protonated nitrogen.

Next, we shall focus on the monoaminopropyl deriva-
tive 7 (Fig. 4). One should point out that the nitrogen atom
substituted by the aminopropyl group is significantly
planarized even in the initial base 7. In contrast, the NH,
group at the end of the aminopropyl chain is highly
pyramidalized (34.3%). Since the aminopropyl chain is
attached to the amino nitrogen and forms the IMHB with
the imino nitrogen atom, the corresponding structural and
electronic feature could be termed the two-center corona
effect. Protonation yields an almost perfect planar skeleton
of the guanidine fragment in 7H . It is important to realize
that the IMHB between the aminopropyl chain and imino
nitrogen lone pair exists already in the neutral base. In
contrast, in conjugate acid 7H" the protonated imino
nitrogen acts as a proton donor, whereas the side-chain
amino group is a proton acceptor. Newly formed IMHB is
stronger than in neutral analogue 7, as evidenced by a
decrease in the NH---N distance by ~0.39 A. This will be
discussed in some more detail in the next section. The bis-
and tris-substituted systems 8 and 9, possessing two and
three two-center corona motifs, respectively, exhibit the
same pattern of changes triggered by protonation (Figs 5
and 6).

To reiterate: the central guanidine framework becomes
planar, the NH:--N contacts are shortened and the
terminal amino groups in aminopropyl chains are
considerably pyramidalized. The bottom line is that the
central moiety undergoes substantial cationic resonance
interactions in the conjugate acids and that the intramol-
ecular hydrogen bonds are strengthened by protonation.
The latter is not surprising, because Coulomb interactions
are an essential ingredient of the IMHB. Having said that,
it should be mentioned that there are exceptions. For
instance, it was found that protonation decreases the
strength of the IMHB in tropolone,46 because the
protonated carbonyl oxygen becomes a poorer hydrogen
bond acceptor.
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Figure 1. Schematic representation of trimethylguanidine 6 and its mono-, bis- and trisaminopropyl-substituted analogones 7, 8

and 9

Proton affinity in the gas phase

The energetic data are summarized in Table 1. It appears
that 6 has an APA of 245.7kcalmol™!, which is

Copyright © 2002 John Wiley & Sons, Ltd.

comparable to that of archetypal DMAN, where experi-
ment gives 246.2 kcal mol ¥ Aminopropyl substitu-
tion increases the proton affinity by 8.5 kcal mol ' in 7.
Interestingly, the singly substituted aminopropyl deriva-

J. Phys. Org. Chem. 2002; 15: 765-774
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Figure 2. Schematic representation of the p

tive 7 has three additional tautomers/conformers, 7a, 7b
and 7c¢, lying very close in the total molecular energy.
Conformer 7a is the most and the imino ‘self-solvated’
compound 7c is the least stable. Unexpectedly, it appears
that the strongest IMHB interaction is between an N(sp3 )
hydrogen bond donor (HBD) and an N(sp®) hydrogen
bond acceptor (HBA), which takes place in 7a. The
proton affinities follow the opposite trend. They assume
highest and lowest value in 7c¢ and 7a, respectively. It
should be pointed out that protonation of 7, 7a and 7b
results in the same conjugate acid 7H" (Fig. 2), which

rotonated forms 7ZH™, 7cH™', 8H™, 9H" and 10H™

explains the trend above. It is of interest to estimate the
contribution of the IMHB to the APA in 7. For this
purpose, the aminopropyl side-chain in 7 and 7H" is
stretched to a zig-zag conformation as shown in Scheme
3.

MP2 model computations reveal that 7(zig-zag) is less
stable than 7 by 5.8 kcal mol ™' implying that this is a
rough estimate of the IMHB strength in the neutral form
7. Analogously, it appears that 7H" is more stable than
7H " (zig-zag) by 10.1 kcal mol~'. Therefore, the con-
tribution of the IMHB in 7 to its proton affinity is

Copyright © 2002 John Wiley & Sons, Ltd.

6H*

Figure 3. Selected geometric parameters of N,\,N'-trimethylguanidine (6) and its conjugate acid 6H"
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4.3 kcal mol . Similarly, 8b is slightly more stable than
8, the difference being only 2kcal mol~'. The reason
behind this is simple: the tautomer 8b has two favourable
hydrogen bond donor—acceptor interactions involving
four N(sp3) atoms. All three tautomers have a common
conjugate acid 8H'. Concomitantly, APA(8) and
APA(8b) are 263.4 and 261.6 kcal mol ", respectively,
the former being higher by ~2 kcal mol ™. Taking into
account only the most stable tautomers and conformers of
7 and 8, one concludes that a double aminopropyl
substitution yields an increase in proton affinity of
9.2 kcal mol ', Triple aminopropyl substitution, which
makes a strongly resonating conjugate acid system 9H ™,
leads to a remarkable superbasic APA = 268.4 kcal mol ™
value.

