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ABSTRACT: In this study, using a computational approach, we are pursuing to find a proper
answer about the possible application of fused TIs as superbases through the calculation and
discussion of standard thermochemistry parameters, like gas-phase basicity (GB) and proton
affinity (PA). In some studied cases, the role of aromaticity/antiaromaticity fluctuations supposed
to be more important than mesomeric effects. In this sense, nucleus-independent chemical shift
(NICS) and anisotropy of the induced current density (ACID) were utilized in this study to probe
into the aromaticity-related parameters of the proposed molecules. Results revealed the highest
GB/PA values for the molecules having cyclobutadiene in between two troponimines. Additional
investigation was performed into the other candidates of cyclobutadiene-fused troponimines by
substituting several electron donors along with the changing position of donors. Some novel
superbases offered record-holding GB/PA values so that PA magnitudes higher than 300 kcal
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mol ™" are now feasible for nonphosphorous neutral organic superbases (NOS).

B INTRODUCTION

The deprotonation of the reactant is usually the most crucial
step in many organic reactions,1 which sometimes require very
strong superbases. Neutral organic superbases (NOS) are
organic molecules that have higher basicity than that of 1,8-
bis(dimethylamino)naphthalene (DMAN) with gas basicity
(GB) of 239 kcal mol™" and proton affinity (PA) of 245.3 kcal
mol™".>* The NOS are commonly categorized into amidines,”
guanidines,”™” phosphazenes,”” phosphines,'”'" aromatiza-
tion-assisted cyclo-organic compounds like cyclopropenei-
mines and troponimines,lz_14 and compounds where above-
mentioned subgroups are combined into one molecule, which
are usually called hybrid superbases. Superbases, where basic
substituents are brought into close proximity by substitution of
aromatic backbone, are termed proton sponges. Examples are
DMAN, 1,8-bis(hexamethyltriaminophosphazenyl)-
naphthalene (HMPN), 1,8-bis(methylylidene-
(hexamethyltriamino)phosphorane)naphthalene (MHPN),
1,8-bis(tetramethylguanidino)naphthalene (TMGN), and 1,8-
bis(bis(diisopropylamino)cyclopropeniminyl)naphthalene
(DACN)."57'8

The development of NOS systems has been focused on the
ability of the delocalization of protonation-induced positive
charge and of the formation of intramolecular H-bond(s) in
the conjugate acid.'””° Efforts pursued to develop NOS with
aromatic character upon protonation have lasted more than a
decade.”" Cyclopropeneimine (CPI) is an excellent example of
this since it enables the delocalization of positive charge of
protonated molecule in the smallest 277e~ aromatic system.”” It
is worth mentioning that bis-N,N'-(1,3-dialkyl-4,5-dimethyl-
1H-imidazol-2(3H)-ylidene) guanidines (pK(BH") of 24.9—
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28.5 in tetrahydrofuran (THF))* and biscyclopropeniminyl-
guanidine (pK(BH") of 35.6 in THF) superbases as the most
basic phosphorous-free NOS synthesized so far. In some recent
theoretical studies, it was shown that in mixed CPI/guanidine
systems where multiple intramolecular H-bonds (IMHB)
stabilize conjugate acid PA values of up to 306.0 kcal mol™
could be achieved.'>** Recently, we have demonstrated that
troponimines (TI) possess the same capability as CPI, but
resulting in higher GB/PA values.”® It should be mentioned
that NOS design was not limited to theoretical investigations
only; however, many theoretically designed NOS have been
synthesized and are nowadays being used as promotors of
chemical reactions.”*™>* Aromatization, therefore, is consid-
ered to be the main driving force in high-basicity trait of new
NOS systems. Investigation on the possible role of the
antiaromaticity character of some NOS candidates, however,
still remained on the margin of NOS researchers’ desk, and the
current paper tries to shed light on this area.

