
1 

 

 

 

 

Attachment A  

 

 

 
Hostaš, J.; Řezáč, J.; Hobza, P.: "On the Performance of the 
Semiempirical Quantum Mechanical PM6 and PM7 Methods for 
Noncovalent Interactions", Chem. Phys. Lett. 2013, 568, 161-
166.  



Chemical Physics Letters 568–569 (2013) 161–166
Contents lists available at SciVerse ScienceDirect

Chemical Physics Letters

journal homepage: www.elsevier .com/ locate /cplet t
On the performance of the semiempirical quantum mechanical PM6 and
PM7 methods for noncovalent interactions
0009-2614/$ - see front matter � 2013 Elsevier B.V. All rights reserved.
http://dx.doi.org/10.1016/j.cplett.2013.02.069

⇑ Corresponding author at: Institute of Organic Chemistry and Biochemistry,
Academy of Sciences of the Czech Republic, 166 10 Prague, Czech Republic. Fax: +42
0220410320.

E-mail address: pavel.hobza@uochb.cas.cz (P. Hobza).
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In this Letter, we compare the recently released semiempirical method PM7 with its predecessor, PM6
with post-SCF corrections. These corrections were introduced in order to improve the description of non-
covalent interactions (dispersion, hydrogen bonds and halogen bonds) and have become an integral part
of PM7. A large collection of data on noncovalent interactions, covering not only interaction energies but
also conformational changes and geometries, is used as a benchmark. Among the methods tested, PM6
with the latest corrections (PM6-D3H4X) yields the best results. PM7 yields only slightly worse results
but brings additional improvements in the description of other molecular properties.

� 2013 Elsevier B.V. All rights reserved.
1. Introduction

It is now well known that the description of noncovalent inter-
actions is a key step for the successful application of computational
methods in chemistry and biology. Noncovalent interactions deter-
mine the structure (and thus also function) of biomacromolecules
as well as of their complexes with other molecules (ligands, drugs,
. . .). These systems are large or very large (several thousands of
atoms or more), and therefore mostly molecular mechanics (MM)
is applied. Although the MM methods provide a surprisingly reli-
able description of the structure and energetics of these systems,
their main limitation is the fact that they do not cover quantum ef-
fects (electron and proton transfer, the formation and dissociation
of a covalent bond, many body effects, . . .). Passing from the MM to
quantum mechanical (QM) description all these problems are re-
moved, but the QM description is computationally more demand-
ing and is thus limited to systems with fewer than about one
thousand atoms. Semiempirical QM methods (SQM), representing
a compromise between accuracy and economy, can be applied to
systems with thousands of atoms; recently they have been suc-
cessfully used even for whole proteins [1–3]. Although the SQM
methods are considered to be a very promising tool for large-scale
calculations of any biological systems, their description of nonco-
valent interactions is not satisfactory and clearly represents the
limiting factor [4].

The most serious problems of the SQM methods identified in
the last decades include the description of hydrogen bonding
and dispersion interactions, and any SQM method should be
modified to provide a reliable description of these interactions.
One of the easiest ways is the inclusion of the respective empir-
ical corrections. The first one applied was a correction for disper-
sion [5], but only correcting both dispersion and hydrogen bonds
makes the semiempirical methods universally applicable to prac-
tical problems. We had developed several versions of such cor-
rections [6,7] (parameterized for wide range of methods,
including the recent PM6 [8], RM1 [9] or OM-x [10] methods).
The latest version, called D3H4X [11,12], provides an accurate
description of a wide range of noncovalent interactions including
dispersion, hydrogen bonding and also halogen bonding. We use
it preferentially with PM6, because this method covers large part
of the periodic table and can be applied to very large systems
(using the linear scaling algorithm Mozyme [3]). The resulting
PM6-D3H4X approach forms the basis for the novel scoring func-
tion developed and currently extensively used for drug design in
our laboratory [1,2,11,12].

Recently, a new version of the PMx family has been released
[13]; the PM7 method considerably improved the description of
such properties as the heats of formation or the height of the
reaction barriers for reactions. The PM7 method includes in the
parametrisation also the description of dispersion interaction
and hydrogen bonding and thus the original version of the meth-
od should be suitable also for the description of noncovalent
interactions. The aim of the present letter is to investigate the
performance of PM7 as well as of older modifications of the
PM6 method (DH+, DH2, D3H4X) for various types of noncova-
lent interactions. For this purpose, we utilise various benchmark
data sets of interaction energies and geometries available in the
literature.
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Table 1
The root mean square error (in kcal/mol) of the studied methods in multiple
benchmark data sets. The numbers in round brackets refer to the respective
calculations with the inclusion of halogen-bonding corrections. The lowest error in
each data set is highlighted.

PM6 PM6-DH+ PM6-DH2(X) PM6-D3H4(X) PM7

S22 4.18 0.78 0.53 0.80 0.85
S22x5 3.25 0.84 0.61 0.88 1.16
S66 3.07 0.84 0.94 0.68 1.00
S66x8 2.49 0.76 0.79 0.66 0.98
Charged HB 4.56 2.18 2.51 1.65 1.85
Halogens 2.80 2.56 2.60 (2.32) 2.60 (2.32) 3.00
Halogensx10 4.15 4.18 4.19 (3.65) 4.20 (3.29) 3.40
Wat5 9.38 7.15 5.50 5.43 6.71
PCONF 2.69 2.74 3.03 3.15 2.98
Goddard water 27.47 26.47 4.17 4.54 12.40
AA-sidechains 4.08 1.89 1.32 1.17 1.49
1hsg 2.09 1.37 1.13 0.72 1.40
L7 15.79 3.22 3.35 3.93 4.93
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2. Methods and data sets used

PM7 and PM6 results were validated on a total of 13 data sets.
Eleven of them contain the geometries and interaction energies of
molecular complexes. The two remaining data sets consist of the
structures and relative energies of different conformations of com-
plexes and complex molecules: Wat5 [14] (conformations and rel-
ative energies of water pentamer), PCONF [15] (relative energies of
different conformations of the FGG tripeptide). These two data sets
and five others also play a prominent role in the validation, be-
cause they were utilised in the parametrisation of neither the
PM7 nor PM6 methods: the Goddard water set of water clusters
[16] (only electroneutral clusters were considered), AA-sidechains
[17] (amino acid side chains), 1hsg set [18] (decomposition of the
HIV-II protease crystal structure with a bound ligand indinavir into
21 interacting fragment pairs), L7 [19] (seven large complexes sui-
ted for studying dispersion interaction) and charged HB [20]
(charged hydrogen bonds). The six remaining data sets were used
for the parametrisation of the DH+ and D3H4 corrections as well as
of the new PM7 method: the S22 [21], S22x5 [22], S66 and S66x8
[23], Halogens and Halogensx10 data sets [24]. They were included
in the present study because of their useful system division accord-
ing to a dominant stabilisation term based on DFT-SAPT analysis
[25]. The following text bellow refers to the data sets using the
terms marked in italics above.

Most of the data sets feature benchmark CCSD(T)/complete ba-
sis set (CBS) energies calculated as a sum of MP2/CBS interaction
energy and a CCSD(T) correction term calculated in the medium
basis set. The first exception is the L7 set, for which Sedlak et al.
published QCISD(T)/CBS energies calculated in a similar way with
the inclusion of the QCISD(T) correction term instead of the
CCSD(T) one. For more details, go to the original paper. Secondly,
for the Wat5 data set, we calculated CCSD(T)/CBS energies on the
original structures according to the above-mentioned scheme with
aug-cc-pVDZ basis set for the correction term and aug-cc-pVTZ and
aug-cc-pVQZ for MP2/CBS extrapolation according to Halkier [26].
All benchmark calculations were carried out with the MOLPRO 2012

program [27]. The PM6 and PM7 calculations were performed
using the MOPAC 2012 program [28]. The PYMOL program was used
for molecular visualisation [29].

There are several measures that can be used to estimate the
quality of a description of a data set by a method. Here we mainly
use the root mean square error (RMSE). For a relative comparison,
we show the RMSE as the percentage of the average interaction en-
ergy in the group (rRMSE). The RMSE has been proved to be the
most straightforward and robust statistical quantity. For the pur-
poses of a deeper statistical analysis, we also utilised the mean,
mean absolute and maximum absolute error as well as the corre-
sponding relative quantities, but they are not included in the text
to keep it easily readable.
3. Discussion

3.1. The overall performance of PM6 and PM7

Table 1 shows a statistical analysis of the PM6, PM6-DH+, PM6-
DH2(X), PM6-D3H4(X) and PM7 methods applied to various data
sets. It must be mentioned that DH+ and DH2 used a S22 data
set for parametrisation; the same stands for S66 in the case of
D3H4 and PM7; charged HB for D3H4; Halogens(x10) for halogen
corrections (DH2X and D3H4X) and for the PM7 method. The re-
sults obtained for the S22(x5), S66(x8) and Halogens(x10) sets will
be analysed first. The remarkable improvement of PM7 over the
older PM6 should be mentioned first. PM7 provides almost as good
results as the three modified PM6 methods, which is attributable
to the fact that it already contains terms analogous to the correc-
tion added to PM6. Another result that should be mentioned is
the rather good performance of the PM6-DH+ method, which
shows very consistent results for all of the six data sets mentioned.
It can also be seen that the DH2 and D3H4 versions, not containing
the specific correction for halogen bonds, failed for complexes with
these bonds. Evidently, the halogen bond correction should be ap-
plied for these systems.

All the SQM methods have problems with the relative energies of
the molecules and complexes included in the PCONF and Wat5 sets
(the global minima FGG.99 and the puckered ring served as refer-
ence). This is reflected in a much higher RMSE as compared to other
data sets and it is roughly the same for all of the SQM methods tested.
As shown in Figure 1, all SQM methods similarly fail to reproduce the
order of the stability of water pentamer structures and FGG tripep-
tide conformations (Wat5 and PCONF data sets). Evidently, an accu-
rate determination of the relative energies for various conformers
(of complex molecules or molecular clusters) is difficult and is be-
yond the possibilities of the SQM methods investigated. Among
the methods tested, the DH2 and D3H4 approaches show the best
performance. The poor performance of the DH+ correction is slightly
surprising, because in the particular parametrisation the coopera-
tive effects in water clusters were considered. This 3rd generation
correction evidently lacks the accuracy of the DH2 and D3H4 correc-
tions (see Table 1). Figure 2 shows the relative deviations of interac-
tion energies for the Goddard water data set as a function of the
number of interacting molecules. PM6 systematically underesti-
mates the interaction energy while PM7 and DH+ overestimate it
and DH2 and D3H4 approaches again provide the best results. The
best performance of the D3H4 correction achieved not only for the
neutral hydrogen bonds from the Goddard water set but also for
charged hydrogen bonds (charged HB set in Table 1) comes from
the inclusion of specific parameters for charged hydrogen bonds
(parametrised on this set).

The two remaining data sets are oriented more biochemically,
because the AA-sidechains data set consists of representative com-
plexes of amino acid side chains and the 1hsg data set includes a
part of the HIV-II protease – ligand (indinavir) complex. In both
cases the D3H4 approach provided the best results and reached al-
most chemical accuracy (�1 kcal/mol).

All the data sets discussed above contain small or medium-
sized systems only, and the question remains whether it is possible
to reach comparable accuracy also for larger systems. Inspecting
the performance of various SQM methods for the L7 data set, con-
sisting mostly of large dispersion-bound systems (of a size ranging
from 48 up to 121 atoms), we found that PM6 failed, while all the
other approaches provide reasonable agreement with the bench-
mark results. All three modified PM6 methods give comparable



Figure 1. The relative stabilities of the conformers of water pentamers (Wat5) and the FGG tripeptide (PCONF). The global minima, the puckered ring and the FGG.99 structure
served as reference.
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Figure 2. The relative deviations of interaction energies for the Goddard water data
set (the range from monomer to eicosamers).

Figure 3. The root mean square error plotted as the percentage of the average
stabilisation energy for L7 and a variety of medium-sized data sets.
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values and PM7 yields only slightly worse numbers. Another inter-
esting comparison is between the RMSE, plotted as a percentage of
the average stabilisation energy (rRMSE), for the L7 data set and
three datasets of smaller complexes (1hsg, S22, AA-sidechains). It
should be noted that all four data sets contain only equilibrium
geometries. For all methods, the rRMSEs increased roughly four-
times with the exception of DH+, for which the increase is only
two-fold (see Figure 3).

We can summarise this section by stating that none of the
methods tested showed a clear dominance and can thus be unam-
biguously recommended to the use in the field of noncovalent
interactions. Although PM6-D3H4(X) and PM6-DH2(X) are slightly
superior to the others, in some cases it is impossible to generalise
this statement to the whole range of noncovalent interactions
investigated. It should be taken into consideration that the modi-
fied PM6 methods are designed exclusively for noncovalent inter-
actions while PM7 showed a remarkable improvement over many
properties of isolated systems [13].
3.2. The performance of SQM methods separated for different
interaction types

The previous section focused on the general performance of
SQM methods towards a broad range of data sets. Here, we will dis-
cuss the performance of these methods towards specific types of
noncovalent interactions.

An important advantage of S66, S22, Halogens and similar data
sets is the splitting of the whole set of systems to different classes
of systems with a common interaction motif. The following
interaction types were considered: hydrogen bond, dispersion
interaction (p–p, p–aliphatic, aliphatic–aliphatic), halogen bond
(X–O,N,S,p) and mixed. The resulting RMSE, plotted as a percent-
age of the average interaction energy for all the SQM methods
under study, are summarised in Figure 4.

The performance of PM6 methods was improved a posteriori by
adding empirical corrections terms. In the case of PM7, these cor-
rections were introduced to the main body of the method and the
respective parameters were adjusted along with other parameters
of the PM7 method. This has an important advantage of avoiding
the double counting and, consequently, a more balanced treatment
of different interaction types can be expected. Therefore, the poor
performance of PM7 for dispersion bound complexes is slightly
surprising. It is especially valid for the largest RMSE in the case



Figure 4. The root mean square errors plotted as the percentage of the average interaction energy in groups of different interaction types: hydrogen bonds, X–p interaction
(where X stands for a halogen atom), halogen bonds, stacking, dispersion and mixed/other for selected methods for nonequilibrium geometries from Halogensx10, S66x8 and
S22x5 data sets (a, b and c graph, respectively).
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of p–p dispersion in Halogensx10 and in S66x8 sets, where it is
twice as large for PM7 than for PM6-D3H4. The description of hal-
ogen bonds is improved in PM7 and is comparable to PM6-D3H4X.
Even greater improvement was observed for the X–p interaction,
where the RMSE of PM7 is half of the one of corrected PM6.

3.3. Geometry optimisation

In the previous part, we investigated the performance of SQM
methods in reproducing the benchmark interaction energies in
the potential energy minimum obtained using more accurate
methods. The S66x8, S22x5 and Halogensx10 data sets include dif-
ferent noncovalent complexes not only in the potential energy
minimum but also in additional points along the dissociation
curve. More complex information on the relation between the
structure (geometry) and energy changes is important, because
very frequently the structure is not known and geometry optimisa-
tion should be performed. An important problem concerns the
description of hydrogen bonds, which is vital for the modelling of
biological systems. Most of the SQM methods as well as classical
MM methods are known to have serious deficiencies with accurate
predictions of hydrogen bond networks or, more generally, of
structures with multiple hydrogen bonds. To demonstrate this,
the performance of the SQM methods will be investigated for
water dimer and water clusters from the Goddard water as well
as for the whole S22 and S66 sets.

Figure 5 and Table 2 show the structures and interaction ener-
gies for water dimer structures determined at the MP2/cc-pVTZ
(CP), PM6, PM7 and PM6-D3H4 levels. The MP2 optimised struc-
ture has been chosen as a benchmark geometry. For all calculated
geometries, the extrapolated CCSD(T)/CBS energies were evalu-
ated. The diagonal values in Table 2 refer to the stabilisation ener-
gies determined for the optimal structure, and here both the
energy and geometry were determined consistently using the
same method. The values in the row correspond to the interaction
energies calculated by the respective method for the same geome-
try. The determination of the optimal structure of the water dimer
is difficult, and Figure 5 and Table 2 show that both PM6 methods
failed but their stabilisation energies are close to the benchmark
value. On the other hand PM7 provides a better geometry, but
the respective stabilisation energy is too high. Taking the correct
geometry, the PM7 as well as PM6-D3H4 give very good stabilisa-
tion energies, whereas that of PM6 is underestimated (1st row in
Table 2).



Figure 5. Water dimer conformations in geometries minimised by MP2/cc-pVTZ
(CP) (a), PM6 (b), PM6-D3H4 (c) and PM7 (d).

Table 2
The interaction energies (in kcal/mol) for the water dimer on the geometries from
MP2/cc-pVTZ (CP), PM6, PM7 and PM6-D3H4 optimisations.

Interaction energy

CCSD(T)/
CBS

PM6 PM7 PM6-
D3H4

Geometry MP2/cc-pVTZ (CP) �4.91 �3.96 �4.92 �4.85
PM6 0.30 �5.01 �2.93 �4.63
PM7 �3.87 �3.55 �6.63 �4.20
PM6-D3H4 �4.21 �3.84 �4.70 �4.91

Figure 6. The RMSEs for the minimised energies (a) and geometries (b) for Goddard
water complexes, S22 and S66, optimised and calculated by the methods under
study.
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In the next step, we consider larger water clusters. Specifically,
we reoptimised the neutral water clusters from the Goddard water
data set, the results of which are presented in Figures 6 and 7. The
RMSE of the optimal structures is rather high and is similar for all
SQM methods (Figure 6a). The lowest value of about 0.27 Å was
found for PM6-DH2 and the largest one (0.45 Å) for PM6. PM6-
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Figure 7. The relative deviations of interaction energies for the Goddard water data set (ra
study.
D3H4 provides slightly better values than PM7. A more sensitive
measure of the optimal geometry is given by interaction energy.
Inspecting Figure 6b, we find that the RMSE of the interaction en-
ergy is surprisingly large, exceeding 15 kcal/mol. The PM6-DH2
and PM6-D3H4 methods exhibit the lowest value (16 and
18 kcal/mol). Surprisingly, PM6 provides a lower RMSE than PM7.
The worst RMSE (more than 30 kcal/mol) is produced by
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nge from monomers to eicosamers), optimised and calculated by the methods under



166 J. Hostaš et al. / Chemical Physics Letters 568–569 (2013) 161–166
PM6-DH+. Investigating the relative deviation of interaction ener-
gies for various water clusters (Figure 7) we find that PM7 and
PM6 provide comparably bad results and something very similar
is true for PM6-DH+. Much better (but still not acceptable) results
are given by the PM6-D3H4 and PM6-DH2 approaches. We must
conclude that all of the SQM methods investigated failed seriously
in predicting the structure of water clusters. No method under
study met acceptable criteria, because the RMSE of the interaction
energy for water clusters after full optimisation increased 5–10
times as compared to that for the initial geometry. Evidently, the
SQM methods investigated should not be used for water simula-
tion. The question that arises now concerns other noncovalent
clusters. To answer this important question, we reoptimised the
structures of all the 22 and 66 complexes from the S22 and S66
data sets, respectively. Figure 6 shows the RMSE for the optimised
structure and for the interaction energy determined for the opti-
mised structure. Evidently, the RMSE for the S22 geometries is
smaller than that for the optimised structures of the water clusters
and the best results (under 0.2 Å) were found for the PM6-D3H4
and PM6-DH2 methods. The second method, PM6-DH2, is there-
fore the most reliable method for geometry optimisations but with
one deficiency –analytical gradients are not available. Conse-
quently, numerical gradient optimisation has to be used. The inter-
action energies for the optimised structures are a more sensitive
measure; the respective RMSEs for the S22 and S66 geometries
are one order of magnitude (or more) smaller due to the size of
the complexes. PM6-DH+ and PM6-D3H4 methods exhibit the low-
est value (0.7 and 1.0 kcal/mol) and PM7 and PM6-DH2 yield only
slightly worse numbers.

We can conclude this section by stating that all of the SQM
methods used have problems with geometry optimisation for
water clusters. On the other hand, in the case of binary complexes
(S22 and S66 data sets), the structures as well as interaction ener-
gies for the optimised dimers differ from the benchmark results
only marginally.

4. Conclusion

The performance of PM7 and various variants of PM6 methods
for different types of noncovalent interactions was investigated.
Although all of these provide significant improvement when com-
pared to other semiempirical models, none of the methods tested
can be unambiguously recommended. Relatively large errors of
PM7 for the interaction energy calculations of dispersion bound
complexes and water clusters together with large deviations of
water cluster optimisations are a limiting factor in the description
of noncovalent interactions. However, for other types of binary
complexes in the 13 data sets, PM7 yields only slightly worse re-
sults as compared to PM6 with the inclusion of the newest post-
SCF correction for dispersion, hydrogen and halogen bonds
(PM6-D3H4X). Nevertheless, due to the improvements in the
description of the properties of isolated molecules reported in
Stewart’s original paper, PM7 is the most robust tool among the
semiempirical methods, suitable for modelling a wide range of
species.
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[12] J. Řezáč, P. Hobza, Chem. Phys. Lett. 506 (2011) 286.
[13] J.J.P. Stewart, J. Mol. Model. 19 (2013) 1.
[14] F. Ramírez, C.Z. Hadad, D. Guerra, J. David, A. Restrepo, Chem. Phys. Lett. 507

(2011) 229.
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ABSTRACT. Calculations of interaction energies of non-covalent interactions in small basis sets 

are affected by the basis set superposition error and dispersion-corrected DFT-D methods are 

thus usually parameterised only for triple-zeta and larger basis sets. Nevertheless, some smaller 

basis sets could also perform well. Among many combinations tested, we obtained excellent 

results with DZVP-DFT basis and newly parametrised D3 dispersion correction. The accuracy of 

interaction energies and geometries is close to much more expensive calculations. 