In order to estimate the contribution of the intramol-
ecular hydrogen bonds in 9H ", we considered unfolded
aminopropyl chains conformation 9H" (zig-zag) de-

7H*

Figure 4. Selected geometric parameters of the monoaminopropy! derivative of guanidine 7 and its conjugate acid 7H™

picted in Fig. 7. It is found that the sum of hydrogen bond
strengths in 9H " is 33.0 kcal mol ™' as estimated by the
MP2 model. On the other hand, the same model yields a
sum of the intramolecular hydrogen bonds in neutral 9 of
14.7 kcal mol ', The difference of 18.3 kcal mol '
represents the IMHB contribution to the absolute proton
affinity in 9. Although this is not exclusively the strength
of the intramolecular hydrogen bonds, because the steric
interactions in 9 and 9(zig-zag) are not exactly the same,
which also holds for the 9H' and 9H'(zig-zag)
protonated forms, it can be safely concluded that the
total contribution to the proton affinity of the three
IMHBSs acting in concert in 9 is remarkable.

It is of interest to compare the bond distances of the
guanidine moiety in 9 and 9(zig-zag). One observes also
that the C=N bond is longer, whereas both C—N bonds
are shorter in 9 compared with the corresponding values
in the model system 9(zig-zag). This is consistent with

Copyright © 2002 John Wiley & Sons, Ltd.

8H*

Figure 5. Selected geometric parameters of the bisaminopropy! derivative of guanidine 8 and its conjugate acid 8H"
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9H*

Figure 6. The most stable conformation and selected geometric parameters of the trisaminopropyl derivative of guanidine 9 and

its conjugate acid 9H™

the idea of partial protonation* of the imino nitrogen via
an IMH bond, which occurs in the initial base 9. It can be
expected that the introduction of two additional methyl
groups in the aminopropyl substituents would lead to an
even more amplified basicity due to the relaxation effect.
This supposition is confirmed by actual calculations
which gave APA(10)=275.5 kcal mol ', implying that
10 is a strong superbase in the gas phase.

As a final comment, it should be noted that the efficient

HF,. model gives APAs that are very close to those given
by the more sophisticated MP2 calculations (Table 1).

Basicity in acetonitrile
Neutral organic superbases are tailored for applications in

moderately polar solvents. One of the widely used
solvents of low polarity was acetonitrile®° (for the

Table 1. Electronic energies (au), ZPVEs® and the proton affinities (kcal mol™") as obtained by the MP2 and HF,. models®

Molecule HF/6-31G* MP2 ZPVE APA(HF,.) PA(MP2) B3LYP pK,
6 —321.19841 —322.42123 96.3 246.4 245.7 —323.39184 24.9
6H" —321.61986 —322.82557 104.3 - - —323.86970 -
7 —454.28983 —456.03871 141.5 254.5 254.2 —457.41048 25.9
TH* —454.72577 —456.45795 150.4 - - —457.89304 -
7a —454.29406 —456.04243 141.9 2522 2522 —457.41316 25.2
TH* —454.72577 —456.45795 150.4 - - —457.89304 -
7b —454.29017 —456.03914 142.0 254.3 254.4 —457.40891 26.6
TH* —454.72577 —456.45795 150.4 - - —457.89304 -
7e —454.28082 —456.03062 141.6 256.7 256.5 —457.40242 26.8
7cH* —454.72071 —456.45338 150.4 - - —457.88798 -
8 —587.38630 —589.66139 187.2 262.2 263.4 —591.43191 27.8
SH* —587.83601 —590.09603 196.5 - - —591.92129 -
8a —587.38649 —589.66311 187.2 262.1 262.4 —591.43177 27.8
SH* —587.83601 —590.09603 196.5 - - —591.92129 -
8b —587.38896 —589.66463 187.4 260.7 261.6 —591.43308 275
SH* —587.83601 —590.09603 196.5 - - —591.92129 -
9 —720.48211 —723.28555 232.8 267.5 268.4 —725.45353 28.8
9H* —720.94118 —723.72863 242.4 - - —725.94653 -

10 —954.64538 —958.40176 333.1 266.9 275.5 —961.33511 29.4

10H* —955.10345 —958.85529 3422 - - —961.82947 -

3 ZPVEs (in kcal mol™") are calculated at the HF/6-31G* level of theory and scaled by 0.89.
® B3LYP is a shorthand notation for the (IPCM)/B3LYP/6-311 + G**//HF-6-31G* model.