In continuation of our previous work on TIs, we raised the
question of whether the basicity of fused TIs with different
rings between troponimine moieties is high enough to enable
the application of such designed molecules in organic
chemistry. Therefore, synthetic routes for the fused types of
such compounds should be addressed first to determine if their
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synthesis is achievable or not. Regorts are available on the
synthesis of tropylium amines,*>? troponimines, and their
salts,”’ %% 5-dibenzosuberenone (A),*’ cyproheptadienes
(B)*"** (an antihistamine), and amitriptyline (C)** (an
antidepressant agent). 6,7-Dihydro-SH-dicyclohepta[b,d]-
pyrrole (D),** 1,7-dihydrobenzo-[1,2:4,5]dicycloheptene (E),
and 1,11-dihydrobenzo-[1,2:4,5]dicycloheptene (F)* were
also synthesized and identified properly (see Figure 1). Several
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Figure 1. Examples of successfully synthesized fused cyclohepta-
trienes, cycloheptadienes, and biphenylenes.

G H

seven-membered fused rings obtained by the Aza-Wittig-type
reaction can be enumerated as an excellent strategy to
introduce a carbon—nitrogen double bond on the cyclic
system.”® On the other hand, there are several examples of a
successful synthesis of molecules where the four-membered
ring is fused between two benzene rings (compounds G—I;
Figure 1) as the main target'’ ™" or the side product.”” These
examples especially could be useful to draw strategies for the
possible synthesis of compound 4 in Figure 2.

With this synthetic background of fused seven-membered
ring compounds, we proposed a set of fused TI molecules,
differing from each other by the number and type of atoms in
the middle of the two TI rings (Figure 2).

To the best of our knowledge, the only theoretical study on
fused cycloheptatriene systems was the CPI-substituted 1-
azaazulene, which was reported as the highest GB and PA for
nonphosphorated substituted ones with 284.1 and 290.7 kcal
mol~!, respectively.””

B RESULTS AND DISCUSSION

GB and PA data of the most important bases studied here are
presented in Figure 2. Initial results indicated that all proposed
bases can be classified as superbases. Introducing dimethyla-
mino groups (dma) to superbases resulted in an increase in
basicity values ranging from 11.2 to 14.9 kcal mol'. For
instance, GB and PA values of 1b increase by 12.8 and 11.2
kcal mol™!, respectively, upon implementation of two
dimethylamino groups (dma) onto the C3 and C8 positions
of 1a superbase. Generally, most promising basicity values are
obtained for 1b and 2c¢ compounds. It should be noted that
protonation of 2b and 2¢ occurs on the side TI ring and not in

the middle TI-imine. A few examples with lesser importance in
terms of GB and PA are depicted in Figure S1.

Most of the studied NOS partially owe their superbasic
property to the stabilization of the incorporated proton via
intramolecular H-bonding. According to the electron density
and Laplacian of H-bond BCPs, as well as Eyy calculated by eq
4 shown in the Computational Methodology section, effective
H-bonding is confirmed for those structures where the suitable
orientation of interacting moieties enable such interaction.
Most of the bases show a range of 7.0—9.0 kcal mol™" of the H-
bond strength (Table S3).

Calculating nucleus-independent chemical shift™* on +1A
from the center of the rings, namely, NICS(1),,, helps us to
track the change in aromaticity of the proposed bases upon
protonation. As expected, the cyclobutadiene rings in 1a and
1b reveal a high antiaromatic character for the free bases and
become even more antiaromatic in the conjugated acids.
NICS(1),, values are increased from about 43 to 50 ppm in
both cases of cyclobutadiene rings. Such an increase in the
antiaromatic character of cyclobutadiene ring, in la for
instance, comes with a relatively high PA of 279.5 kcal mol™
with respect to the other candidates in Figure 2. For 2a
compound, as the corresponding imine group is not located on
the TI rings, the broad z-system can delocalize the positive
charge throughout three fused rings and therefore show high
aromaticity. The other considered bases demonstrate a slight
to moderate decrease of NICS(1),, on the protonated TI ring
while unprotonated TI moiety generally shows an increase in
these values. The middle ring in most cases exhibits a decrease
in aromaticity, with slight fluctuation. Full details of NICS(1)_,
values of the bases presented in Figure 2 are available in the
Supporting Information (Table S1).

Thermodynamic properties of molecules presented in the
first row in Figure 2 look promising for our goal of designing a
new class of fused TI-NOS. Inspection of GB/PA values of 1a
and 1b along with their NICS(1),, data raises a question of
what level of tuning can be applied to 1b and which values of
basicity parameters can be achieved through this tuning.
Therefore, we calculated the basicity of several modified fused
TIs, where modification goes from placing CPI substituents on
right position on TI rings to bridging of N atoms of TIs by the
imino group. A new set of bases that we considered
theoretically are presented in two lower rows of Figure 2,
along with their GB and PA values.