 

 

 

In the last decades, the density functional theory (DFT), a method dominating solid-state physics, 

was brought into the spotlight in the fields of chemistry.[1] Substantial increase in the accuracy 

of both its energetic and geometric descriptions has led to the development of its more 

sophisticated applications in e.g. energy decomposition, QM/MM, and vibrational analysis.[2-4]  

Affordable scaling has enabled its use for assemblies up to several hundred atoms, opening space 

in the areas of catalysis, supramolecular chemistry, molecular biology or biotechnology.[5]  With 

the increasing number of applications to large systems, it has become apparent that the accurate 

description of London dispersion is of crucial importance.[6, 7] 

Nowadays, there have been continuous efforts to improve the description of attractive long-range 

van der Waals interactions, which is well reflected in the number of new DFT functionals 

addressing this issue published each year.[8, 9]  We have chosen to follow an alternative 

approach to compensate for the lack of dispersion energy, namely a posteriori calculated 



 

empirical correction term.[10]  The most successful version of this approach, Grimme’s D3 

correction, has been parameterised for use with a large def2-QZVP basis set in order to prevent 

any problems caused by the basis set superposition error (BSSE).[11]  Some parameters for this 

correction exist also for a triple-zeta basis set. 

It has been assumed that in a smaller basis set the error of the DFT calculation due to the BSSE 

is too large to yield acceptably accurate interaction energies. This problem is manifested most 

strongly in hydrogen bonds, whose interaction energy can be overestimated by a factor of more 

than two. Other dispersion corrections have also been parameterised for smaller basis sets, but 

the results are not satisfactory. Additionally, a specific correction for the BSSE has been 

developed for HF and DFT calculations in a minimal basis set to be used along with the 

dispersion correction.[12] Nevertheless, semiempirical quantum-mechanical (SQM) methods 

with corrections for non-covalent interactions[13-16] mostly offer better accuracy than DFT in a 

small basis set and their computational cost is much lower. 

There are, however, cases where the SQM methods fail and full DFT calculations are needed. 

The SQM methods are often parameterised only for a limited set of elements and their high 

accuracy holds only for well-behaved molecules close to the ones used in the parameterisation. 

In contrast, DFT is much more general and applicable to a wider range of problems. For the 

treatment of large systems, it is highly desirable to use a small basis set if the error can be kept 

reasonably small. To find the best setup, we have searched a library of basis sets ranging from a 

minimal basis set to split valence (SV) and double-zeta (DZ) basis sets, selected those with the 

smallest BSSE and parameterised the D3 correction for them. The resulting methods have then 

been tested in multiple data sets of benchmark interaction energies as well as on geometries of 

non-covalent complexes. 

We started by building a library of DFT interaction energies calculated in the S66 data set[2, 14, 

17]  using multiple common DFT functionals:  BLYP[18], B97-D[19], PBE[20]  (GGA 

functionals), B3LYP[21], PBE0[22] (hybrid functionals) and TPSS[23]  (meta-GGA) in the 

following basis sets: STO-3G, MINI, MINI3, MINIS, MINI3S (minimal basis), 6-31G, 6-31G*, 

6-31G**, SV, SV(P), SVP, def2-SV(P), def2-SVP, def2-SVPD, MIDI, MIDIX, DZ,  DZP, 

DZVP, DZVP-DFT, cc-pVDZ and aug-cc-pVDZ (split-valence and double-zeta).[24-32] All of 

the DFT calculations presented here were performed using the Turbomole 7.0 package 

employing the resolution of identity approximation.[33] The basis sets not available in the 

package were downloaded from the Basis set exchange website.[32] In the first round, the 

magnitude of the BSSE was estimated from the error of interaction energies of hydrogen-bonded 

systems from the S66 data set. The errors in the minimal basis sets were too large to be 

considered for a practical method. Among the remaining basis sets, the DZVP-DFT basis 

exhibited results significantly better than other basis sets of comparable size. 



 

For this basis as well as for several others selected for comparison, we reparameterised the D3 

dispersion correction. We used the Grimme’s formulation and atomic parameters, fitting only the 

few method-specific global parameters. The dispersion takes the form of a damped pairwise 

interatomic potential [10]: 
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where the expansion is terminated at n=8, A and B are indexes of the atoms in the system, Cn,AB 

are dispersion coefficients derived from atom polarisabilities for the atom pair AB, and rAB is the 

respective interatomic distance. For the description of dispersion between atoms at shorter 

distances where part of the dispersion is covered by the correlation term in the DFT functional, 

the damping function fd,n(rAB) has to be used. In the D3 zero damping approach, it is defined as a 

function of cutoff radii for the AB pair
ABR0 , the radius scaling parameter sR,n (sR,8=1), a global 

scaling factor s6=1, the steepness parameters α6=14 and α8=16 and is given by: 
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Later, a revised rational damping to finite values for small interatomic distances developed by 

Becke and Johnson (BJ) was adopted.[34-36] It enters the calculations as[11]: 
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Here a1 and a2 are free fit parameters. Note that the number of adjustable parameters is two (s8 

and sR,6) and three (s8, a1, a2) for zero and BJ damping, respectively. We have parameterised both 

the standard zero and BJ damping for dispersion correction in each combination of functional 

and basis set. The parameterisation of dispersion was performed on the subset of the S66x8 data 

set, containing only dispersion-dominated complexes (i.e. the geometries and interaction 

energies of dispersion-bound complexes at points along dissociation curves). Note that we 

intentionally excluded systems containing hydrogen bonds from the parameterisation. In these 

systems the BSSE is largest and such parameterisation would lead to underestimated dispersion 

in all the other systems. We chose the root-mean-square error (RMSE) as the only optimised 

criterion for parameter search using a numerically computed gradient of the parameters. The 

Cuby framework (http://cuby4.molecular.cz) was used to automate the calculations.[37] 



 

In some combinations of functional and basis set, the parameters of the BJ damping function 

reach unphysical values, which results in positive dispersion energy, balancing the 

overstabilisation caused by the large BSSE. These combinations have been omitted from the 

discussion. The zero damping is more robust and generally more suitable for methods where the 

interaction energy may be overestimated even in the underlying method. The final parameters for 

all the tested combinations are listed in the SI. They are also available as a patch applicable to 

the dftd3 software [10, 11, 38] and are going to be included in the new version of the Cuby 

framework.[37] 

The transferability and quality of parameterisation have been tested on the data sets X40 and L7. 

[39, 40]  The former data set plays a prominent role in the validation because it contains halogen 

elements not present in the training set. The L7 data set mostly comprises dispersion-bound 

complexes of larger size, which make it possible to assess the transferability of the correction to 

large systems for which it would be most useful in practice. We have utilised the RMSE as the 

most important statistic criterion for ranking the methods. Additionally, for the purpose of a 

deeper analysis, we have also calculated signed and unsigned mean error indicators. 

The errors for all the tested setups are provided in the SI. Here, they are summarised as a plot of 

the RMSE (Figure 1). The combinations of basis sets and functionals are ordered by their 

complexity, starting with the large def2-QZVP coupled with the original parameterisation of the 

correction. The def2-TZVP basis stands for a triple-zeta basis sets from the same series. Finally, 

the DZVP-DFT basis is compared to two other basis sets of similar size that are commonly used, 

6-31G* and def2-SVP. Generally, the BJ damping has proved to be superior over zero damping 

although this behaviour is strongly system-, basis set- and functional-dependent.  

There is no simple increase of accuracy with the complexity of the functional (decreasing from 

left to right in the plot). The BLYP and B3LYP functionals yielded on average more accurate 

results than PBE, TPSS and PBE0, whereas the BLYP has lower computational demands when 

compared to the hybrid B3LYP functional. 

The final results support the special qualities of the DZVP-DFT basis set coupled with the BLYP 

functional having the average RMSE 0.186 kcal/mol, which is comparable to the triple-zeta basis 

set. This exceptional behaviour is most likely caused by the more diffuse character of the basis 

set (although it outperforms even the DZ basis set with additional diffuse functions) combined 

with parameterisation specifically focused on its use in DFT calculations. A closer inspection of 

our results shows that the cases limiting the accuracy of the DZVP-DFT calculations are the 

halogenated molecules in the X40. It can, however, be improved by using a larger basis set 

(def2-TZVP) only for these atoms (Cl, Br, I) at a negligible additional cost.  



 

The DZVP-DFT basis set is thus the first choice that can be recommended for practical 

calculations. Table 1 shows the parameters of the D3 correction for this basis set with multiple 

DFT functionals. Among them, BLYP works best and is the least expensive to use. Surprisingly 

enough, it slightly outperforms even its hybrid analogue, B3LYP. 

Figure 1. The root-mean-square error (RMSE) for the given data set (X40, S66 and L7) and 

damping function (zero = a standard ‘zero-damping’ formula and BJ = rational damping to finite 

values according to Becke and Johnson), where DZVP-DFT-def2-TZVP(forX) stands for a 

mixed basis set (def2-TZVP is used for halogen atoms and DZVP-DFT for the rest). 

In the second step, we analyse the performance of this method in terms of geometry 

optimisation. The use of a smaller basis set size for geometry optimisation prior to single-point 

calculations in a larger basis set is a common practice in many studies. This is based on the 

assumption that geometries are less sensitive to the basis set size. Since we are only interested in 

the effect of the basis set size in DFT calculations, we take geometries optimised with BLYP-

D3/def2-QZVP as a benchmark (in the S66 data set, rescaled MP2 geometries are used). They 

are used for the validation of smaller basis sets both combined with the BLYP functional and the 

reparameterised D3 dispersion. Table 2 summarises a statistical analysis of geometry 

optimisations performed with def2-TZVP, DZVP-DFT and def2-SVP basis sets with the newly 

developed parameters. It is evident that the results strongly depend on the quality of the basis set. 

For example, when passing within the same basis set family from a triple-zeta (def2-TZVP) to 

double-zeta (def2-SVP) size basis set, the RMSD increases seven times. On the contrary, the 

DZVP-DFT basis set yielded good results, delivering three times smaller RMSD than a basis set 

of similar size (def2-SVP). 



 

 BJ damping parameters zero-damping parameters 

 s8 a1 a2 sr6 s8 

BLYP 1.773 0.385 4.133 1.375 2.302 

B3LYP 1.092 0.318 4.382 1.418 1.927 

TPSS 0.519 0.499 3.212 1.529 1.877 

PBE -a -a -a 1.873 1.587 

PBE0 -a -a -a 1.587 1.266 

Table 1. Optimised DFT-D3 (BJ and zero) parameters for the DZVP-DFT basis set, 

dimensionless or in atomic units. Footnote: a Not listed owing to the unphysical negative values 

of the s8 parameter. 

 def2-TZVP DZVP-DFT def2-SVP 

RMSD 0.010 0.023 0.070 

 

Shortest distance (average in the S66 data set: 2.45Å): 

Mean signed error -0.011 -0.018 -0.044 

Mean unsigned error 0.011 0.029 0.054 

RMSD 0.017 0.038 0.070 

Table 2. The average root-mean-square deviation (average RMSD) and statistical analysis of the 

shortest distance between monomer geometries in the complexes (in kcal/mol). 

Finally, we discuss the computational demands of the calculations. Table 3 shows the 

computational times for systems increasing in size for a given basis set size. The steep step 

between double- and triple-zeta basis sets clearly rationalises our focus on DZ-size basis sets. 

 

 

 

 

 

 



 

Basis set / system size CB[5]=90 atoms CB[8]=144 atoms 

6-31G* 5.8 6.8 

def2-SVP 6.4 8.0 

DZVP-DFT 7.7 9.3 

def2-TZVP 25.0 31.1 

def2-QZVP 108.5 161.2 

Table 3. Computational times (Cucurbit[n]uril system, where n=5,8 with 90 and 144 atoms, 

respectively. BLYP functional. Intel Xeon E5630 2.53 GHz, 8 cores, 5.8 GB RAM per core) 

To conclude, it has been shown that the DFT method combined with the DZ size basis set can 

yield surprisingly accurate results if the basis is chosen well. Among the tested combinations of 

functionals and basis sets, the DZVP-DFT basis and BLYP functional are recommended for both 

geometry optimisations and energy calculations in large systems. Since the D3 formalism is used 

and only a few global parameters are adjusted, this setup should be readily available in many 

software packages. 
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ABSTRACT: The growing number of high-quality experimental
(X-ray, NMR) structures of protein−DNA complexes has sufficient
enough information to assess whether universal rules governing the
DNA sequence recognition process apply. While previous studies
have investigated the relative abundance of various modes of amino
acid−base contacts (van der Waals contacts, hydrogen bonds),
relatively little is known about the energetics of these noncovalent
interactions. In the present study, we have performed the first
large-scale quantitative assessment of binding preferences in
protein−DNA complexes by calculating the interaction energies
in all 80 possible amino acid−DNA base combinations. We found that several mutual amino acid−base orientations featuring
bidentate hydrogen bonds capable of unambiguous one-to-one recognition correspond to unique minima in the potential energy
space of the amino acid−base pairs. A clustering algorithm revealed that these contacts form a spatially well-defined group
offering relatively little conformational freedom. Various molecular mechanics force field and DFT-D ab initio calculations were
performed, yielding similar results.

1. INTRODUCTION

Protein−DNA interactions are critical for important cellular
processes such as DNA replication, DNA repair and cell cycle
regulation.1 In eukaryotes, nonspecific protein−DNA associa-
tion is ubiquitous, as the genetic information is packaged with
histone proteins in nucleosomes.2 For other phenomena, such
as the regulation of gene expression, specific DNA sequence
recognition with high fidelity is required.
Understanding the rules governing the recognition process

would constitute a major accomplishment in the fields of
computational biology and bioinformatics. Libraries containing
protein DNA-binding motifs and their corresponding recog-
nized DNA sequence patterns have been generated,3,4 while the
continually increasing amount of structural data has opened
space for theoretical studies.5 Despite these ongoing efforts, no
unanimous recognition code applicable to all protein families
has been described to date (for review, see ref 6). Notable
exceptions include zinc finger proteins and transcription
activator-like effector (TALE) proteins, whose DNA-binding
domains can be engineered to target a specific DNA sequence
according to a simple amino acid−nucleotide code.7

Two principal modes of specific sequence recognition have
been described based on analysis of a large number of
experimental structures.6 Base readout involves direct inter-
actions between a protein DNA-binding domain and the target
DNA sequence, typically in the form of hydrogen bonds. The
possibility of specific base pair recognition in the major groove
by amino acids forming two hydrogen bond contacts was first
explored by Seeman based on early experimental data8 and still
constitutes an important tool guiding the prediction of

protein−DNA binding sites. A second factor contributing to
the specificity of sequence recognition is the DNA shape
readout.6 Local deviations from the B-form have been observed
in many protein−DNA complexes, and the propensity to adopt
different conformations (e.g., kinks) has been shown to be
sequence-dependent.9 Nonlocal effects, such as an overall bend
of the DNA double strand, can enable the formation of
interactions that would be impossible in the B-form.10−12

Both modes of sequence recognition are utilized to some
extent in the majority of specific protein−DNA interactions.6

While the nonlocal effects are difficult to quantify, numerous
studies have attempted to elucidate the recognition process by
investigating small-scale interactions between amino acids and
DNA bases. These often draw conclusions from the
comparison of experimental structural data with theoretical
models.5,13,14 Few of them, however, involve large-scale
investigation of the physicochemical parameters of the
protein−DNA interface.15

In the present work, we have for the first time quantitatively
examined the protein−DNA interactions by calculating the
interaction energies for all 20 × 4 amino acid−DNA base pair
combinations. Our analysis was performed on all available
protein−DNA complexes and therefore draws conclusions that
are not specific to any single protein family or DNA binding
motif.
Calculations were performed at the molecular mechanics

(MM) level utilizing empirical force fields presently used in the
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realm of protein−DNA interactions. The presented set of
amino acid−nucleic acid base contacts offers a unique chance to
investigate the performance of the MM methods. We compared
the MM results with results from reliable quantum mechanical
(QM) methods. The QM methods should adequately describe
not only the dominant hydrogen bonding but also electrostatic
(in the charged complexes) and dispersion interactions. The
dispersion energy in particular plays an important role in any
biomolecular complex, and its proper description is of primary
importance.16

Because we intend to enlarge the complexes investigated (to
include interactions with sugar−phosphate backbone elements)
in the future, we must use as our reference a method that could
be used even for these considerably larger structures. The
density functional theory method augmented with empirical
dispersion term (DFT-D), which when combined with
extended basis sets provides accurate description of virtually
any interaction motifs existing in biomolecular complexes,
represents a natural choice.17 On the other hand, a high-level
QM technique, such as the coupled cluster method covering
single and double excitations iteratively and triple excitations
perturbatively (CCSD(T)) using complete basis set (CBS), is
needed to describe binding motifs for which the DFT-D
method can fail (e.g., charge transfer complexes18).

2. COMPUTATIONAL DETAILS

2.1. Data Set. Our data set consisted of 50,205 nucleotide−
amino acid pairs extracted from the Protein−DNA interaction
atlas (found at http://www.ebi.ac.uk/thornton-srv/databases/
sidechains/) generated according to the method described by
Luscombe et al.5 and updated as of March 2014. This atlas
contains a total of 1,569 unique structures of protein−DNA
complexes from the Protein Data Bank (PDB). Only structures
solved by X-ray crystallography to a resolution higher than 2.5
Å and containing nucleic acids consisting of at least 4 base pairs
were considered. For each of the four DNA base types, all
contacts with each of the 20 amino acids were extracted. A
contact was defined where any amino acid side chain atom was
within 4.5 Å of any DNA base atom (excluding the DNA
sugar−phosphate backbone atoms), as in previous work.19 This
gave a total of 80 distributions, one for each possible
nucleotide−amino acid pair. A common frame of reference,
centered at the DNA base, was used for each distribution.
Figure 1a shows an example distribution for the adenine−
asparagine pair.

The amino acids in these distributions tend to cluster in 3D
relative to the bases. The sizes and locations of the clusters
depend on the interactions the amino acids make with the
relevant base and which regions of 3D, relative to the base, are
accessible when the base is in the DNA double helix. To
identify the largest clusters in each distribution, and pick out a
representative amino acid for each, we calculated the RMSD
scores between every pair of amino acids in each distribution.
Only the three atoms defining the reference frame of the amino
acid side chain5 were used for the RMSD calculations. The
amino acid having the largest number of neighbors within
RMSD of 1.5 Å was taken to be a cluster representative; its
neighbors were taken to be its cluster. After removing the
largest cluster, the process was repeated to find the next-largest
cluster, and so on until 6 clusters had been identified or the
clusters were too small to be significant. Significance was judged
by randomly rearranging the amino acids of each distribution
and calculating the typical cluster sizes that would arise by
chance.
The 80 distributions yielded 272 clusters comprising 13,155

nucleotide−amino acid pairs. The six clusters identified in the
example adenine−asparagine distribution are shown in Figure
1b.
Our data set contained a number of complexes of identical

proteins interacting with different DNA fragments. To reduce
the bias such duplication might introduce, we removed any
duplicate nucleotide−amino acid pairs arising from these
identical protein complexes. We did not address the bias that
might result from nonidentical but homologous protein in our
data set (see Discussion).
The removal of duplicate entries brought the final number of

contacts within clusters to 4,014 nucleotide−amino acid pairs.
2.2. Interaction Energy Calculations. The presented sets

of structures (distributions, clusters, cluster representatives)
constitute a hierarchy in which each subsequent set contains an
order-of-magnitude fewer contacts than the preceding set.
While accurate interaction energy investigations were our
primary interest, high-quality QM calculations involving all
distributions or even cluster members are currently computa-
tionally off limits. We thus had to make a compromise between
accuracy and computational demands when choosing the
method to use.
The set of cluster representatives involves amino acid−base

contacts containing all binding motifs found in biomolecular
complexes (van der Waals contacts, hydrogen bonding,

Figure 1. Example distribution and its associated identified clusters for the adenine−asparagine pair. Ball-and-stick representations within clusters in
part b are cluster representatives.
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electrostatic interactions). Rather than sacrifice accuracy, we
decided to limit the scope of rigorous electronic structure
calculations to contacts involved in this set.
MM methods, on the other hand, allow for very quick

interaction energy calculation by the evaluation of a simple
potential energy function. As such, the investigation of all
contacts at all levels of the aforementioned hierarchy is feasible.
Various sets of atomic parameters (force fields) have been
developed for MM calculations; the relative performance of
three was tested in our work. Nucleic acid base parameters
taken from the Amber94 force field (ff94) were combined with
amino acid parameters from the Amber99SB-ILDN (ff99SB-
ILDN) and Amber03 (ff03) protein force fields.20 Amber99SB-
ILDN improves on the earlier Amber99 and Amber99SB force
fields21,22 by improving isoleucine, leucine, aspartate, and
asparagine side chain torsional potentials.23 Amber03 uses
partial charges based on the protein dielectric environment.24

The CHARMM27 nucleic acid force field uses amino acid
parameters taken from protein-oriented CHARMM22.25,26 A
common feature of all these force fields is that they were
designed with solvent−solute interactions in mind and
parametrized to reflect condensed phase properties. As such,
their performance concerning gas phase calculations is not
predictable, and the aforementioned electronic structure
calculations are required for comparison (see Discussion).
2.2.1. Empirical Force Fields. For each nucleotide−amino

acid pair, we prepared a Cα representation of the amino acid by
replacing the peptide bond carbonyl and amide groups with
hydrogen atoms as described by Berka et al.19 This procedure
capped each standard amino acid side chain with a methyl
group and thus eliminated nonspecific interactions between the
DNA base and the protein backbone. Proline was modeled as a
neutral tetrahydropyrrole and histidine was protonated on ε-N
in all contacts. Only the base from each nucleotide was retained
with the N-glycosidic bond deoxyribose C1′ carbon replaced

with a hydrogen atom. All hydrogens were added with a custom
Chimera script.27

The Cα representation of each amino acid, as well as the
modified lone DNA bases, were added to the aforementioned
force fields. Atom types of the added Cα hydrogens were HC
and HA for the Amber class and CHARMM27 force fields,
respectively. Hydrogen atoms added to the proline nitrogen
were of type H in all force fields, and the hydrogens replacing
the sugar C1′ atom in DNA bases were of type H in Amber and
H2N in CHARMM27 force fields. Partial atomic charges were
assigned equally to each of the added Cα hydrogen atoms to
keep the overall charge of the amino acid an integer: +1 for
lysine and arginine, −1 for glutamate and aspartate, and 0 for
the rest. By creating the Cα representation, four amino acids
obtained symmetry. We did not recalculate the charges of the
original hydrogen atoms for alanine, valine, and proline, but we
reflected this issue for glycine, in which all four hydrogen atoms
were made the same. This was due to the fact that the
properties of glycine would differ drastically depending on its
orientation with respect to the nucleotide. The partial atomic
charge of the added N1 or N9 hydrogen atoms in DNA bases
was calculated to retain the null overall charge.
All energy calculations and optimizations were performed

using a double-precision version of the GROMACS 4.5.5
package in the gas phase.28 First, we optimized the hydrogen
atom positions in the dimer while keeping the heavy atoms
fixed. A single point energy was then calculated on this
optimized dimer. The base and the amino acid were then split,
and each had its hydrogens optimized, again leaving the heavy
atoms intact. The interaction energy was then calculated as the
difference between the single point energy of the dimer and the
sum of the energies of the optimized monomers.
Unconstrained all-atom optimization of the cluster repre-

sentatives was performed using MM. The interaction energies

Figure 2. Correlations of DFT-D/B3LYP-D3/def2-TZVPP and force field gas phase interaction energies for cluster representatives featuring various
types of amino acids. The blue line has a slope of 1; the orange line corresponds to linear regression.
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of the fully optimized dimers were then evaluated as described
above, with full optimizations replacing the constrained ones.
2.2.2. DFT-D. The DFT-D interaction energy calculations

were performed with the TURBOMOLE V6.5 package29 with
the valence triple-ζ plus polarization (def2-TZVPP) basis set,
B3-LYP functional, and Grimme’s D3 dispersion correction
without three body effects.30 The input geometries of the
dimers were the same as those used in the empirical force field
calculations. The hydrogen atom optimizations were performed
on the DFT-D/B3LYP-D3/def2-TZVPP level for both the
interacting dimer, as well as for each individual base and amino
acid, prior to the energy calculation. The heavy atoms were
constrained to their original positions. The interaction energies
were again calculated using the supermolecular approach, by
subtracting the sum of the optimized monomer energies from
the energy of the interacting dimer. The correction for basis set
superposition error (BSSE) was not considered because the
term proved to be small (under 4% for the def2-TZVPP basis
set, see Discussion), as expected.30 The interaction energies
thus also include part of the relaxation energy due to hydrogen
atom optimizations.
Furthermore, selected interaction motifs were investigated at

the more accurate DFT-D/B3LYP-D3/def2-QZVP level. To
estimate the accuracy of the DFT-D methods used, we
calculated the CCSD(T)/CBS interaction energy for one of
the guanine−glutamate pairs (see Discussion).