Copyright © 2002 John Wiley & Sons, Ltd.
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determination of the acidity of strong neutral Brgnsted
acids in acetonitrile, see Ref. 50). The question therefore
arises of whether the highly basic 3-aminopropylguani-
dines offer compounds exhibiting strong basicities in
solutions. Consequently, we consider here their basicity
in MeCN, which might prove helpful in the experimental
measurements. It was shown recently that the electro-
static model of polarized continuum of Miertu§ et al.>!
served the purpose of describing the solvent effect very
well in moderately and low-polarity solvents such as
acetonitrile.”?

In determining the cavities that surround solvated
molecules, we utilize the suggestion of Wiberg and co-
workers,”® which is based on isodensity shells that
involve the electron density of 0.0004 eB>. This
approach was termed the isodensity polarized continuum
model (IPCM). Since the calculation of pK, values in
MeCN (with permeativity € = 36.64) involves the estima-
tion of the charges on the cavity surfaces in an iterative
fashion, a more economical model than MP2 is desired.
We found that the B3LYP/6-311 + G**//HF/6-31G*

H

B4

!
N

11,283

H

« ﬂl'a'-'r. ~1.382 'm
G allEl oW
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U

9 (zig-zaq)

model is a very good compromise between efficiency and
reliability.>* Hence the model for calculating pK, values
in a solvent is termed (IPCM)/B3LYP/6-311 + G**//HF/
6-31G*. Comparison of the APA values, calculated in
acetonitrile, with the experimental data gave an excellent
linear least-squares fit correlation:

pK,(MeCN) = 0.4953(MeCN) — 119.7  (6)

It appears that, by using Eqn. (6), pK, gradually
increases along the series 6, 7a and 8, culminating in 9
and 10, with the high values of 28.8 and 29.4,
respectively (Table 1). The high basicity of poly-3-
aminopropylguanidines is surprising at first sight in view
of their size and partial self-solvation. Obviously, there is
no interference of internal and external solvation as is
usually the case in highly polar media such as water.>> %
This feature makes polyaminopropylguanidines very
good candidates for superbases in non-polar solvents.

As a final comment, it is interesting to note that the
solvent effect in 9(zig-zag) and 9H " (zig-zag) is larger

9H* (zig-zag)

Figure 7. Structural representation of the unfolded trisaminopropy! derivative of guanidine 9 and its conjugate acid 9H™"

Copyright © 2002 John Wiley & Sons, Ltd.
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than that in their corresponding intramolecular hydrogen
bonded forms 9 and 9H*. The reason for this is simple:
the nitrogen atoms in 9 and 9H" are partially shielded
by ‘internal self-solvation’ by three corona rings.
The (IPCM)/B3LYP/6-311 + G**//HF/6-31G* model
shows that the difference in total energy (including
ZPVE) between 9(zig-zag) and 9 in acetonitrile is
5.5 kcal mol ', Analogously, 9H " (zig-zag) is less stable
than 9H" in CH;CN by 13.1 kcal mol~'. Consequently,
the contribution of the triple corona effect to APA in
acetonitrile is 7.6 kcal molfl, which should be compared
with the corresponding gas-phase estimate of
18.3 kcal mol . In spite of the fact that the IMHB effect
in 9 is 58% smaller in CH;CN, its presence leads to a
respectable basicity of 9 with a pK, value 28.8 (see
above).

CONCLUSION

We found that multiple aminopropyl substitutions of the
initial N,N',N"-trimethylguanidine lead to high intrinsic
proton affinities and Dbasicities culminating in
APA =268.4 kcal mol ™' in N,N',N"-tris(3-aminopropyl)-
guanidine (9) and APA =275.5 kcal mol ! in 10. The
reason behind the high proton affinity is identified as a
strong cationic resonance occurring in the central
guanidine moiety and the strength of the intramolecular
hydrogen bonding, which is enhanced upon protonation.
Clearly, cooperative action of three IMHBs is very
effective in 9, contributing substantially (~18 kcal
mol ") to the absolute proton affinity of this highly basic
molecule. Mono- and bis-3-aminopropylguanidines exist
in several tautomeric forms. Their stabilities vary by a
few kcal mol™'. The most stable tautomers and con-
formers are those which have the largest number of
intramolecular hydrogen bonds formed between pairs of
N(sp3) nitrogen atoms, acting as hydrogen bond donors
(HBD), and their N(sp3) partners acting as hydrogen bond
acceptors (HBA). It is also shown that the compounds
considered are very basic in acetonitrile. The highest pK,
values are found in 9 (pK, =28.8) and 10 (pK,=29.4),
which indicates that these two compounds could be very
useful in acid—base chemistry.
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