To continue probing the basicity of 1a, two TIs cyclized by a
diazene moiety to yield a pyridazine ring at the bottom (3a).
However, GB/PA values for 3a drop by 13.2 kcal mol™},
compared with GB/PA of la. The main reason for such a
decrease in basicity can be deduced from the electron-
withdrawing effect of pyridazine’s nitrogen. The absence of any
electron donor in the 7-system also leaves imine groups alone
in the polarization of TIs. For 3b compound, GB/PA decreases
by 6.6/4.9 kcal mol™', indicating that the more suitable
positions of DMA groups are 3- and 8- positions. On the
contrary, compound 3c showed an 8.2/9.5 kcal mol™" increase
in GB/PA values with respect to those of 1b. This proves the
fact that adding two dma groups in conjugation with the
existing dma groups moderately improves the basicity.

In the next phase, two imines of 1b are cyclized by a C=
NMe group to form 4a (GB = 263.1 and PA=269.1 kcal
mol™"), which is associated with about 10 kcal mol™ decrease
in GB/PA in comparison with 1b analogue. On the other hand,
4c shows an approximately 15 kcal mol™" increase in the GB/
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Figure 2. Gas basicity (GB) and proton affinity (PA) of the most promising superbase candidates calculated at M06-2X/def2TZVPP//M06-2X/

def2SVP level of theory. The most basic sites are shown in red.

PA values (GB = 277.3 kcal mol™" and PA = 284.9 kcal mol™")
in contrast to those of 4a. Due to the antiaromatic properties
observed in 1a and 1b bases, we decided to move dma groups
to a new position (C4 and C7) in conjugation with
cyclobutadiene ring to form 4b. With this, pushing electrons
in an alternative 7-conjugated route enable us to track the
antiaromaticity character of the cyclobutadiene and also
basicity parameters. Unexpectedly, we obtained GB/PA values
of 297.9 and 305.8 kcal mol™ for 4b, respectively. Upon
protonation, the cyclobutadiene moiety in 4b is more squeezed
than in 4a. Influenced bond lengths are depicted in Figure S2
and available in the Supporting Information.

The hypothesis of altering the push—pull routes was tested
again by substituting dma groups with bis(2,3-dipyrrolidin-1-
yl)CPL Compound 4d (GB = 282.4 kcal mol™', PA = 290.9
kcal mol™) reveals a moderate improvement of ~10 kcal
mol™ in GB/PA compared to 1b. As expected, 4e recorded
GB of 311.4 kcal mol™ and PA of 320.0 kcal mol™!, which
push the limit of GB and PA for nonphosphorous aromatic-
stabilized NOS. As long as the CPI's imine group can act as a
plausible protonation site of 4e, another calculation shows
277.5 and 285.0 kcal mol ™" of GB and PA for CPI protonation,
respectively. This demonstrates that the protonation mostly
occurs on the imine of diazeno moiety of 4e.

In a side study, we replaced dma groups with several CPI-
based substitutions in 4a to explore any systematic effects of
various secondary amines of CPIs and alkyl groups of imines
on the basicity. According to Figure 3, GB and PA values of
Sa—o bases obtained in the range of 280.5-291.3 and 287.6—
300.5 kcal mol™, respectively, which is expressive of a high

R

R R R Me i-Pr t-Bu
\ %
N N (Me);N- 5a 5b 5c
(i-Pr);N- 5d 5e 5f
N N
. D/_\N* 59 5h 5i
\/
R' R N
{ N— 5] 5k 51
R' R’
5a-0 CNf 5m 50 50
Base | 5a 5b 5¢ 5d 5e 5f 5g Sh 5i 5j 5k 5l 5m 5n 50

GB |288.9 288.3 284.1 290.7 289.4 285.8 281.0 284.5 280.5 291.3 291.3 287.7 290.3 290.1 287.9

PA |207.6 207.6 204.3 208.1 297.4 203.6 267.6 292.3 2881 297.9 298.1 294.5 300.2 3005 297.6
Figure 3. Extended CPl-substituted 4a NOS, gas basicity (GB), and
proton affinity (PA) in kcal mol™' calculated at M06-2X/
def2TZVPP//M06-2X/def2SVP level of theory.