3. RESULTS

3.1. Comparison of Empirical Potentials and DFT-D
for Interaction Energy Calculations. The relative corre-
spondence of the interaction energies calculated with the
Amber03, Amber99SB-ILDN, and CHARMM27 force fields
and the DFT-D/B3LYP-D3/def2-TZVPP results is shown in
Figure 2. The 272 cluster representatives were split into groups
according to the physicochemical character of each amino acid,
similar to previous work on amino acid side chains.31 Seventy-
six dimers comprised the set of nonpolar contacts (G, A, V, I, L,
P), 69 were found in the polar set (T, S, N, Q, C, M), 64 were
contained in the charged group (K, R, D, E), and 63 were
aromatic (F, Y, W, H).
The standard deviations of the differences between DFT-D/

B3LYP-D3/def2-TZVPP and MM interaction energies for
these respective groups of amino acids are shown in Table 1.
These values represent the absolute magnitude of discrepancy
between the MM and DFT-D/B3LYP-D3/def2-TZVPP results.
The range of interaction energies observed is very large

(about 200 kJ/mol), owing largely to the contacts involving
charged and polar amino acid residues. Both the nonpolar and
aromatic groups occupy a relatively narrow range of interaction
energies (about 20 and 40 kJ/mol, respectively). For this

reason, the coefficients of determination (R2) describing the
correspondence between the force field and DFT-D/B3LYP-
D3/def2-TZVPP results in relative terms are included after
each standard deviation in Table 1. As can be seen, the two
Amber force fields yield very similar results, while
CHARMM27 deviated from the former when applied to
contacts involving polar and aromatic amino acids.
The blue lines in Figure 2 have a slope of 1 and represent an

absolute correspondence between the force field and DFT-D/
B3LYP-D3/def2-TZVPP results. Any points found above this
line represent structures that were calculated to have a higher
stabilization energy using DFT-D/B3LYP-D3/def2-TZVPP
than the particular MM force field. The orange regression
line shows the drift from the absolute correspondence that is
found each for set of contacts. The interaction energies of
contacts involving charged amino acids were in general found
to be more stabilizing using DFT-D/B3LYP-D3/def2-TZVPP
than any of the force fields tested, while the opposite is true for
dimers involving nonpolar amino acids. The sets involving
polar and aromatic amino acids do not display any such
behavior.
The trends of over- or underestimating the interaction

energies for structures containing the aforementioned sets of
amino acids are shared between all tested force fields. Based on
these observations, we conclude that despite the systematic
shifting of interaction energies for some groups of amino acids,
the correspondence of force field and DFT-D/B3LYP-D3/
def2-TZVPP results can be viewed as very good. Tables
containing the interaction energies of all cluster representatives
in all 20 × 4 amino acid−base pairs can be found at http://
pdna-iea.uochb.cas.cz/.

3.2. Interaction Energy Distributions. An analysis of the
interaction energy profiles of clusters asociated with a certain
amino acid−base pair reveals that the cluster representative
indeed represents the most typical interaction energy value
found within the members of its associated cluster (Figure 9).
This observation is in agreement with the findings of Berka et
al. concerning amino acid side chain−side chain interactions.19

Most of the fully optimized dimers are significantly more
stable than those resulting from either a constrained force field
or DFT optimizations, with the stabilization energy increasing
occasionally by as much as 120 kJ/mol in pairs involving
charged amino acids. This extreme behavior can be expected
due to the calculations being performed in the gas phase. An
increase of the stabilization energy by at least 5 kJ/mol was
observed for all pairs.
The interaction energy profiles for all clusters calculated with

all tested force fields, along with the corresponding DFT-D/
B3LYP-D3/def2-TZVPP cluster representatives’ interaction
energy values and the positions of the fully optimized
structures, can be found at http://pdna-iea.uochb.cas.cz/.
Next, we turned our attention to comparison of interaction

energy profiles for all clusters of the same amino acid−base pair
type to the energy profile of the entire corresponding
distribution. We observed that some clusters shared the
following properties: 1) the cluster consists of contacts with
the highest stabilization energy found in the energy profile of
the associated distribution, 2) the cluster contains a significant
part of all the contacts within that interaction energy range, and
3) the peak corresponding to the cluster-associated part of the
distribution is clearly distinguished from the rest of the energy
profile. These conditions were met by a single cluster occurring
in the adenine−asparagine, adenine−glutamine, adenine−

Table 1. Corrected Sample Standard Deviations of the
Difference between Force Field and DFT-D/B3LYP-D3/
def2-TZVPP Gas Phase Interaction Energies in [kJ/mol]
and the R2 Coefficients of Determination (in Parentheses)
between the Force Field and DFT-D/B3LYP-D3/def2-
TZVPP Results for Various Sets of Amino Acids

nonpolar polar charged aromatic

ff03 1.8 (0.69) 9.6 (0.84) 11.9 (0.94) 4.8 (0.84)
ff99SB-ILDN 1.6 (0.76) 9.6 (0.84) 11.2 (0.95) 4.3 (0.88)
CHARMM27 1.5 (0.78) 12.2 (0.73) 12.2 (0.93) 6.9 (0.61)
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lysine, cytosine−asparagine, and cytosine−tyrosine energy
distribution profiles and by two clusters in the guanine−
glutamine distribution. An example of such an energy profile
calculated using Amber03 is shown in Figure 3. All but two
guanine−glutamine clusters are the largest found for the
particular base−amino acid pair.

The interaction energy profiles of all distributions calculated
with all tested force fields can be viewed at http://pdna-iea.
uochb.cas.cz/. It is important to note that the positions of
cluster energies relative to whole distribution energy profiles
remain unchanged when comparing results from the Amber03,
Amber99SB-ILDN, and CHARMM27 force fields.
Focusing on the cluster representatives of the these

energetically low lying clusters, we compared their structures

after constrained optimization to fully optimized dimers
(Figures 4 and 5).
Examination of the adenine−asparagine, adenine−glutamine,

and the guanine−glutamine contacts revealed common
features: the presence of two hydrogen bonds and the
proximity of the geometries found in biomolecules to their
respective local energy minima. A stabilization energy increase
of 5−7 kJ/mol in all these pairs is achieved by parallelization of
the planes of the respective hydrogen bond donors and
acceptors. The two contacts involving adenine show that the
amino acid binds to the major groove of the DNA molecule by
two hydrogen bonds involving the amino acid β- or γ-amide
group and the amino group and N7 atom of the base (Figures
4a and 4b). In contrast, the glutamine in Figure 4c recognizes
guanine in the minor groove, with two hydrogen bonds
between the amide group and the amino group and N3 atom of
the base. Figure 4d shows an interesting contact in which the
glutamine residue disrupts the normal Watson−Crick pairing of
guanine with cytosine. The glutamine γ-amide group oxygen
acts as an acceptor of two hydrogen bonds involving the N1
atom and the amino group of guanine. A closer look at the PDB
structures featuring this contact revealed that it originates from
complexes of DNA methyltransferases. These are predom-
inantly mutants of Hhal methyltransferase, which can flip the
to-be-methylated cytosine out of the DNA helix, replacing the
canonical base pairing with the aforementioned guanine−
glutamine contact.32 This pairing also features the protein main
chain NH group as a third hydrogen bond donor.
The remaining cytosine−asparagine, cytosine−tyrosine, and

adenine−lysine pairs show more pronounced changes in
geometry after full optimization. The cytosine−asparagine
contact (Figure 6a) features a single hydrogen bond between
the amide group of the amino acid and O2 oxygen of the base.
The full optimization of this structure does not lead to a two

Figure 3. Amber03 interaction energy profile of the adenine−
glutamine distribution (dashed purple curve), together with associated
clusters (blue, orange, light blue, pink, and green solid lines) and
cluster representatives (dashed vertical lines, color corresponds to the
color coding of each particular cluster). Areas under curves correspond
to the number of contacts in clusters or in the distribution.

Figure 4. Cluster representatives of distinct low-lying clusters - contacts featuring two hydrogen bonds. Constrained optimizations (blue) and fully
optimized structures.
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hydrogen bond conformation and instead shifts the asparagine
from the minor groove to an unnatural conformation that
conflicts with both normal Watson−Crick pairing and the
preceding base pairs. It is worth noting that in biomolecules,
the cytosine−asparagine contact cannot adopt a two hydrogen
bond conformation without interfering with normal base
pairing.
The behavior of the cytosine−tyrosine pair is remarkably

similar to the previous case (Figure 6b). A single hydrogen
bond is formed in the minor groove between the donor
phenolic hydroxyl group and the acceptor O2 atom on
cytosine. The full optimization of this contact shortens the
hydrogen bond by 0.2 Å and shifts tyrosine into a position that
conflicts with normal base pairing. This increases the
stabilization energy by approximately 11 kJ/mol.
The adenine−lysine contact features a single hydrogen bond

between the ε-amino group and N3 atom of the base (Figure
6c). Full optimization of this pair results in a geometry that
could not be adopted in biomolecules without heavily
distorting the structure of DNA. The aliphatic chain of lysine
maximizes the van der Waals contact with the base and
positions the Cα deeply within the DNA helix. Because the
charged lysine is also likely to interact with the phosphate
backbone, we conclude that this contact cannot be treated
appropriately using our Cα model and without the context of
surrounding residues.

4. DISCUSSION
Our work on elucidating the selectivity of protein−DNA
interactions involved several simplifications and without doubt
describes only part of the problem. We have so far focused only
on the interactions between DNA bases and amino acid side
chains. We justified this separation on the basis that the

selectivity of binding of the protein to a designated region of
DNA should be conveyed by the sequence of the nucleic acid
bases. The focus on the pairs consisting of one amino acid and
one DNA base immediately removes from the data set the
undoubtedly important interaction motifs involving base pairs,
multiple base steps, and water-mediated contacts.
While the local topology of the DNA molecule has been

known to be responsible for the specificity of some protein−
DNA interactions (for example, the trp repressor/operator
complex11), the physicochemical parameters of the sugar−
phosphate backbone remain the same regardless of the base
sequence and thus play little role in our one side chain−one
base correspondence study. It should be noted, however, that to
fully describe DNA sequence recognition, the strong electro-
static interactions between charged amino acids and the nucleic
acid backbone must be taken into account.6 These can either
aid or disrupt the complex formation, depending on the
character of the particular amino acid residues found at the
protein−DNA interface.11 For example, the increased negative
electrostatic potential in the minor groove caused by the
proximity of the phosphate groups can guide the specific
binding of arginine residues.33 Indeed, we plan to investigate
the interactions between a set of amino acids and the sugar−
phosphate backbone as a logical next step.
Our approach describes the energetics of binding of proteins

to DNA as a sum of pairwise additive terms corresponding to
individual amino acid−nucleotide pairs. It has been shown that
neglecting the nonadditive contributions resulting from the
influence of surrounding DNA bases or amino acid residues is a
reasonable first approximation.34 It should be kept in mind that
many-body terms are much more important for polar or
charged structures than for nonpolar complexes. An accurate
description of many-body terms in biomolecular complexes, in

Figure 5. Cluster representatives of distinct low-lying clusters: contacts featuring a single hydrogen bond. Constrained optimizations are shown in
blue along with the fully optimized structures.
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which dispersion energy is always important, is tedious as it
requires performing calculations at the MP3 level or higher (as
the three body dispersion energy is covered only at these levels
(e.g., CCSD(T)).
Another important simplification is that all interaction

energies were calculated in the gas phase. Contacts involving
charged amino acids had the most extreme interaction energies
in our models, and these did indeed decrease severely in a
simulated ε = 80 implicit solvent environment. The choice of
dielectric constant is open to question as the protein−DNA
interface constitutes a highly nonhomogeneous environment.35

Moreover, the entropic terms introduced by the interaction
with the solvent are only partially considered, being effectively
included in the implicit solvent model and force field
parameters. These would certainly play a role in the
interactions of DNA bases with nonpolar and aromatic amino
acids.36 Similarly, we ignored the conformational entropy of the
binding partners, as this is a nonadditive effect, the calculation
of which would have to involve knowledge of the dynamics of
the entire protein or DNA molecule.37

Our work was burdened by several intrinsic deficiencies of
classical force fields. Induction and polarization effects are
known to play a major role in biomolecular interactions,
providing, of course, that one of the interacting partners is
highly polar or charged. These effects are not explicitly
described for any of Class I force fields used.38 Instead, they
are implicitly included in the overestimated electrostatic term.
Moreover, the force fields have been parametrized to reflect the
behavior of biomolecules in a solvent environment.20,21,24−26

A high-quality (e.g., CCSD(T)/CBS) study involving cluster
representatives is necessary to set a state-of-the-art benchmark
against which our current results can be compared.18 These and
similar (MP2.5/CBS) calculations will be part of a subsequent
study.

We verified our observations concerning the distinct low-
lying clusters by recalculating all cluster-associated contacts
using the DFT-D/B3LYP-D3/def2-TZVPP method. The
respective interaction energy profiles reproduced the empirical
results very well, despite being shifted by a few kJ/mol toward
more negative values (Figure 6). Using the larger def2-QZVP
basis set improved the agreement between QM and empirical
results (not shown).

To estimate the discrepancy between the presented def2-
TZVPP and def2-QZVP results and the benchmark CCSD(T)/
CBS values we present the interaction energies for the most
stable guanine−glutamate pair calculated by these methods.
The CCSD(T)/CBS interaction energy (−169.5 kJ/mol)
where BSSE was covered by counterpoise procedure differs
only marginally (by 4% and 2%, respectively) from the def2-
TZVPP (−175.7 kJ/mol) and def2-QZVP (−171.1 kJ/mol)
values which, as mentioned in the Introduction, have not been
corrected for BSSE. The BSSE values for this complex were
evaluated for both basis sets and were found to be less than 4%
of the interaction energy in each case.
The DFT-D/B3LYP-D3/def2-TZVPP and DFT-D/B3LYP-

D3/def2-QZVP methods yielded higher stabilization energies
for complexes involving charged amino acids compared to the
MM results. The only way to decide which of the methods is
reasonable we have to perform calculations at a benchmark
level  CCSD(T)/CBS, at which charge transfer energies are
properly covered.18

The comparison of DFT-D/B3LYP-D3/def2-TZVPP and
Amber03 interaction energy profiles of all distinct low-lying
clusters can be viewed at http://pdna-iea.uochb.cas.cz/.
It is also worth noting that the hydrogen atom optimizations

by DFT-D/B3LYP-D3/def2-TZVPP and force fields in general
yielded different geometries. The Amber force fields hold the
amino groups of DNA bases planar, while the MP2/6-31G*ab
initio calculations correctly show an almost sp3 hybridization of
the amino group nitrogen atom in the gas phase.39 The
penalization for the out-of-plane bending in the force field
energy scoring function is enormous. This is illustrated by the
presence of hydrogen-bonded complexes in which the heavy
atom distance is unrealistically low (below 2.3 Å). We identified
three clusters whose representatives meet this criterion. Low-
barrier hydrogen bonds characterized by short heavy atom
distance have been described for some enzymatic reactions and
may be involved in a tight transition state or in substrate
binding.40 More recent work has shown that short hydrogen
bonds are ubiquitous within protein structures.41 The force
field interaction energies calculated on these complexes reach
extreme values as a result of the steep Lennard-Jones repulsive
term and show where the classical force fields fail. To remedy
these shortcomings, we propose that either new sets of
parameters allowing for greater flexibility of biomolecules
should be introduced or the polarization effects must be taken
into account. The DFT-D/B3LYP-D3/def2-TZVPP hydrogen
atom optimizations, on the other hand, yielded geometries
corresponding to the right hybridization states, while providing
reasonable interaction energies.
Luscombe et al. investigated a set of 129 protein−DNA

complexes and compared the populations of various types of
amino acid−base contacts to those obtained by random
docking.5 The pairs were separated into groups featuring
hydrogen bonds, van der Waals contacts, and water-mediated
interactions. They found that the formation of two hydrogen
bonds in guanine−arginine, guanine−lysine, adenine−aspar-
agine, and adenine−glutamine pairs is a universal mechanism of
sequence recognition utilized by many protein families. For all
of these pairs, the number of observed contacts greatly exceeds
their respective expected populations, leading to the conclusion
that a one-to-one amino acid−base correspondence is a valid
model of sequence recognition for some contacts.5 We adopted
this view and estimated the importance of various amino acid−
base contacts for specific pairing on the basis of interaction

Figure 6. Amber03 adenine−glutamine interaction energy profile
(dashed purple curve) and a distinct low-lying cluster (solid blue
curve). Crimson solid profile - DFT-D/B3LYP-D3/def2-TZVPP
cluster interaction energies; dashed vertical lines - cluster representa-
tives (color coding based on the particular method used). Areas under
the curves correspond to the number of contacts found in the clusters
or in the distribution.
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energies. We confirm the previous findings concerning
adenine−asparagine and adenine−glutamine pairs, adding that
the geometries found in biomolecules (Figures 4a and 4a)
correspond to unique energy minima.
On the other hand, the distribution energy profile of the

guanine−arginine pair shows that there are geometries
isoenergetic to that featuring two hydrogen bonds between
the arginine guanidino group and guanine O6 and N7 atoms
(Figure 7). Given the energetic favorability of this con-

formation, as well as the absolute number of observed
guanine−arginine contacts, we do not challenge the selectivity
of arginine toward guanine and instead propose that the energy
minimum corresponding to this geometry allows for greater
flexibility of the interacting partners compared to the
aforementioned adenine pairs. Moreover, our cluster contains
only contacts featuring the two η-N atoms of the guanidino
group as hydrogen bond donors. A second conformation in
which the guanidino ε-N and η-N act as hydrogen bond donors
is possible, with interaction energies resembling the former.
Surprisingly, we did not find a cluster of guanine−lysine

contacts featuring two hydrogen bonds between the ε-amino
group and guanine O6 and N7 atoms. This is likely due to the
fact that the positively charged lysine often interacts with the
phosphate backbone, and the cluster identification was
performed on whole nucleotides. The clusters identified in
this distribution are nowhere near the interaction energy
minima, as there are plenty of contacts adopting much more
favorable conformations (Figure 8). This raises a question
regarding whether a common RMSD criterion is applicable to
all amino acids. We stated that the cluster interaction energy
profile cannot have an envelope of other distribution members
to be of functional significance. We consider the geometries of

these low-lying clusters to be unique, as they are to represent
only the mutual orientations of the amino acids and nucleotides
that yield significantly more stabilizing interaction energies than
the rest of the distributions. The envelopes deny this limiting
orientational criterion, as they show that the part of the energy
profile covered by the cluster can also be reached by a range of
other orientations. If the clusters were not dense enough,
however, the cluster definition algorithm would pick up only
part of these contacts.
We therefore conclude that the contacts responsible for the

specific binding of lysine to guanine have no preferred
orientation of the aliphatic lysine side chain and share only
the position of the ε-amino group participating in hydrogen
bonding. This interaction is dominated by a spherically
symmetric potential corresponding to the electrostatic term.
There is therefore no reason why a specific orientation of the
aliphatic chain relative to the base should be preferred. To
describe this set of contacts, we propose the term energy-
defined cluster, highlighting the isoenergetic nature of these
pairs, while avoiding the usual spatial definition of clusters.
Amino acids capable of being single hydrogen bond donors

(S, T, H, Y) can bind to any base in both the minor and major
grooves and as such provide no inherent one-to-one amino
acid−base selectivity.8 Despite the lack of any observed
preferences compared to a random set, Luscombe et al. dubbed
the contacts involving these amino acids context-specific.5 We
identified three pairs (Figure 5: adenine−lysine, cytosine−
asparagine, and cytosine−tyrosine) in which a statistically
significant fraction of contacts is found in conformations
corresponding to distinct energy minima. As these geometries
describe the most favorable arrangement the respective pairs
can adopt, we suggest that they may help distinguish between
generic and context-specific contacts.
We found few discrepancies between the behavior of amino

acid−base contacts and the results of Berka et al. concerning
side chain−side chain interactions.31 The interaction energy
distribution for most pairs of amino acids consists of one well-
defined peak, showing that similar interaction energies are
found for many different pair geometries. On the other hand,
the interaction energy profiles of many amino acid−base pairs
have one or more peaks in addition to the main one, while
others have no distinguishable peaks. Some of the amino acid−
base interaction energy profiles have shapes which are greatly
determined by the peaks corresponding to individual clusters
(Figure 9). For pairs of amino acids, the cluster representative
of the largest cluster often corresponds to a minimum of the

Figure 7. Amber03 guanine−arginine interaction energy profile: an
example of the envelope surrounding a low-lying cluster. Color coding:
see description in Figure 3.

Figure 8. Amber03 guanine−lysine interaction energy profile, in which
no clusters were identified at the low end of the energy distribution.
Color coding: see description in Figure 3.

Figure 9. Amber03 adenine−lysine interaction energy profile: an
example showing the effect of cluster intection energy profiles on the
overall energy distribution. Note how the cluster representatives reflect
the average interaction energy of their associated cluster. Color coding:
see description in Figure 3.
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interaction energy profile of its associated distribution. We
observed no such behavior for amino acid−base pairs, in which
the minimum of the interaction energy profile can belong to
any of the clusters identified or even to no cluster at all. This
leads us to conclude that multiple geometries corresponding to
distinct energy minima can be adopted for various amino acid−
base pairs, depending on the structural or functional needs of
each particular protein−DNA complex.
The 1,569 unique PDB structures considered in this work do

not address any homology issues other than 100% sequence
identity. Removing contacts with 30% and greater sequence
identity would drastically reduce the amount of structures. We
are aware of the limited size of our data set and are cautious to
draw any far-reaching conclusions.
While it remains true that the clusters often make up a

significant part of the distributions, their absolute populations
are often on the order of 101 and therefore quite susceptible to
data set bias. This is in contrast to a statistical evaluation of side
chain−side chain contacts in proteins,31 in which the cluster
populations were an order of magnitude higher. This is caused
by both the relative lack of the protein−DNA crystal structures
and the lesser amount of amino acid−nucleotide contacts per
structure compared to contacts between amino acids within
proteins. On the other hand, the relative populations of amino
acid−base clusters merely reflect the current amount of high-
quality protein−DNA complexes in the Protein Data Bank.
Even if a unique geometry corresponding to a high stabilization
energy is, as of this study, found only for a few contacts, it could
very well be widespread in nature.

5. ASSOCIATED CONTENT

As previously mentioned, the interaction energies of all amino
acid−base pairs as well as their representations (such as in the
form of the interaction energy profiles) can be found at http://
pdna-iea.uochb.cas.cz/. This site also hosts and provides the
geometries of all investigated structures free of charge.

6. CONCLUSIONS

We have for the first time calculated the interaction energies for
all amino acid−base pairs found in currently available protein−
DNA complexes. We were able to quantitatively examine the
underlying aspects of amino acid−base preferences originating
from statistical studies.5,14 We found that amino acid−base
geometries capable of one-to-one amino acid−base recognition
correspond to unique energy minima with interaction energies
distinct from the rest of the distribution. Our observations are
in good agreement with DFT-D/B3LYP-D3/def2-TZVPP ab
initio calculations performed on a smaller set of structures. We
plan to extend our data set to structures containing parts of the
sugar−phosphate backbone as well as larger contacts spanning
several bases. Finally, we plan to make our results more
accessible by establishing a Web server providing information
about the performance of various computational methods.
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matrix of structurally important side-chain/side-chain interactions in
proteins. J. Chem. Theory Comput. 2010, 6, 2191−2203.
(32) Klimasauskas, S.; Kumar, S.; Roberts, R. J.; Cheng, X. HhaI
methyltransferase flips its target base out of the DNA helix. Cell 1994,
76, 357−369.
(33) Rohs, R.; West, S. M.; Sosinsky, A.; Liu, P.; Mann, R. S.; Honig,
B. The role of DNA shape in protein-DNA recognition. Nature 2009,
461, 1248−1253.

(34) Benos, P. V.; Bulyk, M. L.; Stormo, G. D. Additivity in protein-
DNA interactions: how good an approximation is it? Nucleic Acids Res.
2002, 30, 4442−4451.
(35) Bergqvist, S.; Williams, M. A.; O’Brien, R.; Ladbury, J. E. Heat
capacity effects of water molecules and ions at a protein-DNA
interface. J. Mol. Biol. 2004, 336, 829−842.
(36) Guckian, K. M.; Schweitzer, B. A.; Ren, R. X.-F.; Sheils, C. J.;
Tahmassebi, D. C.; Kool, E. T. Factors contributing to aromatic
stacking in water: evaluation in the context of DNA. J. Am. Chem. Soc.
2000, 122, 2213−2222.
(37) Foguel, D.; Silva, J. L. Cold denaturation of a repressor-operator
complex: the role of entropy in protein-DNA recognition. Proc. Natl.
Acad. Sci. U. S. A. 1994, 91, 8244−8247.
(38) Cieplak, P.; Dupradeau, F.-Y.; Duan, Y.; Wang, J. Polarization
effects in molecular mechanical force fields. J. Phys.: Condens. Matter
2009, 21, 333102.
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ABSTRACT: Representative pairs of amino acid side chains and
nucleic acid bases extracted from available high-quality structures of
protein−DNA complexes were analyzed using a range of
computational methods. CCSD(T)/CBS interaction energies
were calculated for the chosen 272 pairs. These reference
interaction energies were used to test the MP2.5/CBS, MP2.X/
CBS, MP2-F12, DFT-D3, PM6, and Amber force field methods.
Method MP2.5 provided excellent agreement with reference data
(root-mean-square error (RMSE) of 0.11 kcal/mol), which is more
than 1 order of magnitude faster than the CCSD(T) method. When
MP2-F12 and MP2.5 were combined, the results were within
reasonable accuracy (0.20 kcal/mol), with a computational savings
of almost 2 orders of magnitude. Therefore, this method is a promising tool for accurate calculations of interaction energies in
protein−DNA motifs of up to ∼100 atoms, for which CCSD(T)/CBS benchmark calculations are not feasible. B3-LYP-D3
calculated with def2-TZVPP and def2-QZVP basis sets yielded sufficiently good results with a reasonably small RMSE. This
method provided better results for neutral systems, whereas positively charged species exhibited the worst agreement with the
benchmark data. The Amber force field yielded unbalanced resultsperforming well for systems containing nonpolar amino
acids but severely underestimating interaction energies for charged complexes. The semiempirical PM6 method with corrections
for hydrogen bonding and dispersion energy (PM6-D3H4) exhibited considerably smaller error than the Amber force field,
which makes it an effective tool for modeling extended protein−ligand complexes (of up to 10 000 atoms).

1. INTRODUCTION

Despite ongoing efforts,1 an understanding of the rules that
govern protein−DNA recognition is far from complete. In
recent years, the growing amount of structural data has opened
space for bioinformatics and computational analyses. Insights
gained from such analyses into the DNA recognition process of
zinc finger domains and transcription activator-like effector
(TALE) proteins have led to powerful genetic engineering
technologies.2 Understanding the principles governing pro-
tein−DNA selectivity may lead to the development of new
applications in biotechnology and medicine.
Recently, we quantitatively examined protein−DNA inter-

actions by calculating the interaction energies for all 20 × 4
amino acid−DNA base combinations.3 We obtained the
geometries of the pairs from the web version of the Atlas of

Protein Side Chain Interactions.4 The structural data in the
Atlas were extracted from a nonredundant subset of all available
protein−DNA complexes and are not specific to any single
protein family or DNA-binding motif. To evaluate the
interaction energy between DNA and protein building blocks,
we employed molecular mechanics (MM) utilizing empirical
force fields.
Here, we set out to compare the performance of these

empirical potential-based methods with reliable quantum
mechanical (QM) methods. The QM methods should
adequately describe the dominant hydrogen bonding inter-
actions, as well as electrostatic and London dispersion
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interactions. Dispersion energy in particular plays an important
role in biomolecular complexes, and its proper description is of
primary importance.5 In addition, further stabilization due to
charge transfer can play a key role in charged complexes;
however, this contribution is not covered directly at the MM
level. An accurate QM approach, such as the coupled-cluster
method covering single and double excitations iteratively and
triple excitations perturbatively [CCSD(T)] at the complete
basis set (CBS) limit, is needed to benchmark other
computational chemistry methods, which can fail in certain
cases (e.g., charge-transfer complexes).6 These CCSD(T)/CBS
energies are assumed to be closest to the “true” energy values.7

Previously, we determined interaction energies between
amino acid side chains with a reasonable level of accuracy using
DFT-based methods.8,9 These methods represent a good
compromise between accuracy and cost, yielding reliable
characteristics for systems with several hundred atoms. In this
study, we evaluated the energy of interactions between selected
amino acid side chains and nucleic acid base pairs. For each
pair, we used an experimentally determined representative
geometry and compared the energies computed using several
different ab initio QM and force field methods with the
CCSD(T) reference method.

2. METHODS

2.1. Description of a Representative Set of Amino
Acid Side Chain−DNA Base Pair Interactions. To obtain a
representative set of amino acid side chain−DNA base pair
interactions, we extracted data from an updated version of the
“Atlas of Protein Side-Chain Interactions” (available at http://
www.ebi.ac.uk/thornton-srv/databases/sidechains/) as previ-
ously described.3 As of March 2014, the Atlas comprised
1569 unique structures of protein−DNA complexes. Amino
acid−nucleotide pairs were extracted from each complex by a
procedure based on the SIRIUS set of scripts described by
Singh and Thornton.10 These programs recognize a pair as
“interacting” if certain distance criteria between predefined
reference atoms are met. This procedure resulted in 20 × 4 sets
of contacts. Each dimer, consisting of a single amino acid and a
single nucleotide, was transformed to utilize the same frame of
reference, with respect to the DNA base, yielding 20
distributions of amino acid residues around each DNA base.
The root-mean-square deviation (RMSD) between atom
positions was calculated for all pairs of amino acid side chains.
The dimer with the highest number of structures within an
RMSD of 1.5 Å was considered a cluster representative and set
aside; “neighboring” structures and contacts were regarded as
its associated cluster. This procedure was repeated up to six
times, depending on the size of the cluster.
Only those with a distance of <4.5 Å between any DNA base

atom and any amino acid side chain atom were further
considered. We prepared a total of 272 clusters and cluster
representatives. The geometries of all pairs are available at
http://bioinfo.uochb.cas.cz/projects/pdna-iea/ and http://
www.begdb.com.
The Cα representations of amino acids were prepared by

replacing the carbonyl and amide groups with hydrogen atoms,
as described by Berka et al.9 In this procedure, each amino acid
has methyl group at Cα, thus eliminating any potential
nonspecific interactions between the backbone and the DNA
base. Histidine was protonated on the ε-N atom; proline was
modeled as a neutral tetrahydropyrrole. Only the base of each

nucleotide was preserved, and the deoxyribose C1′ carbon of
the N-glycosidic bond was replaced with a hydrogen atom.
Since the Atlas contains only the positions of heavy atoms,

hydrogens were added to each cluster representative, using a
Chimera-1.8.111 script, and optimized at the B3-LYP-D3/def2-
TZVPP level12−15 for ab initio methods; conjugate gradient
optimization utilizing the Amber force field parameters was
used for comparison with the MM method. The heavy atoms
were kept in their original positions.
The cluster representatives were classified according to the

physicochemical character of each amino acid (see Figure 1):

nonpolar (G, A, V, I, L, P; 76 contacts), polar (T, S, N, Q, C,
M; 69 contacts), aromatic (F, Y, W, H; 63 contacts), positively
charged (K, R; 33 contacts) and negatively charged (D, E; 31
contacts). A more detailed description of the methodology is
provided in our previous study,3 in which we highlight
bioinformatic aspects and features derived from distributions
involving tens of thousands of contacts.

2.2. Interaction Energy Calculations. All interaction
energies were calculated using fixed monomer geometries, i.e.,
deformation energy was not considered. The only exception
was the accuracy assessment of the Amber force field, in which
we took into account the deformation energy of hydrogen
atoms and compared the results with those obtained at the B3-
LYP-D3/def2-TZVPP level. All calculations were performed in
vacuo, and no symmetry was assumed.

2.3. Benchmark CCSD(T)/CBS Interaction Energies. To
calculate the reference interaction energies, we needed a
method able to describe systems ranging from 20 atoms to 38
atoms. The natural choice is the “gold standard” of computa-
tional chemistry−the CCSD(T) method extrapolated to the
CBS limit. We approximated the interaction energy as follows:

Figure 1. Illustration of the geometries of DNA bases and amino acid
Cα representations of different types. The first row from the top
contains nonpolar, the second row polar, the third row charged, and
the fourth row aromatic amino acids in interaction with DNA bases.
(aliphatic, polar, polar with sulfur, basic, acidic and aromatic types are
shown in white, orange, yellow, blue, red, and violet, respectively). The
cluster representatives for the most stable pair are shown.

Journal of Chemical Theory and Computation Article

DOI: 10.1021/acs.jctc.5b00398
J. Chem. Theory Comput. 2015, 11, 4086−4092

4087

http://www.ebi.ac.uk/thornton-srv/databases/sidechains/
http://www.ebi.ac.uk/thornton-srv/databases/sidechains/
http://bioinfo.uochb.cas.cz/projects/pdna-iea/
http://www.begdb.com
http://www.begdb.com
http://dx.doi.org/10.1021/acs.jctc.5b00398


Δ = Δ ‐ + Δ

+ Δ − Δ ‐

E E E

E E

(large size basis set) (CBS)

( )(medium size basis set)

CCSD(T)/CBS HF MP2

CCSD(T) MP2

(1)

The Hartree−Fock (HF) energy converges with increasing
basis set size faster than the correlation energy; therefore, a
calculation in a single large basis set, such as aug-cc-pVQZ, is
appropriate. The second term, ΔEMP2(CBS), was determined
by applying a two-point Helgaker extrapolation scheme.16 We
used Dunning’s correlation-consistent series of basis sets with
diffuse functions: aug-cc-pVTZ (augTZ) and aug-cc-pVQZ
(augQZ).17 We calculated the CCSD(T) correction term in a
smaller aug-cc-pVDZ (augDZ) basis set, because this quantity,
which is defined as the difference between CCSD(T) and MP2
energies, is less dependent on the basis set size. The augDZ was
the smallest basis set that provided reliable results with errors of
<0.1 kcal/mol.18,19 This is the same setup that we used to
generate our extensive datasets of benchmark interaction
energies, such as S66x8 and X40x10.20,21

All interaction energies were corrected for BSSE using the
counterpoise scheme described by Boys and Bernardi.22 The
resolution of identity was used to accelerate the MP2
calculations.23 The frozen-core approximation was applied
systematically to all calculations of correlation energy.
2.4. Post-Hartree−Fock Methods. The CCSD(T)

method has been proven accurate, robust, and size-consistent,
but it is limited to systems with less than several dozen atoms.
For larger systems, the highest accuracy can be achieved with
empirically scaled methods based on scaling of the same- and
opposite-spin contributions (such as SCS-MP2 and SCS-MI-
MP2)24 and methods constructed from MP3 energy (such as
MP2.5 and MP2.X).25−27

Explicitly correlated MP2 methods improve upon basis-set
convergence toward the CBS limit and represent another
important direction. Here, we employ a closed-shell (semi)-
canonical variant with density fitting (RI-MP2-F12) utilizing
the cc-pVDZ and cc-pVDZ-F12 basis sets as implemented in
Turbomole 6.5.28,29

In the present work, we tested the following post-HF
methods: MP2.5, SCS-MP2, SCS-MI-MP2, MP2-F12, and
MP2.X. To neglect the influence of basis set selection, we used
the same basis set as for calculation of the CCSD(T) correction
term, augDZ. The second basis set used for MP2.5 and MP2.X
calculations was the split-valence 6-31G*(0.25) basis set
containing diffuse d-functions (α = 0.25) on heavy atoms.30

In combination with the MP2 method, it provides reliable
interaction energies comparable to those obtained with the
much-larger aug-cc-pVDZ basis set.31 There is no comple-
mentary auxiliary basis set; therefore, we used a similarly sized
def2-SVPD for resolution of identity. The BSSE was eliminated
using the counterpoise correction.
MP3 calculations take advantage of the resolution of identity,

which greatly accelerates the calculations (see Table 1 in the
Results section). MP2.5 and MP2.X, which were developed in
our laboratory,25−27 are known to provide highly accurate
interaction energies for different types of molecular clusters.31

The method is more demanding, with regard to CPU time,
than various versions of the MP2 method, but it is much faster
than the CCSD(T)/CBS method used in the present work for
benchmark calculations. Because the DFT-D method might fail
for charged complexes with significant charge transfer, we used
MP2.5 as the benchmark method for complexes for which
CCSD(T)/CBS calculations are not feasible.

2.5. Density Functional Interaction Energies. DFT is
the method of choice for large complexes with hundreds of
atoms, because of its favorable balance between accuracy and
computational cost. Here, we included DFT-D3 interaction
energies, in which the DFT energies were calculated with a B3-
LYP functional in def2-TZVPP and def2-QZVP basis sets.15

Both were augmented with the D3 empirical dispersion term,
thus covering one of the most severe deficiencies of the DFT
methodology while keeping essentially the same CPU-time
requirements.14 Calculations utilized the Becke-Johnson damp-
ing function.32 Three-body nonadditive terms were not
considered14 (for complexes presented here, the average
absolute value is <0.05 kcal/mol). All calculations were carried
out by means of the resolution of identity.
The present combination of the DFT functional, empirical

dispersion correction, and basis sets provided accurate
interaction energies for various types of noncovalently bound
molecular clusters.33 In this study, we also included results for
B-LYP and TPSS functionals.34−37

2.6. Semiempirical Quantum Chemical Methods. We
investigated the performance of PM638 augmented with
empirical corrections for hydrogen bonding and dispersion
interactions (PM6-D3H4).39 For comparison, we also included
the PM6 method as implemented in MOPAC software.40

2.7. Empirical Force-Field Interaction Energies. The
empirical force-field calculations were carried out with the
Gromacs-4.5.5 package41 with the Amber99SB-ILDN protein
force field42 combined with Amber94 nucleic-acid parameters.43

We selected this force field because it was the most commonly
used among those tested in our previous study in which B3-
LYP/def2-TZVPP was the reference method.3

Parameters of the Cα representations of amino acids were
added manually. They were based on the existing amino acid
topologies, with the Cα carbonyl and amide groups replaced
with hydrogen atoms. The charges of these added Cα hydrogen
atoms were symmetrically distributed to keep the overall
integral charge of the amino acid as follows: −1 for aspartate
and glutamate, +1 for lysine and arginine, and 0 for others. The
atom types were HC for all amino acids except proline, where
the atom type of the tetrahydropyrrole N hydrogen was H. This
procedure introduced a symmetry in four amino acids: alanine,
valine, proline, and glycine. We did not reflect this by
recalculating hydrogen atom charges for any amino acid except
glycine, where all four hydrogen atoms were made equivalent to
cancel detrimental effectstheir orientation, with respect to
the nucleotide, would have violated the resulting interaction
energies.

Table 1. Computational Times (Adenine−Tryptophan
System, 37 Atoms, Intel Xeon E5630 2.53 GHz, 8 Cores, 5.8
GB RAM per Core)

method and basis set time [h]

CCSD(T)/aug-cc-pVDZ 273
RI-MP2/aug-cc-pVQZ 117
RI-DFT/def2-QZVP 31.3
RI-MP2/aug-cc-pVTZ 12.8
RI-MP3/aug-cc-pVDZ 7.3
RI-MP2-F12/cc-pVDZ 6.5
RI-DFT/def2-TZVPP 3.3
RI-MP3/6-31G*(0.25) 0.6
Amber force field 0.001
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Similarly, we derived the DNA-base parameters in the force
field based on the parameters of free nucleotides by stripping
them of the sugar−phosphate atoms. The purine H9 and
pyrimidine H1 hydrogen atoms were added to the topologies,
their charges were assigned to keep the overall charge of the
base at 0, and their atom types were set to H. All energy
calculations and gradient optimization of hydrogens were
performed in the gas phase using a double-precision version of
the GROMACS-4.5.5 package.41

2.8. Error Analysis. There are multiple statistical tools that
highlight different information about error measurements. We
considered the root-mean-square error (RMSE), the mean
signed error (MSE), and the mean unsigned error (MUE) to be
the most robust quantities showing a method’s overall
performance. For a relative comparison between the different
interaction types, we also present the RMSE as the percentage
of the average interaction energy in the group (rRMSE), and
we do likewise for the relative mean signed error (rMSE) and
the relative mean unsigned error (rMUE).
2.9. Computational Details. All DFT, MP2, MP3, and

CCSD(T) interaction energy calculations were carried out as
implemented in Turbomole 6.5. We used the GROMACS-4.5.5
package41 for all force-field calculations and the MOPAC 2012
package40 for PM6 calculations. The cuby framework (http://
cuby.molecular.cz), which was developed by one of the current
authors (Jan Řezać)̌, was used to automate the calculations.