electron-donor trait of the substituted secondary amines on
CPIs. The highest values of GB/PA can be achieved when
pyrrolidine and piperidine substituents are introduced in Sm—
o and 5j—1 bases, respectively. On the other hand, morpholino-
CPI substituent shows the lowest basicity among the set of
considerations. The effect of alky substituents on the imino
groups on GB/PA values can be waived off; however, we could
see some trends here. t-Bu group contributes least to the PA
and GB values, although its inductive effect is higher than that
of Me or i-Pr groups. However, its bulkiness induces steric
problems, and repulsion between imino moieties, which reduce
PA/GB values. Contribution of Me and i-Pr groups to GB/PA
is very similar, although ordering of their contribution is not
the same since GB involves entropic term too.
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4b

Figure 4. ACID plots of 1a and 13 bases and their conjugated acids.

4b(H")

The data obtained from NICS(1),, calculation show that
Sa—o, 3b, and 3¢ bases display similar trends to those observed
previously for 1a and 1b. The only additional point is that CPI
rings (in Sa—o bases) exhibit lower NICS(1),, values after
protonation of bases. It should be mentioned also that the
aromaticity of the pyridazine ring remains almost unchanged in
the base 3a. We can see a moderate aromatization of T1I rings
in the 4b, although they are still antiaromatic. In this regard,
NICS(1),, values are calculated for the cyclobutadiene ring of
4b by 110.7 and 131.5 ppm for +1 A above and behind the
center of the ring. NICS(1),, values are highly decreased by
64.5 and 85.3 ppm after protonation of 4b and antiaromaticity
transferred to the diazeno-TI upstream ring. Substantial ring
current of la cyclobutadiene and more accumulation of such
current could be seen in anisotropy of the induced current
density”™ (ACID) plots presented in Figure 4. For 4b,
however, the ring current changing is much considerable
from cyclobutadiene to diazeno ring upon protonation. The
modulation in the magnitude of cyclobutadiene ring
antiaromaticity, soothing this character by the alternating
ring current to adjacent rings in certain bases and its relevance
to calculated high basicity, is emphasized again as a key finding
of the presented study. Quantitatively calculated NICS(1),,
data of important bases of Figures 2 and 3 are available in the
Supporting Information (Tables S4—S6).

The case of molecular weight is a significant point in the
current theoretical study since a low-molecular-weight base is
mostly preferred in practical application.’® Without any
experiment data in hand, however, we can not reach to such
level of reliance on how much our proposed superbase can be
stable in real laboratory conditions or how many synthetic
steps are needed to prepare them. Therefore, if such a
hypothesis is made, in which our proposed bases have the
desirable stability, we can address Schwesinger’s P4-t-Bu’’ with
GB = 287.7 kcal mol™" (according to a theoretical assessment
of Leito et al.>®), which is a commercially available poly-
(aminophosphazenic) superbase. Nevertheless, the main
disadvantage of such a superbase is the problem of high
molecular weight (M, (P4-t-Bu) = 633.73 g mol™'). The

strongest NOS in the current report, 4e (M, = 623.81 g
mol™") has an approximate molecular weight of P4-t-Bu,
however, with much higher basicity. Base 4b (M,, = 331.42 g
mol™") also has a similar magnitude of GB/PA with respect of
P4-t-Bu, but in almost half of P4-t-Bu’s molecular weight.

The last discussion reflects the calculated pK(BH") of the
presented NOS. In this study, we calculated the pK(BH") of all
bases both in MeCN and THF solvent by utilizing eq 3 in the
Computational Methodology section. It appears that some
bases, for example, 4b and 4e, show unusually high pK(BH*)
values of 52.3 and 49.5, respectively, in MeCN; however, we
should take obtained numbers with care since they are results
of linear extrapolation against solvated reference superbase,
and the accuracy of pK(BH") calculated in this way is lower
than the accuracy of the calculated PA/GB values. Calculated
pK(BH") data from Tables S1 and S2 have only such merit of
direct comparison within the set of current calculation and any
further conclusion must be associated with experimental
measurements if some of the bases presented herein are to
be successfully synthesized.