3. RESULTS AND DISCUSSION
In this study we concentrated on comparison of selected
computational chemistry methods and evaluation of their
accuracy and efficiency. Table 1 lists the wall time spent on
computations by methods in the standard computational
cluster. The relative RMSE for the four groups of DNA
base−amino acid residue complexes shown in Figures 2 and 3
illustrates the correlation between the benchmark CCSD(T)/
CBS results and the results obtained by other methods.
Complete results are summarized in Tables S1−S5 (see the
Supporting Information).
3.1. Performance of MP2.5/CBS. As shown in our

previous work, large errors can be expected in complexes
with dominant dispersion interaction, because of the strongly
overbinding MP2/CBS term.25 In this study, we used two basis
sets, 6-31G*(0.25) and aug-cc-pVDZ, to calculate the MP2.5
correction terms (the difference between MP2.5 and MP2
energies). The smaller basis set, 6-31G*(0.25), performed
comparably well (see Table S1) to the considerably larger (and
thus more time-consuming) aug-cc-pVDZ basis set (see Table
1). By analyzing different types of molecular clusters, we found
that the smaller basis set performed worse only for systems with
aromatic amino acids, in which it overestimated the interaction
energies (MSE of −0.07). In contrast, the larger basis set
underestimated them (MSE of 0.06 kcal/mol). With the
smaller basis set, the RMSE for aromatic systems was twice as
large as for the other neutral complexes (0.18 kcal/mol) (see
Table S1). We found comparable absolute errors for charged
systems (RMSEs of 0.16 and 0.15 kcal/mol for small and large
basis sets, respectively).
For all types of interactions, the correlation between the

CCSD(T) and MP2.5 correction terms (one of the highly
important parameters) was more than 95%, except for charged
systems, in which it was only 72% and 67% for the larger and
smaller basis sets, respectively. On the other hand, we observed
the opposite trend when considering relative measures (the

rRMSE for charged systems is <2%, compared to 4% for the
much more weakly bound neutral complexes). This incon-
sistent behavior is probably caused by the relatively small basis
set size and the highest absolute interaction energies among all
interaction types.
These findings indicate that one must pay close attention

when dealing with charged systems; the appropriate methods
should be applied only after performing tests on similar
complexes. Furthermore, the present findings support our
previous conclusions about the good performance of the 6-
31G*(0.25) basis set, which makes it a promising tool for
future use on extended protein−DNA molecular clusters.

3.2. Use of MP2-F12 Instead of Extrapolation to the
CBS Limit. One attractive option to calculate interaction
energy values close to the complete basis set limit is the use of
explicitly correlated methods.44 We tested RI-MP2-F12, which
can be utilized instead of extrapolating results from two
separate MP2 calculations with a systematically increasing size
of correlation-consistent basis sets.
The MP2-F12 method, together with the cc-pVDZ(-F12)

basis set, performed well for complexes with nonpolar and polar
amino acids, when compared to MP2/CBS (RMSE of <0.10
kcal/mol). Larger discrepancies were found for complexes
containing aromatic amino acids and especially for charged
systems (RMSE values of 0.17 and 0.31 kcal/mol, respectively).
Interestingly, the MP2.5/6-31G*(0.25) correction term has a

mean signed error for systems with aromatic amino acids with
the opposite sign; therefore, a partial error cancellation takes
place when the two methods are compared. The resulting
RMSE for these complexes is roughly 0.12 kcal/mol (see
Tables S1 and S2 in the Supporting Information). The overall

Figure 2. Relative errors (%) for the four groups of complexes
between a DNA base and the following types of amino acid residues:
nonpolar, polar, charged, and aromatic. Error was determined as
RMSE, relative to the average absolute interaction energy in the group.
MP2.5/MP2-F12 was calculated using 6-31G*(0.25)/cc-pVDZ-F12
basis sets. The aug-cc-pVDZ basis set was used for calculations of
correction terms.

Journal of Chemical Theory and Computation Article

DOI: 10.1021/acs.jctc.5b00398
J. Chem. Theory Comput. 2015, 11, 4086−4092

4089

http://cuby.molecular.cz
http://cuby.molecular.cz
http://pubs.acs.org/doi/suppl/10.1021/acs.jctc.5b00398/suppl_file/ct5b00398_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.jctc.5b00398/suppl_file/ct5b00398_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.jctc.5b00398/suppl_file/ct5b00398_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.jctc.5b00398/suppl_file/ct5b00398_si_001.pdf
http://dx.doi.org/10.1021/acs.jctc.5b00398


RMSE of this parameter-free approach was only 0.20 kcal/mol
with computational savings of almost 2 orders of magnitude,
compared to the CCSD(T)/CBS calculation.
3.3. Comparison of DFT-D3, PM6, and Amber Force

Field with CCSD(T)/CBS Methods. The DFT-D method
systematically overestimated the strength of interactions. The
use of a larger basis set reduced both the absolute and relative
errors by roughly one-third (RMSE value of 0.25 kcal/mol).
This difference stemmed mainly from the effect of the basis set
in polar and negatively charged systems, in which the larger
basis set yielded significantly better results. On the other hand,
we found that both basis sets performed well for nonpolar and
aromatic systems. Charged amino acid complexes yielded the
worst agreement with benchmark values, and surprisingly,
positively charged complexes provided systematically worse
results. Based on these findings, we recommend the use of both
small and large basis sets for applications involving large
complexes of a similar type. The other two functionals, TPSS
and B-LYP, exhibited slightly larger errors (RMSEs of 0.34 and
0.35 kcal/mol, respectively) with significant computational
savings.
The Amber99SB-ILDN force field yielded results that were

unbalanced in describing neutral and charged systems. It
performed well for nonpolar and aromatic systems but
significantly underestimated charged pairs. The overall perform-
ance of the Amber force field was slightly better when we
included the deformation energy (RMSE decreased from 2.6
kcal/mol to 2.3 kcal/mol). Similar to the DFT results, charged

systems had the worst agreement with the benchmark data, and
positively charged species gave systematically worse results.
The semiempirical PM6 method without corrections yielded

slightly worse results than force field calculations (RMSE value
of 2.5 kcal/mol). On the other hand, we observed significant
improvement after including the dispersion correction. The
most illustrative cases are aromatic systems, for which the
RMSE decreased from 2.9 kcal/mol to 0.8 kcal/mol. We
observed the same trend in nonpolar systems (a decrease in
RMSE from 1.0 kcal/mol to 0.2 kcal/mol). Upon inclusion of
hydrogen bonding, we observed the greatest improvement in
charged complexes (the RMSE value decreased from 3.5 kcal/
mol to 1.5 kcal/mol). Positively and negatively charged
complexes exhibited similar errors. Both corrections played
an important role in polar systems, decreasing the RMSE value
from 2.2 kcal/mol to 1.5 kcal/mol. In summary, the PM6-
D3H4 method exhibited less than half of the error of force-field
calculations, which makes it an effective tool for the modeling
of similar extended protein−ligand complexes with up to
10 000 atoms (see Table S5 in the Supporting Information).
Tables S4 and S5 in the Supporting Information show the

performance of the Amber99SB-ILDN force field and the
semiempirical PM6 and B3-LYP-D3 methods, the latter with
medium-size (def2-TZVPP) and large-size basis sets (def2-
QZVP).

4. CONCLUSION

We have analyzed 272 representative pairs of amino acid side
chains and nucleic acid bases, using CCSD(T)/CBS interaction
energies to test various methods. We have reached the
following conclusions:
(i) MP2.5 provides balanced and highly accurate stabilization

energies with a root mean square error (RMSE) value of 0.11
kcal/mol and a relative error of 2%. The method successfully
described all types of clusters investigated, which included both
neutral and charged species.27 We obtained comparable results
for positively and negatively charged complexes. Charged
complexes exhibited the largest absolute errors with an RMSE
value of 0.15 kcal/mol.
(ii) For larger complexes, for which CCSD(T)/CBS

calculations are not feasible, we found that a combination of
the MP2-F12/cc-pVDZ and MP2.5/6-31G*(0.25) correction
terms achieved an accuracy of 0.20 kcal/mol. This technique is
a promising tool for calculation of accurate interaction energies
for extended protein−DNA complexes.
(iii) B3-LYP-D3 systematically overestimated the strength of

interactions. This effect was most pronounced for positively
charged complexes (by 0.31 kcal/mol, on average, for the def2-
QZVP basis set). Both the def2-TZVPP and def2-QZVP basis
sets yielded mean unsigned errors of <0.25 kcal/mol with
RMSE values of <0.40 kcal/mol; the latter basis set gave more-
accurate results.
(iv)The semiempirical PM6-D3H4 method performed well,

with an RMSE value of 1.1 kcal/mol.
(v) The average performance of the Amber99SB-ILDN force

field was in reasonable agreement with the benchmark method
as long as the amino acid−DNA base pairs were practically
close to the equilibrium geometries. (i.e., when the interaction
energy difference outliers were excluded).

Figure 3. Correlation plots of the CCSD(T)/CBS and MP2.5/MP2-
F12, B3-LYP-D3/def2-TZVPP, PM6-D3H4, and Amber99SB-ILDN
methods. The yellow line represents the linear regression, and the
black line has a slope of 1. All energies are given in units of kcal/mol.
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(5) Černy,́ J.; Hobza, P. Non-covalent interactions in biomacromo-
lecules. Phys. Chem. Chem. Phys. 2007, 9, 5291−5303.
(6) Černy,́ J.; Pitoňaḱ, M.; Riley, K. E.; Hobza, P. Complete basis set
extrapolation and hybrid schemes for geometry gradients of non-
covalent complexes. J. Chem. Theory Comput. 2011, 7, 3924−3934.
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(18) Pitoňaḱ, M.; Riley, K. E.; Neograd́y, P.; Hobza, P. Highly
Accurate CCSD(T) and DFT−SAPT stabilization Energies of H-
Bonded and Stacked Structures of the Uracil Dimer. ChemPhysChem
2008, 9, 1636−1644.
(19) Sherrill, C. D.; Takatani, T.; Hohenstein, E. G. An Assessment
of Theoretical Methods for Nonbonded Interactions: Comparison to
Complete Basis Set Limit Coupled-Cluster Potential Energy Curves
for the Benzene Dimer, the Methane Dimer, Benzene−Methane, and
Benzene−H2S. J. Phys. Chem. A 2009, 113, 10146−10159.
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ABSTRACT: In nature, proteins have evolved sophisticatedly 

tailored cavities for capturing target guests selectively among 

competitors of similar size, shape and charge. The fundamental 

principles guiding the molecular recognition, such as self-

assembly and complementarity, have inspired the development of 

artificial mimics. In the current work, we report the assembly of a 

phosphate-coordination-based triple helicate which features an 

aromatic cage capable of binding choline 20-fold stronger than the 

closely related competitor acetylcholine. DFT optimized 

structures demonstrated that this unusual selectivity may arise 

from mimicking of the dual-site binding mode of ChoX protein, in 

which an “aromatic cage” (site I) binds the trimethylammonium 

head through cation- interactions and hydrogen acceptor 

group(s) (site II) fixes the hydroxyl tail by hydrogen bond(s), the 

latter of which is critical for discriminating choline from 

competitors. 

Choline is an essential precursor for the synthesis of various 

important bio-functional molecules, such as the neurotransmitter 

acetylcholine, membrane lipid phosphatidylcholine, and 

osmoprotectant glycine betaine.1 Selective binding of choline is 

the first step of the biosynthesis for these substances. In 

sinorhizobium meliloti, a plant root-associated bacterium, the 

choline binding protein ChoX is evolved to capture choline 

among competitors such as acetylcholine and glycine betaine 

(Scheme 1).1a Given the fact that these compounds all possess a 

same trimethylammonium head and a only slightly  

 

Scheme 1. (a) Structures of choline and its derivatives and 

(b) the binding sites of choline binding protein ChoX.1b 

different tail, such a specific binding is quite challenging. The 

molecular basis for choline recognition was disclosed by the 

crystal structure of Ch+ChoX (Scheme 1b),1b where an 

“aromatic cage” (site I) binds the trimethylammonium head 

through cation- interactions,2 and two carboxyl groups (site II) 

fix the hydroxyl tail (H) through hydrogen bonds. Indeed, 

structural studies on other binding proteins of the choline family3 

revealed that such a dual-site binding mode is common, in which 

site I provides the main binding affinity and site II generates the 

critical differences necessary for discriminating these analogues. 

The pursuit for biomimetic receptors is an important engine 

driving the progress of supramolecular chemistry.4 To this end, 

the naturally assembled protein cavity, which is essential for guest 

binding, has inspired the synthesis of artificial mimics, either 

through self-assembly of simple, well-designed building units5 or 

through organic synthesis.6 The development of this field has 

promoted various applications9 in supramolecular catalysis,7 

protein binding,2a,9 cellar imaging,10 and bio-process monitoring.11 

Although strong binding of choline by artificial receptors has been 
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widely reported,12 receptors showing high selectivity for choline 

remain very rare.13 Among choline derivatives, acetylcholine is 

considered the strongest competitor. In nature, the ChoX protein 

was reported to bind choline 54-fold stronger than acetylcholine,1a 

while most artificial mimics display no obvious discrimination 

and the best reported selectivity (Kcholine/Kacetylcholine), to the best of 

our knowledge, is no more than 3.13b 

We have been working on anion coordination chemistry.14 In-

stead of the widely utilized metal coordination, anion coordination 

was applied as the driving force to construct novel supramolecular 

assemblies,15 including the first triple helicates15a,b and tetrahedral 

cages.15c,d These anion-based assemblies exhibit some unique 

features, such as the biocompatible phosphate coordination center 

and negatively-charged cavity, which make them promising bio-

mimetic receptors for positively charged biomolecules, such as 

choline and other methylated proteins.2a,16 In the current work, we 

report a phosphate coordination assembled triple helicate func-

tionalized with an “aromatic cage” that resembles ChoX protein to 

achieve selective binding of choline. 

Our previous studies15a,b demonstrated that the properly spaced 

bis-bisurea ligands L1a and L1b (Figure 1a) can readily form the 

A2L3 (A = anion, L = ligand) triple helicates when coordinated 

with PO4
3− ions. As a continuous effort to functionalize this type 

of assembly, ligand L2 was synthesized to create an “aromatic 

cage” with its “V” shaped 4,4’-methylenebis(phenyl) linker upon 

formation of the helicate. Fortunately, success of this design was 

witnessed in the crystal structure of complex 1, 

(TMA)5[(TMA)(PO4)2(L2)3] (Figure 1b), which is exactly a 

triple helicate, and in the middle of the structure, a desired, large 

cage surrounded by six phenyl rings of the three 4,4’-

methylenebis(phenyl) linkers was formed with a 

tetramethylammonium (TMA+) cation being trapped inside. Each 

PO4
3− center is coordinated by six urea units (Figure 1c), four of 

which (shown in green and orange) are arranged optimally along 

edges of the tetrahedral anion, and the rest two (shown in blue) 

alternatively occupy two adjacent oxygen vertices, forming totally 

12 hydrogen bonds (dashed lines, N∙∙∙O distances range from 

2.681 to 3.213 Å, average 2.796 Å; N−H∙∙∙O angles from 141o to 

178o, average 156 o; see Table S1). The encapsulated TMA+ ion is 

positioned on the middle point of the two PO4
3− ions (with P∙∙∙N 

distances of 6.263 and 6.422 Å, Figure 1b).Besides the 

electrostatic interactions, TMA+ guest is further stabilized by 

cation- interactions with the six phenyl rings of the linkers 

(purple dashed lines, N∙∙∙centroid distances: 4.295−4.808 Å, 

average 4.535 Å, Figure 1d, see also Figure S1). Noticeably, the 

triple helical structure of the inclusion complex 1 is not C3-

symmetric and its cavity appears as a cone-shaped pocket, where 

one of the ligands (Figure 1d, blue, bending angle 114o) lines up 

to define the depth and the rest two (green and orange, bending 

angle 112o) circling an open window guarded by two urea 

carbonyl groups (5.091 Å apart). Such a structure resembles that 

of Ch+ChoX (Scheme 1b) with an aromatic cage (I, six phenyl 

groups) and a hydrogen-bonding site (II) and therefore promoted 

us to investigate its binding properties to choline. 

 

Figure 1. (a) Structures of L1a, L1b and L2; (b) Crystal structure 

of complex 1, (TMA)5[(TMA)(PO4)2(L2)3] (only an M 

enantiomer is shown; other counter cations, solvent molecules and 

non-acidic protons are omitted for clarity); (c) Hydrogen bonds 

formed between a PO4
3− ion and six urea units; (d) The aromatic 

cage trapping a TMA+ through cation- interactions (purple 

dashed lines). 

and its derivatives. 

Considering the counter cation TMA+ will introduce 

competition, complex 1 is not the best host candidate for guest 

binding. A new host complex 2 [TBA]6[(PO4)2(L2)3] was hence 

prepared which employs TBA+ (tetrabutylammonium) as the 

counter cation that is big enough to avoid occupancy of the cavity 

(Table S2). In acetone-d6/1.6% H2O, the binding of choline and 

potential competitors was evaluated by 1H NMR of host 2 with 1 

equiv. of choline (Ch+), acetylcholine (ACh+), L-carnitine (LC) 

and glycine betaine (GB), respectively (Figure 2,3). Host 2 alone 

showed a set of broad signals, while in the presence of Ch+, all 

signals turned sharp and the signal of the trimethylammonium 

protons (H) experienced a significant upfield shift of 2.8 ppm, 

indicating Ch+ was encapsulated in the shielding aromatic cavity 

of host 2. 2D NMR spectroscopy provided further evidence for 

the encapsulation by the clear 1H-1H NOE correlations between 

H of Ch+ and the phenylene protons (H2) of the linkers of L2 

(see Scheme 1 for proton numbering, Figures S2,S3). Among the 

other three tested guests, LC and GB showed no noticeable 

binding (Figure S4) and only ACh+ induced obvious changes 

though the resulted spectrum remained broad (Figure 2c), which 

is indicative of low symmetry of the host-guest complex. The 

proton signal of the trimethylammonium fragment (H) of ACh+ 

shifted upfield by 3.1 ppm, while the methyl protons of the acetyl 

group (H) showed a slight downfield shift ( = 0.1 ppm), 

implying that this “tail” group is positioned out of the shielding 

cage (Figure 2c). In both the cases of Ch+ and ACh+, the 

formation of one single host-guest species was confirmed by 

DOSY spectra, in which the diffusion signals of guests and host 2 

were lined in a same level (Figures S5,S6). 
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Figure 2. Stacking 1H NMR (acetone-d6/1.6% H2O, 400 MHz) 

spectra of host 2 (a) alone and in the presence of 1 equiv. of (b) 

ChCl, (c) AChCl and in coexistence of 1 equiv. of (d) ChCl, 

AChCl, LC and GB ( TBA+;  Ch+; ACh+). 

Competition experiments showed the spectrum of host 2/Ch+ 

was only slightly altered by the addition of one equiv. of 

competitors ACh+, LC and GB, indicating that host 2 is capable of 

selectively binding choline among the tested guests (Figure 2d). 

Titration experiments revealed that both Ch+ (Figure 3) and 

Ach+ (Figure S7) were bound in a 1:1 (host:guest) binding mode 

with intermediate exchange on the NMR timescale.17 For 

example, in the first step within the addition of 0-1 equiv. of Ch+, 

increasing amount of free host 2 was gradually bound by Ch+ as 

demonstrated by gradual shifting of its broad signals and became 

fully sharp and saturation when guest/host ration reached 1. 

Meanwhile, the methyl proton signal of Ch+ kept sharp and at 0.6 

ppm, indicating this guest ion is predominantly encapsulated in 

the cage of 2. In the second step when gradually increasing the 

amount of Ch+ from 1 to 5 equiv., the signals of host 2 showed no 

significant changes, while the H signal of Ch+ at 0.6 ppm turned 

broad until disappeared, implying that the excessive Ch+ guest 

ions stay out of the cage and induced intermediate exchange with 

the encapsulated ones.  

To quantitatively evaluate the selectivity of host 2 for Ch+ over 

ACh+, efforts were devoted to calculate the associate constants 

indirectly by competition experiments with a suitable guest as the 

reference, which should be with available associate constant and 

bind host 2 not much stronger than Ch+ and ACh+. With this in 

mind, three guest ions TMA+, TEA+ and TPA+ were screened by 

titration with host 2. TMA+ was observed binding in intermediate 

exchange (Figure S8-S10) and TPA+ showed no obvious binding 

(Figure S11). Fortunately, TEA+ is bound in fast exchange (Figure 

S12-S14), and the associate constant was calculated as K > 104 M-

1 (the limit for accurate determination using this method) by 

fitting the shift profile of CH3 proton to a 1:1 mode with 

WinEQNMR (Figure S15,S16).18 By taking TEA+ as a relative 

model, the binding constants of Ch+ and ACh+ were estimated as 

23.8 K(TEA+) and 1.2 K(TEA+) respectively (Table S3, Figure 

S17). The binding affinity of Ch+ is thus calculated as high as 20 

times of that of ACh+. To the best of  

 

Figure 3. Stacking 1H NMR (Acetone-d6/1.6% D2O, 400 MHz) 

spectra of complex 2 (TBA)6[(PO4)2(L)3] alone and in the 

presence of (equiv. is labeled by numbers) of ChCl. And the 

spectrum of free ChCl ( TBA+;  Ch+). 

our knowledge, no other artificial receptors have reached as good 

choline selectivity as presented by host 2. 

The DFT optimized structure of Ch+2 (Figure 4a and S18) 

demonstrates a surprisingly similar dual-site binding mode with 

that displayed by the crystal structure of Ch+ChoX (Figure 

4b).2b In site I of Ch+2, the aromatic cage is composed of six 

phenyl groups and the N∙∙∙centroid distances range from 4.349 to 

4.929 Å with an average of 4.684 Å, and in Ch+ChoX, the cage 

is surrounded by the aryl rings of three tryptophans and a single 

tyrosine residue (Trp43, Trp90, Trp205 and Tyr119) with 

N∙∙∙centroid distances ranging from 4.2 to 4.5 Å (av. 4.3 Å, purple 

dashed lines; for details see also Figure S19). In site II of Ch+2, 

the hydrogen bond shows an O∙∙∙O distance of 2.708 Å and 

O−H∙∙∙O angle of 168º. Correspondingly in Ch+ChoX, there are 

two hydrogen bonds with O∙∙∙O distances of 2.7 Å and 3.0 Å 

respectively (O−H∙∙∙O angles not available). The DFT optimized 

structure of the analogous ACh+2 (Figure 4c,S20)  

 

Figure 4. Guest binding sites I and II in (a) DFT optimized 

structure of Ch+2 and (b) crystal structure of Ch+ChoX 

(Protein Data Bank code 2reg),2b and (c) in DFT optimized 

structure of ACh+2. 
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displays a similar aromatic cage encapsulating the 

trimethylammonium head and the methyl protons of the acetyl 

group are extending out of the cavity which is consistent with the 

results demonstrated by 1H NMR (Figure 2c). In contrast to 

Ch+2, no hydrogen bond was formed in ACh+2 with the tail 

group. Overall, the binding of Ach+ is 2.8 kcal/mol weaker than 

that of Ch+ (Table S4). The N∙∙∙centroid distances in ACh+2 

were also measured as ranging from 4.279 to 4.855 Å with an 

average of 4.617 Å. 

In conclusion, we report a phosphate-coordination assembled 

triple helicate presenting an aromatic cage and dual binding sites 

mimicking the choline-binding protein ChoX. Experimental and 

DFT modeling results reveled that this structural similarity led to 

an unprecedented high selectivity towards choline over 

acetylcholine, L-carnitine and glycine betaine. This work 

demonstrates the promising applications of anion coordination 

chemistry in the assembly of artificial cages for recognition of 

positively charged biomolecules because of the biocompatible 

phosphate coordination center and well-defined complementarity 

of the cavity. It also highlights the attractive paradigm of 

developing selective receptors by learning from nature proteins. 

Experimental details, including synthesis, crystallography, and 

spectral data. This material is available free of charge via the 

Internet at http://pubs.acs.org.  

*E-mail: wubiao@nwu.edu.cn 

The authors declare no competing financial interests. 

We thank Prof. Sichun Zhang and Miss Xingyu Si in Tsinghua 

University for help in HRMS analysis. We are grateful to the 

financial supports of National Natural Science Foundation of 

China (21271149 and 21325102), Natural Science Foundation of 

Northwest University (15NW09) and Key projects of Shaanxi 

Provincial Department of Education (16JS113). This work was 

part of the Research Project RVO: 61388963 of the Institute of 

Organic Chemistry and Biochemistry Academy of Sciences of the 

Czech Republic. It was also supported by the Czech Science 

Foundation [P208/12/G016] and the authors gratefully 

acknowledge the support by the project L01305 of the Ministry of 

Education, Youth and Sports of the Czech Republic. 

(1) (a) Dupont, L.; Garcia, I.; Poggi, M. C.; Alloing, G.; Mandon, K.; Le 

Rudulier, D. J. Bacteriol. 2004, 186, 5988-5996. (b) Oswald, C.; Smits, S. 

H. J.; Hoing, M.; Sohn-Bosser, L.; Dupont, L.; Le Rudulier, D.; Schmitt, 
L.; Bremer, E. J. Biol. Chem. 2008, 283, 32848-32859. 

 (2) (a) Daze, K. D.; Hof, F. Acc. Chem. Res. 2013, 46, 937-945. (b) Ma, J. 

C.; Dougherty, D. A. Chem. Rev. 1997, 97, 1303-1324. (c) Salonen, L. M.; 
Ellermann, M.; Diederich, F. Angew. Chem. Int. Ed. 2011, 50, 4808-4842. 

(d) Schneider, H.-J. Angew Chem. Int. Ed. 2009, 48, 3924-3977. (e) 

Meyer, E. A.; Castellano, R. K.; Diederich, F. o. Angew. Chem. Int. Ed. 
2003, 42, 1210-1250. 

 (3) (a) Sussman, J. L.; Harel, M.; Frolow, F.; Oefner, C.; Goldman, A.; 

Toker, L.; Silman, I. Science 1991, 253, 872-879. (b) Jogl, G.; Tong, L. 

Cell 2003, 112, 113-122. (c) Kim, A.-R.; Rylett, R. J.; Shilton, B. H. 

Biochem. 2006, 45, 14621–14631. 
 (4) (a) Lehn, J.-M. Angew. Chem. Int. Ed. 1988, 27, 89-112. (b) Steed, J. 

W.; Atwood, J. L. Supramolecular chemistry, 2nd edition, John 

Wiley&Sons, Ltd. 2009. 
 (5) (a) Stang, P. J. J. Am. Chem. Soc. 2012, 134, 11829-11830. (b) 

Caulder, D. L.; Raymond, K. N. Acc. Chem. Res. 1999, 32, 975-982. (c) 

Zarra, S.; Wood, D. M.; Roberts, D. A.; Nitschke, J. R. Chem. Soc. Rev. 
2015, 44, 419-432. (d) Fujita, M.; Umemoto, K.; Yoshizawa, M.; Fujita, 

N.; Kusukawa, T.; Biradha, K. Chem. Commun. 2001, 509-518. 

 (6) (a) Dougherty, D. A.; Stauffer, D. A. Science 1990, 250, 1558-1560. 
(b) Zhang, G.; Mastalerz, M. Chem. Soc. Rev. 2014, 43, 1934-1947. (c) 

Kobayashi, K.; Yamanaka, M. Chem. Soc. Rev. 2015, 44, 449-466. (d) 

Jordan, J. H.; Gibb, B. C. Chem. Soc. Rev. 2015, 44, 547-585. (e) Xue, M.; 
Yang, Y.; Chi, X.; Zhang, Z.; Huang, F. Acc. Chem. Res. 2012, 45, 

1294−1308. (f) Guo, D.-S.; Liu, Y. Chem. Soc. Rev. 2012, 41, 5907–5921. 

 (7) Ahmad, N.; Younus, H. A.; Chughtai, A. H.; Verpoort, F. Chem. Soc. 
Rev. 2015, 44, 9-25. 

 (8) (a) Galan, A.; Ballester, P. Chem. Soc. Rev. 2016, 45, 1720-1737. (b) 

Wang, Z. J.; Clary, K. N.; Bergman, R. G.; Raymond, K. N.; Toste, F. D. 
Nat. Chem. 2013, 5, 100-103. (c) Kaphan, D. M.; Levin, M. D.; Bergman, 

R. G.; Raymond, K. N.; Toste, F. D. Science 2015, 350, 1235-1238. (d) 

Pluth, M. D.; Bergman, R. G.; Raymond, K. N. Science 2007, 316, 85-88. 

(e) Inokuma, Y.; Kawano, M.; Fujita, M. Nat. Chem. 2011, 3, 349-358. (f) 

Cullen, W.; Misuraca, M. C.; Hunter, C. A.; Williams, N. H.; Ward, M. D. 

Nat. Chem. 2016, 8, 231-236. 
 (9) Liu, Y.; Perez, L.; Mettry, M.; Easley, C. J.; Hooley, R. J.; Zhong, W. 

J. Am. Chem. Soc. 2016, 10746–10749. 
 (10) Hansell, C. Nat. Chem. 2013, 5, 550. 

 (11) Ghale, G.; Lanctôt, A. G.; Kreissl, H. T.; Jacob, M. H.; Weingart, H.; 

Winterhalter, M.; Nau, W. M. Angew Chem. Int. Ed. 2014, 53, 2762-2765. 
 (12) (a) Ciardi, M.; Galán, A.; Ballester, P. J. Am. Chem. Soc. 2015, 137, 

2047-2055. (b) Ghang, Y.-J.; Schramm, M. P.; Zhang, F.; Acey, R. A.; 

David, C. N.; Wilson, E. H.; Wang, Y.; Cheng, Q.; Hooley, R. J. J. Am. 
Chem. Soc. 2013, 135, 7090-7093. (c) Javor, S.; Rebek, J., Jr. J. Am. 

Chem. Soc. 2011, 133, 17473-17478. 

 (13) (a) Hof, F.; Trembleau, L.; Ullrich, E. C.; Rebek, J., Jr. J. Angew. 
Chem. Int. Ed. 2003, 42, 3150-3153. (b) Ballester, P.; Shivanyuk, A.; Far, 

A. R.; Rebek, J., Jr. J. Am. Chem. Soc. 2002, 124, 14014-14016. (c) Biros, 

S. M.; Ullrich, E. C.; Hof, F.; Trembleau, L.; Rebek, J., Jr. J. J. Am. Chem. 
Soc. 2004, 126, 2870-2876. 

 (14) (a) Kang, S. O.; Begum, R. A.; Bowman-James, K. Angew. Chem. 

Int. Ed. 2006, 45, 7882-7894. (b) Bowman-James, K.; Bianchi, A.; García-
España, E., Eds. Anion Coordination Chemistry; Wiley-VCH 2012. (c) 

Busschaert, N.; Caltagirone, C.; Van Rossom, W.; Gale, P. A. Chem. Rev. 

2015, 115, 8038-8155. (d) Gale, P. A.; Quesada, R. Coord. Chem. Rev. 
2006, 250, 3219-3244. 

 (15) (a) Li, S.; Jia, C.; Wu, B.; Luo, Q.; Huang, X.; Yang, Z.; Li, Q.-S.; 

Yang, X.-J. Angew. Chem. Int. Ed. 2011, 50, 5721-5724. (b) Wu, B.; Li, 
S.; Lei, Y.; Hu, H.; Amadeu, N. d. S.; Janiak, C.; Mathieson, J. S.; Long, 

D.-L.; Cronin, L.; Yang, X.-J. Chem. Eur. J. 2015, 21, 2588-2593. (c) 

Yang, D.; Zhao, J.; Zhao, Y.; Lei, Y.; Cao, L.; Yang, X.-J.; Davi, M.; de 
Sousa Amadeu, N.; Janiak, C.; Zhang, Z.; Wang, Y.-Y.; Wu, B. Angew. 

Chem. Int. Ed. 2015, 54, 8658-8661. (d) Wu, B.; Cui, F.; Lei, Y.; Li, S.; 

Amadeu, N. S.; Janiak, C.; Lin, Y.-J.; Weng, L.-H.; Wang, Y.-Y.; Yang, 
X.-J. Angew Chem. Int. Ed. 2013, 52, 5096-5100. (e) Jia, C.; Zuo, W.; 

Zhang, D.; Yang, X.-J.; Wu, B. Chem. Commun. 2016, 52, 9614-9627. (f) 

Jia, C.; Wu, B.; Li, S.; Huang, X.; Zhao, Q.; Li, Q.-S.; Yang, X.-J. Angew. 
Chem. Int. Ed. 2011, 50, 486-490. (g) Zhao, J.; Yang, D.; Zhao, Y.; Yang, 

X.-J.; Wang, Y.-Y.; Wu, B. Angew. Chem. Int. Ed. 2014, 53, 632-6636. 

 (16) Hof, F. Chem. Commun. 2016, 66, 10093-10108. 
 (17) Rizzuto, F. J.; Wu, W.-Y.; Ronson, T. K.; Nitschke, J. R. Angew. 

Chem. Int. Ed. 2016, 55, 7958-7962  

 (18) Hynes, M. J. J. Chem. Soc., Dalton Trans. 1993, 311-312. 
 

 



6 

 

 

 

Attachment F 

 

 

 
Cao, L.; Škalamera, Đ.; Zavalij, P. Y.; Hostaš, J.; Hobza, P.; 
Mlinarić-Majerski, K.; Glaser, R.; Isaacs L.: "Influence of 
hydrophobic residues on the binding of CB[7] toward 
diammonium ions of common ammonium⋯ammonium 
distance", Org. Biomol. Chem. 2015, 13, 6249.  



Organic &
Biomolecular Chemistry

PAPER

Cite this: Org. Biomol. Chem., 2015,
13, 6249

Received 20th April 2015,
Accepted 28th April 2015

DOI: 10.1039/c5ob00784d

www.rsc.org/obc

Influence of hydrophobic residues on the binding
of CB[7] toward diammonium ions of common
ammonium⋯ammonium distance†

Liping Cao,a Đani Škalamera,b Peter Y. Zavalij,a Jiří Hostaš,c Pavel Hobza,*c,d

Kata Mlinarić-Majerski,*b Robert Glaser*e and Lyle Isaacs*a

We report the binding constants of CB[7] toward a series of naphthalene diammonium and 4,4’-dipiperi-

dinium derivatives and compare the results with those obtained previously for CB[7]·3b by 1H NMR and

X-ray crystallography. The nature of binding in the host·guest complexes was investigated using quantum

mechanical tools.

Introduction

The cucurbit[n]uril (CB[n], n = 5, 6, 7, 8, 10) family1 of mole-
cular container compounds (Fig. 1) is prepared by the conden-
sation of glycoluril and formaldehyde under hot aqueous
acidic conditions.2 CB[n] compounds feature a hydrophobic
cavity that is guarded by two electrostatically negative sym-
metry equivalent ureidyl carbonyl portals.1a,3 In their pioneer-
ing work, Mock and Shih established that CB[6] is a potent
receptor for alkanediammonium ions in aqueous formic acid
solution.4 For example, CB[6] binds selectively to hexane- and
pentanediammonium ions (Ka ≈ 106 M−1)4 in preference to
longer or shorter alkanediammonium ions. In 2005, Isaacs
and co-workers discovered that CB[7] exhibits extreme affinity
(Ka > 1012 M−1) toward cationic adamantane and ferrocene
derivatives (1 and 2) in 50 mM NaOAc buffered D2O at pH
4.74.5 In 2006, we prepared the diamantane diammonium ion
(3a) but were disappointed by its modest affinity toward CB[7]
(Ka = 1.3 × 1011 M−1) and therefore only reported its reco-
gnition properties toward bis-ns-CB[10] at that time.6 In 2007,

a team comprising the Kaifer, Isaacs, Gilson, Kim and Inoue
groups reported that CB[7] binds 4 with Ka = 3 × 1015 M−1 in
unbuffered water.7 The ferrocene and bicyclooctane scaffolds
were further explored by Inoue and by Kaifer.8 Subsequently, a
collaboration between Scherman, Nau, and De Simone demon-
strated the high energy nature of the 7–8 H2O molecules
encapsulated within uncomplexed CB[7]. The release of these
high energy water molecules upon formation of the CB[7]
guest complexes provides a potent enthalpic driving force even
in the absence of ion–dipole interactions.1c,9 Last year, we
introduced diamantane derivative 3b as the tightest binding

Fig. 1 Chemical structures of: (a) CB[n], (b) previously studied high
affinity guests for CB[7], (c) competitor guests used in 1H NMR compe-
tition assays, and (d) new guests studied in this paper.

†Electronic supplementary information (ESI) available: Details of 1H NMR com-
petition experiments, X-ray crystallographic results, coordinates of geometry
optimized models. CCDC 1057201 (CB[7]·14) and 1057202 (CB[7]·9). For ESI and
crystallographic data in CIF or other electronic format see DOI: 10.1039/
c5ob00784d
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CB[7]·guest complex known to date with Ka = 7.2 × 1017 M−1 in
unbuffered water and 2.1 × 1015 M−1 in 50 mM NaO2CCD3

buffered D2O at pD 4.74.10 From the X-ray crystal structure of
CB[7]·3b we surmised that the reasons for the ultratight
binding include complementarity between the van der Waals
surface contours of CB[7] and 3b, the N+⋯N+ spacing of
7.78 Å, which results in 14 optimal ion–dipole interactions, the
co-linearity of the N+–N+ line of the guest with the C7-axis of
CB[7], and finally the hydrophobicity of the diamantane skele-
ton.10 In order to further distinguish between the factors
described above, we sought to design and study new rigid bis-
quaternary ammonium compounds that feature similar
N+⋯N+ distances but different hydrophobic scaffolds. Herein,
we use competitors 5 and 6 to measure the Ka values of CB[7]
toward naphthalene 7–12 11 and dipiperidine 13–14 derivatives
along with X-ray crystallography and computational chemistry
to understand the interactions in CB[7] complexes of 3b, 9,
and 14.

Results and discussion

The 2,6-disubstituted naphthalene (e.g. 9) and 4,4′-dipiperi-
dine (e.g. 14) scaffolds are attractive candidates to hold the
quaternary ammonium ions at distances similar to the 7.78 Å
observed for CB[7]·3b. Geometry optimization of CB[7] com-
plexes of 1b, 3b, 9, and 14 was performed at the DFT-D level
(BLYP-D/def2-SVP/COSMO method, double-zeta + polarization,
empirical dispersion, COSMO implicit solvent).12 Superimposi-
tion of all non-proton atoms of the X-ray crystallographic
CB[7]·3b structure upon the corresponding atoms in the geo-
metry optimized model afforded an RMS difference of only
0.102 Å. The N+⋯N+ distances in the geometry optimized
models of CB[7]·9 and CB[7]·14 were 8.065 and 7.510 Å,
respectively. Guests 9 and 14 differ from 3b in their respective
sp2- and sp3-hybridized carbon skeletons and their non-
optimum space filling cross-sectional arrangement inside
CB[7] compared with cylindrical 3b.

In addition to 9 and 14, we elected to study 10, non-qua-
ternary ammoniums 7, 8, and 13 as well as isomeric 1,5-
naphthalene derivatives 11–12. The binding properties of 7–14
toward CB[7] were investigated by 1H NMR spectroscopy. We
found that all eight CB[7]·guest complexes (recorded at a 1 : 1
CB[7]·guest ratio) displayed upfield 1H NMR shifts for the
central hydrophobic moiety indicative of cavity inclusion com-
plexation as expected (ESI†). Guests 7–10 and 13–14 displayed
slow exchange kinetics on the NMR timescale based upon the
data recorded at 1 : 2 CB[7]·guest ratios (ESI†). For example,
the 1H NMR (cf. Fig. 2a–c) recorded for 14, CB[7]·14, and CB
[7]·14 with excess 14 illustrates slow guest exchange on the
NMR timescale commonly observed for CB[7]·guest complexes.

1H NMR competition experiments were then used to
measure the binding constants of CB[7] toward 7–14.4,5,10,13 To
do this, an excess of two guests – one of known Ka and one of
unknown Ka – compete for a limiting quantity of CB[7]
(eqn (1)). The concentration of the weaker binding guest is

increased until the concentrations of the two competing
CB[7]·guest complexes are nearly equal. Relative concen-
trations of the two competing complexes measured by the inte-
grals of characteristic 1H NMR resonances for each species,
combined with the known total concentrations of CB[7] and of
the two competing guests, plus the mass balance expressions
then allow the calculation of Krel and Ka according to eqn (1)
and (2). Fig. 2c–e illustrate the Ka determination for the
CB[7]·14 complex. Competitor 5 (known Ka = 1.8 × 109 M−1)
was chosen since it displays slow kinetics of exchange and
sharp 1H NMR resonances (Fig. 2d). Fig. 2e shows the 1H NMR
spectrum of a mixture of a limiting quantity of CB[7],
14 (0.3590 mM), and a large excess of the much weaker
binding 5 (24.93 mM).5 We use the integrals of the distinct res-
onances for Hz of CB[7]·5 and CB[7]·14 complexes at 5.56 and
5.53 ppm to determine their relative concentrations. We then
used eqn (1) and (2) to calculate Ka = (1.9 ± 0.4) × 1011 M−1 for
the CB[7]·14 complex (Table 1).

CB 7½ ��G1þ G2 �*)�K rel

CB 7½ ��G2þ G1 K rel ¼ CB 7½ ��G2½ � G1½ �
CB 7½ ��G1½ � G2½ � ð1Þ

Ka;G2

Ka;G1
¼

CB 7½ ��G2½ �
CB 7½ � G2½ �½ �
CB 7½ ��G1½ �
CB 7½ � G1½ �

¼ CB 7½ ��G2½ � G1½ �
CB 7½ ��G1½ � G2½ � ¼ K rel ð2Þ

The Ka values for 7–14 toward CB[7] span more than four
orders of magnitude. 1,5-Disubstituted naphthalenes 11–12

Fig. 2 Partial 1H NMR spectra (400 MHz, D2O, RT): (a) 14 (0.25 mM); (b)
CB[7]·14 (0.25 mM); (c) CB[7]·14 (0.25 mM) and 14 (0.25 mM); (d)
CB[7]·PXDA (0.25 mM) and 5 (0.25 mM); (e) a mixture of CB[7]
(0.2543 mM), 14 (0.3590 mM), and 5 (24.93 mM). Primed labels refer to
CB[7]·guest complexes whereas unprimed labels refer to uncomplexed
guests. = 13C satellites.

Paper Organic & Biomolecular Chemistry

6250 | Org. Biomol. Chem., 2015, 13, 6249–6254 This journal is © The Royal Society of Chemistry 2015

Pu
bl

is
he

d 
on

 1
2 

M
ay

 2
01

5.
 D

ow
nl

oa
de

d 
by

 U
st

av
 O

rg
an

ic
ke

 A
V

 o
n 

20
/1

0/
20

16
 1

4:
38

:4
8.

 
View Article Online

http://dx.doi.org/10.1039/c5ob00784d


are the weakest binders. The Cambridge Structural Database
(CSD) gives a 6.19(4) Å N+⋯N+ mean distance for 11 (and a
6.21 Å distance for a N,N‘-dialkyl analogue of 12), which are
quite similar to the 6.1 Å distance between the two CvO
portals of CB[7]. Guests 11 and 12 are assumed to fit the proto-
nated ammonium binding mode,10 whereby an NH proton tilts
towards the CB[7] portal rim to engender appropriate
H-bonding distances and to maximize ion–dipole interactions.
These CB[7] complexes exhibit energetically costly ellipsoidal
distortions, which may explain their relatively low Ka values. In
contrast, 2,6-disubstituted naphthalenes 7–9 feature an +N⋯N+

spacing closer to the 7.78 Å spacing of 3b and an increasing
number of N–CH3 groups. Interestingly, Ka for the quaternary
ammonium complex CB[7]·9 is 653-fold larger than for CB[7]·7
and 79-fold larger than for CB[7]·8. This can be understood by
the tilting of secondary (7) and tertiary (8) diammonium ions
away from the C7-axis of CB[7] to maximize ion–dipole and
H-bonding interactions. Compound 10 (with CH2 linking
groups on the same 2,6-disubstituted naphthalene ring) binds
6.5-fold weaker than 9 and reinforces our quaternary
ammonium binding mode10 hypothesis that alignment of the
C–+NMe3 bond along the C7 symmetry axis of CB[7] is impor-
tant for highest affinity. Dipiperidine compounds 13–14 have
7.26(4) Å and 7.35(8) Å N+⋯N+ mean distances in the CSD.
Secondary ammonium dipiperidine 13 binds to CB[7] 13.6-fold
weaker than quaternary ammonium 14.