B CONCLUSIONS

Neutral organic superbases (NOS) play an important role in
organic synthesis. Designing an efficient NOS like cyclo-
propeneimine-derived (CPI) bases leads to a new generation
of NOS that could find many beneficial applications in
synthesis. In this study, several fused troponimine (fTT)
molecules are considered to be the candidates of NOS. Among
them, base 1b shows high GB/PA values with exceptional high
antiaromaticity characteristics, and by modification of sub-
stituents and their position, we introduce hyperbases 4b (GB =
297.9 kcal mol™ and PA = 305.8 kcal mol™") and 4e (GB =
311.4 kcal mol™ and PA = 320.0 kcal mol™). Such
thermodynamic data for 4e hit the GB/PA records for
nonphosphorous aromatic-stabilized NOS with TI ring in the
main structure. Also, base 4b is proposed as the most
economical base of this study since it has a higher GB value
compared with Schwesinger’s P4-t-Bu superbase by almost
halved molecular weight. This study also shows that the

https://dx.doi.org/10.1021/acs.joc.0c01466
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aromaticity is not the only parameter involved in determining
fused molecules that serve as NOS or not. Still, the changes in
aromaticity will influence superbasicity behavior, substantially.

Computational Methodology. Geometry, of all struc-
tures and their corresponding conjugated acids, were
optimized without any symmetry constraint at MO06-2X/
def2SVP level.***° Wavefunction stability®® and frequency
(at 298 K) calculations on optimized structures have been
performed to ensure the stability of the closed-shell wave-
function of the system, and its location in the minimum on
potential energy surface. Single-point calculations, both in the
gas phase and in solution utilizing the SMD method,”" were
done consequently at MO06-2X/def2TZVPP//M06-2X/
def2SVP to obtain GB, PA, and pK(BH"*). GB and PA were
calculated as follows

PA=—AH=H(B) — HBH") + (5/2)RT (1)

GB = —-A G = G(B) — G(BH") + G(H") (2)

where “H” is the enthalpy, “G” is the Gibbs free energy, and B
and BH" are the free base and its conjugate acid, respectively.
We take into account that G(H*) = —6.29 kcal mol™" (at 298
K/gas phase).””

To evaluate pK(BH") values, we used the following
equation,”® where “A” is a reference base with experimentally
known pK(AH") and which possesses values of pK(BH") close
to that of the investigated compounds. Applying acetonitrile as
the solvent phase and considering 1,2-diisoprorylamino-
cycloprop-1-ene(t-butyl)imine (DAC) as the reference base
with experimental pK(AH") = 26.9 in MeCN,** and a recently
developed phosphazenyl phosphine NOS ((dma)P;P) base
with pK(AH") = 34.9 in THE ' were chosen as the reference
bases for pK(BH") calculation in MeCN and THF,
respectively.

pK(BH") = pK(AH") + [G,,((B) — G(A)
— G, (BH) + G

gas

(AH") + AG,,, (B)
— AG,,(A) - AG

solv.

(BHY)
+ AG,, (AH")]/2.303RT 3)

Calculation of nucleus-independent chemical shift™* (NICS)
index for aromaticity of +£1 A above and below the ring’s
geometry center was performed by Multiwfn software® and by
utilizing wavefunction provided from MO06-2X/def2SVP
optimized geometries. Isotropic tensors for NICS calculation
were computed and extracted via NMR calculations with
gauge-independent atomic orbital (GIAO) method®® at
WP04%” /Def2TZVPP//M06-2X/def2SVP in the gas phase.
Anisotropy of the induced current density (ACID)*” plots was
calculated and depicted by AICD 2.0.0 suite’ at M06-2X/
def2SVP level and using a continuous set of gauge trans-
formations (CSGT) method.®®

The energies of H-bonding of each conjugated acids were
calculated by modified Espinosa equation,’’ in which
Eyp(p®?) and p°CP represent the H-bonding associated with
—NH—-N- moiety of the conjugated acid and density of
electron in such bonding critical points (BCP) calculated by
AIMAII suite”® at M06-2X/def2SVP (eq 4).

Eyp(p®") = 191.4p°" — 1.78 (4)

All geometry optimization, frequency calculation, solvation
energies, and NMR calculations were done by Gaussian 09
package.”'
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