Fig. 3 shows the X-ray crystal structures of CB[7]·3b, CB[7]·9,
and CB[7]·14 and a BLYP-D/def2-SVP model of [CB[7]·1b]1+.
The crystal structure of CB[7]·9 and CB[7]·14 exhibits two inde-
pendent molecules in the asymmetric unit; the N+⋯N+ dis-
tances for 3b, 9, and 14 are 7.78, 7.94(1), and 7.39(2) Å,
respectively. The longer distances for CB[7]·3b and CB[7]·9
enable the N+-atoms to respectively reside 0.799(2) and 0.91(2)
Å, above each CvO portal plane. A common feature of all
three crystal structures is that the N+⋯N+ line passes through
the centroid of the equatorial plane of CB[7]. While the NMe3
units in CB[7]·3b exhibit approximate C3-symmetry, those in
CB[7]·9 and CB[7]·14 contain diastereotopic N-methyl groups
since their Cskeleton–N

+ bonds are not molecular rotation axes.
The disparate axial/equatorial N-methyl dispositions in
CB[7]·14, together with the shorter overall length of the guest,
give rise to dramatically unequal +NCmethyl–H

δ+⋯δ−OvC inter-
actions. This is manifested by the centroid of 14 floating 0.8(2)

Å above that of the CB[7] equatorial plane; in contrast, both 3b
and 9 are concentric with their hosts. A similar vertical mis-
match (0.524 Å) is also noted in the DFT-D optimized geometry
of [CB[7]·14]2+.

The dimensions of the three host·guest complexes are stat-
istically equal, e.g. 6.14(4) Å d(centroidportal1⋯centroidportal2),
4.30(5) Å d(O⋯centroidportal), and 5.85(5) Å d(Cmethine⋯centroi-
dequator). The S(C7) distortion index of the seven portal O-atom
arrangement from ideal C7-symmetry provides a very sensitive
measure of the circularity/ellipticity of the portals.14 The Avnir
distance geometry S(Cn) distortion algorithm is the normalized
RMS distance function from the closet theoretical Cn-sym-
metry construct. Its range is from 0 to 100, and an ideal C7-
symmetry portal oxygen arrangement affords S(C7) = integer
zero. Very low S(C7) mean values of 0.026(7) were found for the
CB[7]·3b diastereotopic portals compared to larger 1.0(7) mean
S(C7) measurements for less ordered seven O-atoms within
each of the six portals of three empty CB[7] complexes. The 38-
fold smaller S(C7) value for CB[7]·3b may signify an induced fit.
Values up to 0.1 correspond to small deviations from the ideal,
which may or may not be visibly perceivable.15 Markedly
different 0.06(4), 0.363(8) S(C7) values of diastereotopic
portals-1,2, in either mol-A or mol-B CB[7]·9, signify a 6-fold
higher distortion of one face over the other. The two asym-
metric unit molecules of CB[7]·14 show different amounts of
distortion from 7-fold ideality: 0.12(3) S(C7) value for mol-A
portals versus a 0.267(2) S(C7) value for those of mol-B.

The smaller S(C7) values for both portals of CB[7]·3b (com-
pared to CB[7]·9 and CB[7]·14) are consequences of a tighter fit
between CB[7] and guest 3b and the presence of numerous
close contacts between electrostatically positive H-atoms of 3b

Fig. 3 X-ray crystal structures of: (A) CB[7]·3b, (B) CB[7]·9, and (C)
CB[7]·14. (D) BLYP-D/def2-SVP model of CB[7]·1b. Color code: C, grey;
H, white; N, blue; O, red.

Table 1 Values of Ka (M−1) measured for CB[7]·guest complexes by 1H
NMR competition experiments, 50 mM NaOAc buffered D2O at pH 4.74

Guest Ka Competitor

7 (2.6 ± 0.5) × 108 5
8 (2.4 ± 0.5) × 109 5
9 (1.7 ± 0.4) × 1011 5
10 (2.6 ± 0.5) × 1010 5
11 (6.2 ± 1.0) × 106 6
12 (6.6 ± 1.0) × 106 6
13 (1.4 ± 0.2) × 1010 6
14 (1.9 ± 0.4) × 1011 5
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and the CvO portals. CB[7]·3b shows 7 <2.7 Å close contacts
between N+CH3⋯OvC and 11 involving CDiamH2⋯OvC.
However, there are only 7 between N+CH3⋯OvC and 4 Ar–
H⋯OvC close contacts in CB[7]·9 versus 5 between
N+CH3⋯OvC and 7 between N+CH2⋯OvC groups in
CB[7]·14. Accordingly, we believe that the additional direct
short H⋯OvC contacts in CB[7]·3b relative to those in CB[7]·9
and CB[7]·14 (ESI†) is an important factor governing the
remarkably tight CB[7]·3b complex.

Although direct host–guest interactions are clearly impor-
tant to the remarkable binding affinity between CB[7] and 3b,
we believe that solvation effects are also important in the
binding process. The solvation of uncomplexed CB[7] consists
of internal high energy waters1c,9a and external solvating water
molecules. The high-energy waters influence the binding free
energy differences in cases where guests of different sizes bind
to hosts containing varying cavities (such as CB[n] for n = 6–8).
However, when comparing a set of similarly sized guests that
displace all of the high energy waters in the cavity of a single
CB[n] host, as is the case in this study, the differential effect of
the high-energy water on the binding free energy is negligible.

Interaction energies in a water continuum (IECOSMO) were
calculated for optimized complexes using the BLYP-D3/def2-
TZVPP/COSMO technique (triple-zeta + polarization, empirical
dispersion, COSMO implicit solvent). Interaction energies (IE)
encompass electrostatic, polarization, charge-transfer, dis-
persion and exchange-repulsion energies and were calculated
in-vacuo (IEVacuo). When calculated in implicit solvent,
IECOSMO, it includes the change of solvation energy (ΔSE), i.e.
SEComplex − (SEHost + SEGuest) = IECOSMO − IEVacuo. ΔGCalcd =
[(IECOSMO) + entropy(TΔS) + deformation energy (DefGuest) +
DefHost)], see values in Table 2. Dispersion energies in the
computational models were calculated separately, and thus it

is possible to evaluate the role of dispersion to the binding
(Table 3). Other terms are included in DFT energy and cannot
be separated. The most important among them is electrostatic
energy, and it is approximated using the Coulomb law that
considers the atomic partial charges determined at the BLYP/
def2-SVP level. Electrostatic energy (ElesE) = [ElesEComplex −
(ElesEHost + ElesEGuest)], cf. Table 3. Table 2 shows that the loss
of entropy upon binding, calculated at the molecular mech-
anics level rigid-rotor-harmonic-oscillator approximation, is
approximately the same for all complexes. Furthermore, defor-
mation energies (DefHost) and (DefGuest) were small as
expected. IEVacuo are dramatically reduced in a water conti-
nuum (IECOSMO). IECOSMO and IEVacuo do not correlate, which
reflects the important role of H2O on the binding process. The
largest ΔGCalcd was found for CB[7]·3b and is in accord with
ΔGExptl. The remaining three ΔGExptl values are similar and are
roughly in agreement with the ΔGCalcd values.

A satisfactory ρ2 = 0.8 correlation between ΔGCalcd and
ΔGExptl values was found when a larger set of 10 host guest
complexes was considered (ESI†). We can thus conclude that
the advanced theoretical model used in the present study
describes the nature of binding reasonably well in the com-
plexes studied. The main trends of these calculations will be
presented below. As expected, 3b and its t-Bu isostere 3c fill
the CB[7] cavity more efficiently than 9 or 14, which is reflected
in the 33% larger dispersion energies calculated for CB[7]·3b
and CB[7]·3c than for CB[7]·9 or CB[7]·14 (Table 3). The mark-
edly decreased values of electrostatic and ΔSE for CB[7]·3c rela-
tive to CB[7]·3b dramatically emphasize the importance of the
+NMe3 groups in the binding process. Notably, the auspicious
7.8(3) Å Me2–3N

+⋯+NMe2–3 spacing of 3b, 9, and 14 afforded
comparably large values of ElesE (−177(1) kcal mol−1) for their
CB[7] complexes. Finally, the less favorable solvation (SEGuest)
of the more hydrophobic guest 3b relative to 9 and 14 as well
as the less unfavorable change in solvation (ΔSE) for CB[7]·3b
compared to CB[7]·9 and CB[7]·14 play a role in the observed
ultratight affinity of the CB[7]·3b complex.

Conclusions

In summary, the Ka values of CB[7] toward 1,5- and 2,6-disub-
stituted naphthalenes 7–12 and 4,4′-dipiperidines 13–14 were
determined. Quaternary ammonium guests 9, 10, and 14 gave
the largest Ka values because they are vertically disposed

Table 3 Values of Dispersion Energy, Electrostatic Energy (ElesE), ΔSol-
vation Energy (ΔSE) and SEGuest calculated (298 K) for CB[7]·guest model
complexes (kcal mol−1). SECB[7]Host = −108 kcal mol−1

CB[7]·Guest Dispersion ElesE ΔSE SEGuest SEComplex

(CB[7]·3b)2+ –72.4 –175.5 100.3 –141.3 –148.7
(CB[7]·9)2+ –47.9 –177.5 108.9 –145.0 –141.1
(CB[7]·14)2+ –48.9 –178.4 107.6 –148.0 –148.4
(CB[7]·1b)1+ –53.5 –93.4 51.0 –47.3 –104.0
CB[7]·3c –68.9 –1.9 16.9

Table 2 Values of IEVacuo, IECOSMO, ΔS, DefGuest, DefHost, ΔGCalcd and ΔGExptl calculated for CB[7]·guest model complexes (kcal mol−1)

CB[7]·Guest IEVacuo IECOSMO TΔS DefGuest DefHost ΔGCalcd ΔGExptl

(CB[7]·3b)2+ –147.6 –47.3 4.5 0.5 1.1 –41.3 –20.5
(CB[7]·9)2+ –144.6 –35.7 3.9 0.3 1.7 –29.8 –15.1
(CB[7]·14)2+ –139.4 –31.8 5.1 0.4 1.5 –24.8 –15.1
(CB[7]·1b)1+ –84.9 –33.9 3.3 0.2 0.4 –30.0 –16.4
CB[7]·3c –45.2 –28.3 3.3 0.5 3.7 –20.8 —
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within CB[7]. Secondary and tertiary ammonium compounds
tilt away from the pseudo C7-axis of CB[7] to form +NH⋯OvC
H-bonds resulting in energetically costly CB[7] cage distor-
tions. The remarkably similar N+⋯N+ distances for 3b and 9 in
their CB[7] crystal structures allowed us to further refine our
understanding of the factors governing high affinity binding.
The multiple CHguest⋯OvChost close contacts, the co-linearity
of the N+⋯N+ line and C7-axis of CB[7], and the critical
N+⋯N+ distance of 7.78 Å are particularly important
non-covalent interactions favoring the high affinity binding of
3b for CB[7]. The work deepens our understanding of factors
governing the formation of CB[n]·guest complexes and more
broadly of non-covalent forces governing high affinity inter-
actions in H2O that are relevant to a variety of biomolecular
recognition events.

Experimental
General experiments

Starting materials were purchased from commercial suppliers
and were used without further purification or were prepared
by literature procedures. Melting points were measured on a
Meltemp apparatus in open capillary tubes and are uncor-
rected. IR spectra were measured on a JASCO FT/IR 4100
spectrometer and are reported in cm−1. NMR spectra were
measured on commercial spectrometers operating at 600 MHz
and 400 MHz for 1H and 125 MHz for 13C. Mass spectrometry
was performed using a JEOL AccuTOF electrospray instrument
(ESI).

Compound 14

A mixture of 4,4′-bipiperidine (200 mg, 1.20 mmol), MeI (3.4 g,
24 mmol) and NaHCO3 (222 mg, 2.6 mmol) was dissolved in
MeOH (25 mL) and the mixture was stirred and refluxed for
48 h. The mixture was then cooled to room temperature, and
was centrifuged at 7200 rpm for 5 min. The supernatant was
decanted and the precipitate was washed with Et2O (30 mL),
and centrifuged at 7200 rpm for 5 min. The precipitate was
dried under high vacuum to obtain 14 as white powder
(535 mg, 1.11 mmol, 93%). M.p. >300 °C. IR (KBr, cm−1):
3040w, 3004m, 2961s, 2924m, 2861m, 1473s, 1463s, 1406m,
1286m, 1210m, 1034m, 959m, 949m, 918s. 1H NMR (600 MHz,
D2O): 3.48 (d, J = 13.9, 4H), 3.29 (t, J = 11.8, 4H), 3.13 (s, 6H),
3.05 (s, 6H), 1.96 (d, J = 13.9, 4H), 1.75–1.65 (m, 4H), 1.60–1.50
(m, 2H). 13C NMR (125 MHz, D2O, dioxane as an internal refer-
ence): 62.5, 56.1, 47.0, 36.3, 23.4. HR-MS: m/z 353.1437 ([14 −
I]+, calcd for C14H30N2I

+, 353.1454).
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Abstract: A training set of eleven X-ray structures deter-
mined for biomimetic complexes between cucurbit[n]uril
(CB[7 or 8]) hosts and adamantane-/diamantane ammonium/

aminium guests were studied with DFT-D3 quantum me-
chanical computational methods to afford DGcalcd binding

energies. A novel feature of this work is that the fidelity of
the BLYP-D3/def2-TZVPP choice of DFT functional was
proven by comparison with more accurate methods. For the
first time, the CB[n]·guest complex binding energy subcom-
ponents [for example, DEdispersion, DEelectrostatic, DGsolvation, bind-
ing entropy (@TDS), and induced fit Edeformation(host),
Edeformation(guest)] were calculated. Only a few weeks of compu-
tation time per complex were required by using this proto-
col. The deformation (stiffness) and solvation properties

(with emphasis on cavity desolvation) of cucurbit[n]uril (n =

5, 6, 7, 8) isolated host molecules were also explored by
means of the DFT-D3 method. A high 12 = 0.84 correlation
coefficient between DGexptl and DGcalcd was achieved without

any scaling of the calculated terms (at 298 K). This linear de-
pendence was utilized for DGcalcd predictions of new com-

plexes. The nature of binding, including the role of high
energy water molecules, was also studied. The utility of in-
troduction of tethered [-(CH2)nNH3]+ amino loops attached
to N,N-dimethyl-adamantane-1-amine and N,N,N’,N’-tetra-

methyl diamantane-4,9-diamine skeletons (both from an ex-
perimental and a theoretical perspective) is presented here
as a promising tool for the achievement of new ultra-high
binding guests to CB[7] hosts. Predictions of not yet mea-
sured equilibrium constants are presented herein.

Introduction

This report describes DFT-D3 quantum mechanical computa-

tional methods to afford DGcalcd binding energies for biomimet-
ic complexes between cucurbit[n]uril (CB[7 or 8]) host mole-
cules and adamantane- or diamantane-derived ammonium or
aminium ion guests. The input structure binding orientations
between CB[n] host and guest were obtained from eleven X-

ray structures. As an aid to visualizing the structural nuances
of the binding geometries, we have inserted internet addresses

for 3D virtual reality models of the complexes discussed herein
(see Table 1). The energy subcomponents {DEdispersion, DEelectrostatic

[determined by the Coulomb law and energy decomposition

analysis (EDA)] , DGsolvation, binding entropy (@TDS) and induced
fit Edeformation(host), Edeformation(guest)} of the CB[n]·guest binding have

been calculated for the first time. These DE = Ecomplex@[Ehost +

Eguest] binding interactions provide insight into the role of anal-
ogous processes in biological systems. For specific information

about the role of dispersion forces in such systems, we refer
the reader to recent reviews on the topic.[1, 2, 3, 4] The chemistry

of cucurbit[n]uril (CB[n] , n = 5, 6, 7, 8, 10) macrocycles has un-
dergone wide development and growth in the last decade,

and great interest has been stimulated, leading to promising
applications in materials chemistry, molecular recognition, drug
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discovery, and chemosensing.[5, 6, 7, 8, 9] The strongest noncova-
lently bound host–guest complex, CB[7]·diamantane-4,9-

di(NMe3I) (Ka = 7.2 V 1017 m@1 in pure D2O with Kd = 1.4 V 10@18 m
attomolar dissociation constant) has recently been reported by

Isaacs, Glaser, Mlinarić-Majerski, and co-workers.[9] This value is
1000-fold stronger Nature’s best effort (avidin with its biotin

cofactor).[10, 11] The utilization of both binding portals rather
than one is one of the factors affording this ultra-high binding
(compare with CB[7]·adamantane-1-NMe3I). The computational
chemistry of CB[n]·guest complexes represents an ideal bridge
between noncovalently bound small molecules in vacuo and
protein·drug complexes in water.[12] Accurate computational
studies of various noncovalently bound systems (e.g. , p–p

stacked dimers) have already helped to guide experiments,
and even point out possible inaccurate experimental data.[13]

Despite its success in the field of new drug discovery, the use

of computational chemistry in the realm of protein·drug com-
plexes is rather limited without a firm foundation of experi-

mental structural data. This limitation is caused by two main
factors : (1) unpredictably large errors originating from desolva-

tion free energies of charged species (i.e. , the absence of
benchmark experimental data) and (2) system size restrictions

on the range of computational methods with affordable cpu

time, which limits them to mostly semiempirical or empirical
methods (i.e. , force fields). Fortuitously, the ~200 total number

of atoms in CB[n]·guest complexes is small enough for accu-
rate quantum mechanical calculations of interaction ener-

gies.[14] Another very important advantage of CB[n]·guest com-
plexes is that the X-ray crystal structures of some are known,

and they depict the actual binding geometries. Despite differ-

ences in applications and the character of the systems, the de-
scription of noncovalent interactions always plays a crucial role

wherein a balanced treatment of hydrogen bonding, London
dispersion forces, polar, electrostatic interactions, etc. , is man-

datory.[15]

Advances in computer power and algorithms invented in

the past decades enable the use of methods such as density

functional theory (DFT) for systems containing hundreds or
more atoms.[14] The crucial shortcomings in the description of

dispersion energy were overcome by the use of D3 empirical
corrections.[16] Energy components connected to solvation
(transfer of molecules from vacuo to water environments) and
desolvation (its reverse process) are now available through the

so called ‘implicit or continuum solvent’ environment, for ex-
ample, COnductor-like Screening MOdel (COSMO), COSMO for
Real Solvents (COSMO-RS) or Solvent Model Density (SMD) al-
gorithms.[17, 18, 19] For reviews of current developments in the
field of host·guest calculations using DFT methods, see the

recent publications of Jensen[20] and Grimme et al.[21] Various
studies have been more or less successful in reproducing ex-

perimental parameters, such as equilibrium constants and

changes in free energy (DG).[12, 21, 22] However, the prediction of
the guest’s spatial arrangement inside the host cavity remains

one of the most difficult tasks. The report by Gilson and co-
workers clearly shows the challenges present in this endeav-

or.[23] No single computational method among the techniques
used with various data sets (e.g. , CB[7]·ammonium guest) an-

swered all the goals of prediction of binding affinities, al-
though DFT-D3 performed well.[2]1 The largest errors generally

came from the fact that the interaction of a small guest mole-
cule is very difficult, or even impossible, to be described by

a single orientation or arrangement within the host cavity.
However, the situation is much more straightforward in those

cases when one has access to the X-ray structures of systemati-
cally varied geometry guest molecules within a particular host.

The goal of this X-ray crystallographic structure derived ration-

al design approach was to intuitively, and computationally, as-
certain the various interaction modes of host·guest molecular

recognition, and then to maximize them through the design of
new guests with the potential for binding to unused host

sites.

CB[n]·adamantane/diamantane amine complexes: stereo-
chemical and crystallographic considerations

The ‘cucurbit’ prefix in cucurbit[n]uril’s (CB[n] , 1) name is af-

fixed as its sides are gourd-shaped or pumpkin-like, whereas

the ‘uril’ suffix originates from its methylene-ligated glycoluril
building blocks. The symmetry equivalent portals consist of

electrostatically partially negatively charged ureidyl carbonyl
oxygens, which guard entry to a hydrophobic cavity defined
by the glycoluril rings.

Adamantane-1-ammonium (2 in Figure 1) and adamantane-

1-trimethylaminium (3) salts [Cambridge Structural Database
(CSD) Refcodes FINVAZ[24] and POZFUZ,[25] respectively] are

known to be relatively strong binding guests to CB[7] (mean
Ka = (3.0:1.8) V 1012 m@1).[1] These high values were measured
in 50 mm NaO2CCD3 buffer at pD 4.74. The corresponding Ka

values in pure D2O should be about 102 higher as Na+ ions no

longer compete with the guest for binding to the C=O por-
tals.[26] Marked differences in the binding modes of primary
ammonium versus quaternary aminium binding geometries

were observed in our set of crystal structures as described re-
cently.[3] Although the skeletal cross-section of adamantane-1-

amine auspiciously and efficiently fills the binding cavity with-
out deformation, its relatively short +N@H distance obligates

the Cada@+NH3 bond to tilt ~308 from the host’s Cn-axis to-

wards the portal rim to generate one or two hydrogen bonds
with rim oxygen atoms. We term this geometry the primary

ammonium binding mode, see the simplified drawing of 4 in
Figure 2.[7] The drawback of this mode is that the remaining

five or six oxygen atoms on the same portal of CB[7] do not
participate in the binding process. Quaternary aminium guests,

Chem. Eur. J. 2016, 22, 17226 – 17238 www.chemeurj.org T 2016 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim17227

Full Paper

http://www.chemeurj.org


for example, adamantane-1-NMe3 interact with their CB[n]
hosts differently. Cada@N+Me3 bonds in the CB[n] crystal struc-

tures of guests 8,[9] 10,[12] and 11[12] are coaxial with the CB[n]
Cn-axes and engender multiple electrostatic interactions be-

tween d+-methyl protons and d@-charged neighboring uriedyl
oxygens (with auspicious 4.2–4.7 a N++@CHd+ ···Xd@ distances),
which are reminiscent of the RN+Me3 d+-protons of acetylcho-
line interacting with the surrounding aromatic ring d@-centers

in acetylcholinesterase[27] (see Protein Data Base ID 1ACJ). We
term this geometry the quaternary aminium binding mode, see
the simplified drawing of 5 in Figure 2.[7] One may consider the

multiple electrostatic interactions between an +NMe4 quater-
nary cation and its neighboring eight aromatic rings as a simpli-

fied heuristic device illustrating acetylcholine–+NMe3 binding
(see CSD Refcode VUMLOG[28a] and its partial structure[28b]).

Crystal structures reported by Kimoon Kim’s[29] group show

a combination of a straight-chain alkane primary diammonium
binding mode guest together with a new additional binding

mode that can be dubbed the loop binding mode, see the sim-
plified drawing of 6 in Figure 2. Complex Cy6CB[6]·butane-1,4-

di(NH3Cl) comprises hexacyclohexyl-CB[6] and a butane-1,4-dia-
mmonium guest, with Ka = (2.3:0.3) V 1010 m@1 in pure water. It

was found that each addition of a [-(CH2)3NH3]+ propano-

linked primary amine loop to a nitrogen terminus of butane-
1,4-di(NH3Cl) diamine increased the Ka value by a power of ten,

for example, Cy6CB[6]·spermidine H2N(CH2)4NH(CH2)3NH2·3 HCl
has Ka = (4.8:0.3) V 1011 m@1 in pure water and

Cy6CB[6]·spermine H2N(CH2)3HN(CH2)4NH(CH2)3NH2·4 HCl has
Ka = (3.4:0.5) V 1012 m@1 in pure water.[29] As expected for

CB[6]·(primary ammonium) binding mode complexes, crystal

structures of CB[6]unsubstituted·butane-1,4-di(NH3Cl) [Refcode
CISXAD01], and CB[6]unsubstituted·spermine·4 HCl [Refcode

XUBYUP] both show butano-N+ tilted towards two adjacent
ureidyl oxygen atoms to engender hydrogen bonding (11.88
and 12.28 centroidportal···centroidequator···N

+ angles, respective-
ly).[29] Similar Ka increases for the same series of three butane

derivative guests had been reported earlier by Mock and

Shih.[30] Another example of increased CB[n] binding by a

[-(CH2)nNH3]+ doubled looped guest is Inoue and Gilson’s [bicy-

clo[2.2.2]-1,4-di(CH2NH2propanoNHMe2)]+ 4 tetraammonium
guest[31] CB[7] , which bound CB[7] six times stronger than the

parent bicyclo[2.2.2]-1,4-di(CH2NH3)+ 2.

Results and Discussion

Eleven complexes based on X-ray crystal structures involving
ten guests (2–3, 7–14 see Figure 1) were used as a training set

for our computational protocol. The following Refcodes of

published and new crystal structures provided the input files
for the complexes and their respective isolated guests : CB[8]·7
Refcode FITBAN,[7] CB[7]·8 Refcode FITBIV,[7] CB[7]·9 Refcode
SULZIJ,[32] CB[8]·9 CCDC 1444730, CB[7]·10 Refcode TUHGAG,[12]

CB[7]·11 Refcode TUHFUZ,[12] CB[7]·12 Refcode HIZFOM,[33]

CB[8]·13 Refcode SAXKEI,[5] CB[7]·14 CCDC 1444729, and

CB[8]·14 CCDC 1444821. As the crystal structure of CB[7]·2 was

not available, the input structure for the complex was derived
from CB[7]·9 (Refcode SULZIJ[32]) by removing the 3,5-dimethyl

substituents. The CB[7]·3 input structure was derived from
a preliminary X-ray structure. The starting geometries of the

loop complexes CB[7]·15, CB[7]·16, and CB[7]·12 were pre-
pared by adding ethano NH3 or propano NH3 substituents to

Figure 1. Adamantane/diamantane, naphthalene, bipiperidine, ferrocene guests, small model systems glycoluril, and 2,3-dimethyl-2,9-diaza-decane used in
this study.

Figure 2. Simplified drawing of 4, 5, and 6 showing their different geome-
tries.
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CB[7]·2. By using a grid-type conformational search of the
complexes with their new loop substituents, the one with the

lowest energy was found and used for the DG predictions.
The starting geometries of other complexes (CB[7]·15,

CB[7]·16, and CB[7]·17) were prepared by adding loops to simi-
lar crystal structures of host·guest complexes (different confor-

mations were considered and after optimization procedures
only the one with the lowest energy was used for DG predic-

tions). Glycoluril (18) and 2,3-dimethyl-2,9-diaza-decane (19)

were also studied as small model systems, and were prepared
from the DFT-D optimized X-ray geometry of complex CB[7]·7.

Hydrogen atoms were then added to the excised 18 and 19
skeletons, and then geometry optimized at the DFT-D level.

Disorder (space averaging over the unit cell’s asymmetric
units) is common in many of the crystal structures of
CB[n]·guest complexes owing to the lack of protuberances in

the CB[n] cavity wall, and the symmetry equivalence of the
portals. The enantiotopic portals of the empty complex

become diastereotopic upon penetration of non-palindromic
guests, for example, mono-ammonium 9, into either entrance
of the cavity. When sufficient space in the crystal lattice exists
above and below the complexes’ portals, then either the am-

monium-bound portal, or the free portal, can occupy the same

lattice site. This phenomenon gives rise to stochastic space
averaging of the guest (e.g. , construct 20, which comprises

two molecules (white and grey) of guest 9, see Figure 3), and
also the portals themselves. Similarly, insertion of non-C7- or

C8-symmetry guests into the cavity also differentiates the
empty complexes’ homotopic concave multiple glycoluril units.

This also gives rise to diastereotopic asymmetric units that are

stochastically space averaged about the CB[n] host’s Cn-axes.
Nevertheless, these disorders were readily deconvoluted and

enabled the preparation of suitable input geometries for the
calculations. In this instance, the resulting quantum mechanical

models provide higher accuracy geometries of the complexes
than those forthcoming from space-averaged X-ray structures.

Scherman, Nau, and co-workers[34] noted that guest mole-

cules filled the entire CB[7] host cavity so that no space re-
mains for high energy water molecules. Analysis of the X-ray
structures of the actual CB[n]·guest complexes in our study af-
forded verification of their conclusion. This is in sharp contrast

with behavior of smaller guest molecules that allow residence
of high energy water molecules within the cavity of the

CB[n]·small guest complexes, an important finding that greatly
simplifies modeling of the complexes discussed here.

Binding constants (Ka) of guests 2–3, 7–17 to the CB[7] and

CB[8] hosts are presented in Table 1. All binding constants
were measured under the same conditions (50 mm NaO2CCD3

buffered D2O at pD 4.74), see the Supporting Information for
details.[9, 11, 16] It is important to stress that the Ka values in our

study (see Table 1) were all obtained with the same protocol,

as comparison of experimental data from different sources or
laboratories often leads to inconsistencies. Comparisons be-

tween binding constants measured under different conditions
(or in different media) must be treated with caution, as pKa

values of weakly acidic ammonium salts differ in pure D2O.
Other effects may arise from the counterions; however, their

location and role is not yet completely understood. Changes in

the concentration of counterions (which we do not model) or

pKa (without the corresponding protonation change in our
model) are not reflected in our calculations.

DFT-D(3) interaction energy calculations and strategy

The DFT method, augmented with dispersion correction, repre-
sents the method of choice for calculations of complexes with

up to several hundreds of atoms as it provides a balance be-
tween accuracy and computational time cost.[16] The BLYP func-

tional (combination of Becke exchange and the Lee–Yang–Paar

correlation functional) was chosen as it showed reliable inter-
action energies (DEint) for different types of noncovalent com-

plexes, while still affording reasonable computational times
compared with hybrid functionals or post-HF methods.[36, 37, 38]

The default2 split valence double-zeta size polarization basis
set (def2-SVP) was utilized for the geometry optimization part

of the calculations and the def2 triple-zeta valence basis set
with a set of double polarization functions (def2-TZVPP) was

used for energy calculations.[36] Unless otherwise stated, all
changes of DE, DG, and vibrational entropy @TDS energies
upon binding in this paper are calculated as the difference be-

tween those of the free host plus unbound guest subtracted
from that of the complex, for example, DEparameter =

Eparameter(complex)@[Eparameter(host) + Eparameter(guest)] , where Eparameter =

total energy (Eint), Edispersion (Edisp), Eelectrostatic (Eelectro), DGsolvation

(DGsolv), DGdesolvation (DGdesolv), or @TDS entropy term. Geometry

optimizations of complexes CB[7]·(3, 8, 9, 10, or 11) and
CB[8]·7 were also performed by using the larger def2-TZVPP

basis sets to justify the above approach. The negligible 0.039–
0.115 a root mean square difference (RMSD) between both

sets of geometries gives credibility to the models calculated
with the smaller basis set.

Figure 3. Construct including two molecules of guest 9 (3,5-dimethylada-
mantane-1-ammonium) shown in grey and white, depicting the stochastical-
ly space-averaged molecule (white with the ammonium group directed per-
pendicularly to the horizontal plane and grey with ammonium group in the
opposite direction).
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DEint
BLYP-D3/def2-TZVPP verification by using CCSD(T), FN-DMC,

and MP2.5 methods

Another novel feature of this work is that the veracity of the
BLYP-D3/def2-TZVPP functional choice was proven by compari-

son with more accurate methods such as CCSD(T)/CBS, MP2.5/
CBS, and FN-DMC. The coupled cluster method with singles,

doubles, and non-iterative connected triples [CCSD(T)] level of

theory at the complete basis set limit (CBS) is generally consid-
ered to provide high-confidence ‘benchmark’ interaction ener-

gies for many small complexes of up to about 50
atoms.[39, 40, 41, 42] We used the MP2.5 method for benchmark cal-

culations of larger systems containing a few tens of
atoms.[43, 44, 45, 46] Detailed descriptions of the MP2.5 and CCSD(T)
methods including their components DEint

MP2 and respective

correction terms are provided in the Supporting Information.
Complexes containing even more than 100 atoms can be stud-
ied by using the kernel energy method (KEM) and non-aug-
mented smaller basis sets.[49] By using this methodology, the
extrapolated value DEint

MP2.5/CBS =@145.6 kcal mol@1 for the
CB[7]·8 complex was found to be in excellent agreement

(within 2 %) with that of the DEint
BLYP-D3/def2-TZVPP =@147.6 kcal

mol@1 value present in DGcalcd. This very small energy differen-
tial afforded full credibility to the DFT-D3 approach. Clearly, the

DFT-D3 method may safely be used for the calculation of inter-
action energies for the CB[n] host·guest complexes in this

paper, as well as for similar host·guest complexes considered
in the future.

Let us first examine the accuracy of the DEint
MP2.5/CBS interac-

tion energy. Glycoluril·(2,3-dimethyl-2,9-diazadecane) assembly
[18·19] was chosen to ascertain the suitability of using time-ef-

ficient non-augmented (cc-pVDZ and cc-pVTZ) basis sets for
DEint

MP2 extrapolation as it was small, charged, and represented

the essential binding motif between CB[n] and N-methylated
diamantanes. Table S2 in the Supporting Information shows

that this extrapolated DEint
MP2 energy differed only negligibly

(i.e. , 0.3 % relative and 0.085 kcal mol@1 absolute errors) versus
that obtained when the recommended (but much more time-

expensive) augmented basis sets were used. Furthermore, the
resulting DEint

MP2.5/CBS and DEint
CCSD(T)/CBS energies were found to

be in close agreement as evident from their low 0.9 % relative
and 0.3 kcal mol@1 absolute error values. This comparison clear-

ly supported the use of the more time-economical extrapola-

tion.
Details of the fragmentation studies and assessments of

their accuracy are provided in the Supporting Information and
are summarized in Table S2; thus, only the main points will be

mentioned below. Fragmentation of the CB[n] host into seven
individual CB[7] host subunits was deemed reasonable as it

possessed a periodic structure of glycoluril building blocks li-

gated by methylene linkers. In this report, its accuracy has
been tested on systems of varying size. The DMP2.5 correction

term was tested on two types of fragmentation geometries of
the [18·19] model system, which differed in the particular C@C

bonds that were broken in 19. An underestimation of 0.2 kcal
mol@1 was noted for these KEM calculations versus that for the

[18·unfragmented-19] construct, see Table S2. Interaction ener-
gies were calculated for [unfragmented-(ab)·8] , a bis-glycoluril
construct facing towards guest 8, and single glycoluril frag-

ments [a·8] and [b·8] , see Figure 4. These fragments were con-
siderably larger than those previously used from 19. The fixed-

node diffusion Monte Carlo method was chosen for this as the
large input file size made CCSD(T) impractical, and MP2.5

failed owing to divergence of the MP3 calculations.[50, 51, 52, 53]

Fortuitously, in this instance, the DEint
FN-DMC value [@53.0:

1.2 kcal mol@1] for [unfragmented-(ab)·8] was statistically indis-

tinguishable from that of @54.9:1.6 kcal mol@1 (sum of
@27.4:0.9 for [a·8] and @27.5:0.8 kcal mol@1 for [b·8]). How-

ever, as much less satisfactory results were then obtained by
using the DFT-D3 method, this inconsistency shows that this

Table 1. Ka values of CB[n] complexes with adamantane/diamantane mono-/di-ammonium (or -aminium) guests 2–3, 7–17. Measured in NaO2CCD3

(50 mm) buffer, D2O, and 3D virtual reality model websites.[a]

Complex Virtual reality model Guest Ka [m@1] DGexptl
[b] [kcal mol@1]

CB[7]·2 https://skfb.ly/KK9J Ada-1-NH3Cl (4.23:1.00) V 1012[c] @17.20:0.14
CB[7]·3 https://skfb.ly/KKwZ Ada-1-NMe3Cl (1.71:0.40) V 1012[c] @16.66:0.14
CB[8]·7 https://skfb.ly/KK9T Diam-4,9-di(NH3Cl) (8.3:2.3) V 1011[d] @16.22:0.17
CB[7]·8 https://skfb.ly/KN9W Diam-4,9-di(NMe3I) (2.0:0.5) V 1015[d] @20.84:0.15
CB[8]·9 https://skfb.ly/KNMr 3,5-diMeAda-1-NH3Cl (4.33:1.11) V 1011 @15.84:0.16
CB[7]·10 https://skfb.ly/Ky9p Naph-2,6-di(NMe3Tfl) (1.7:0.4) V 1011[e] @15.29:0.14
CB[7]·11 https://skfb.ly/KNxD 4,4’-Bipip-N,N’-di(NMe2I) (1.9:0.4) V 1011[e] @15.36:0.13
CB[7]·12 https://skfb.ly/KNCZ Ferro-1,1’-di(CH2NMe3I) (1.9:0.4) V 1013[d] @18.09:0.13
CB[8]·13 https://skfb.ly/KOHE Ada-1,3-di(NMe3I) (1.11:0.28) V 1011[c] @15.04:0.15
CB[7]·14 https://skfb.ly/KNwI Ada-2,6-di(NH3Cl) (1.2:0.4) V 1012 @16.43:0.21
CB[8]·14 https://skfb.ly/KOHK Ada-2,6-di(NH3Cl) (4.7:1.2) V 108 @11.80:0.15
CB[7]·15 https://skfb.ly/KDzp Ada-1-NH2(CH2)2NH3Cl2 (2.4:0.6) V 1013[d] @18.22:0.15
CB[7]·16 https://skfb.ly/KLIo Ada-1-NH2(CH2)3NH3Cl2 (1.5:0.4) V 1013 @17.94:0.16
CB[7]·17 https://skfb.ly/KMEY Ada-1-NMe2(CH2)3NH3Br2 (6.8:1.6) V 1012 @17.48:0.14

[a] Enter full web address directly into the address bar of your web browser, for example, https://skfb.ly/KMEY, or search for it via Google. Models on MAC/
PC computers use mouse-controlled rotations, whereas those on smartphones use finger-controlled rotation. Complete 3D virtual reality (VR) models are
obtained by first choosing the penultimate ‘headset’ icon on a smartphone’s bottom right-hand model screen, followed by smartphone insertion into
a cardboard/plastic headset. [b] Temperature 298 K. [c] Data taken from ref. [35] . [d] Data taken from ref. [9] . [e] Data taken from ref. [12] .
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particular fragmentation technique is inadvisable for total in-

teraction energy calculations owing to method- and fragment-
size dependent error addition-/cancellation-effect discrepan-

cies.
In summation, favorable partial error cancellation occurred

when the DMP2.5 correction term was calculated by the frag-
mentation technique (i.e. , the DEint

MP2.5/CBS result was overesti-

mated versus DEint
CCSD(T)/CBS), whereas the interaction energies

from the KEM fragments were underestimated versus that for
the [18·unfragmented-19] ensemble. The success in using the

fragmentation method to obtain the DMP2.5 correction term
is also probably the result of the more additive character of

dispersion energy compared with the less additive induction
energy, which dominates the total energy. The authors are of

the belief that the above conclusion is general, and is not just

limited to the present host·guest complexes.

Desolvation free energy and stiffness of cucurbit[n]uril
(n = 5, 6, 7, 8) host molecules

Semiempirical parametrized model 6 (PM6) and DFT methods
were coupled with the COSMO implicit solvation protocol and

applied for the calculation of desolvation free energies.[17, 18, 54, 55]

The SMD implicit solvent model based upon the Hartree–Fock

(HF) level of theory was used.[16] The desolvation free energy in
all three cases (COSMOPM6, COSMODFT, and SMD) was consid-
ered as the difference between the gas-phase energy of the
host and energy of the host calculated with the particular im-

plicit solvent model. As we observed in the X-ray crystal struc-
tures mentioned above, there is no need to consider residual
high energy water molecules within the CB[7] and CB[8] com-
plexes studied in this work. It is noted that desolvation free
energy values, calculated by using different solvent protocols

for each particular guest in this study (COSMODFT, COSMOPM6,
and SMD), are very similar (with the SMD energies being con-

sistently the highest for each guest, see Figure S17 in the Sup-

porting Information). This fact indicates that these techniques
are reliable, and may be used with confidence for subsequent

calculation of DGcalcd.
We now will report our investigations of the isolated host

cavity solvation. Here, the explicit and non-implicit consider-
ation of solvent is required. We utilized the WaterMap (WM)

program incorporated in the Schrçdinger software package,[56]

which calculates the locations and thermodynamics of water

sites.[57, 58] This method is based upon an explicit molecular dy-
namics simulation (10 ns long) upon a CB[n] molecule with

‘frozen’ (invariant) coordinates within the embedded solvent.
The host molecule was placed within a box with sides of 12 a.

Periodic cubic WaterMap provides the enthalpy, as well as the
entropy associated with the transfer of an incident molecule

from the bulk water environment. This method computes the

following properties of water molecules: location, occupancy,
enthalpy, entropy, and free energy. Occupancies of water mole-

cules in different possible water sites are given as percentages.
The total solvation enthalpies and entropies are then obtained

from the occupancy factors, the partial enthalpies, and the en-
tropies. These calculated characteristics for host molecules of
different sizes were then compared with existing literature

data.[34, 59]

The ability of CB[n] hosts to bind guest molecules within

their cavities results from various effects. The crucial role of
specific solvation was shown in great detail by Nau and co-

workers.[34, 59] Another important component of solvation could
be called ‘nonspecific’ as it dampens the electrostatic interac-

tion between host and guest. As the host is polar and the

guest is charged, the significant electrostatic energy between
them (either attractive or repulsive) is strongly attenuated

upon passing from vacuo into a water environment. This elec-
trostatic term, in our case, is included in the DFT-D3 interaction

energy (DEint
BLYP-D3/def2-TZVPP), which is calculated under continu-

ous solvation. The dispersion energy (DEdisp) is another crucial

term exploiting the functionality of the macrocyclic containers.

The empirical D3 term also handles this effect in our approach.
A water environment affects the dispersion energy to a consid-

erably less extent than the electrostatic energy (DEelectro). This is
an important factor to consider as the attraction from the dis-

persion energy could be comparable, or even higher than that
arising from the attenuated electrostatic energy. It has been

well documented in the past that the effect of the environ-

ment can severely change the physical nature of binding, and
thus may represent a crucial point in describing the system of

interest. In our approach, it is described by implicit COSMO sol-
vation.

Table 2 illustrates the desolvation free energy dependence
upon the increasing diameter size of CB[n] hosts composed of

different numbers of glycoluril units (n = 5, 6, 7, 8). It has been
calculated as the energy difference between molecules in
vacuo and that in implicit solvent. The first column presents

the theoretical difference in potential energy (@DEpot) of water
molecules in a spherical cavity within the aqueous bulk and

inside the host cavity, as calculated by Nau and co-workers.[34]

The more positive the value of @DEpot is, the higher the

energy penalty paid by the cavity’s water molecules as a result

of the solvent’s inability to properly solvate them. The most
positive @DEpot value in Table 2 shows that the least favorable

solvation was found for CB[7] .[34] The second, third, and fourth
columns show the nonspecific desolvation free energies

(DGdesolv) obtained by the respective COSMODFT, COSMOPM6, and
SMD techniques. Our results show that DGdesolv (third, fourth,

Figure 4. Models of [unfragmented-(ab)·8] , a bis-glycoluril construct facing
towards guest 8, and single glycoluril fragments [a·8] and [b·8] . Diastereo-
topic non-hydrogen atoms in guest 8 are color coded.
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and fifth columns in Table 2) linearly increases with the host’s
increasing diameter. One should remember that these cases in-

volve only nonspecific solvation, and that ‘high energy water
molecules’ are not described. The role of these high energy

water molecules is seen in the WaterMap calculations. The fifth
column shows the WaterMap (WM) specific solvation free ener-

gies (DGpot
WM) whereas the last column contains their enthalpy

and entropy components. The results of these five columns
show that the most favorable solvation (i.e. , the smallest DG)

was found for CB[7] and CB[8] . It is noted that this finding is
not in accord with the results of Nau and co-workers as listed

in the left-hand column. However, if one takes into account
the large error bars for all four hosts (especially CB[7]) reported
by Nau and co-workers, then it is apparent that reported po-
tential energies for CB[7] and CB[8] are statistically compatible.

Therefore, our WaterMap-generated results basically agree
with their findings.

WaterMap simulations additionally allow one to determine
the number of high energy water molecules inside the host

cavity in the absence of an encapsulated guest. A correlation is
evident between increased quantities of these water molecules

and the host’s larger cross-sectional diameter (see Table 3).

This observation is in accord with molecular dynamics (MD)
simulation literature results listed in Table 3, (first column), as

well as by analysis of the packing coefficients (PC, second
column).

The dynamic elasticity of various CB[n] hosts in a water envi-
ronment was determined by using MD simulations followed by

trajectory analysis. The RMSDaverage, Equation (1), from the time-
averaged geometry over the production trajectory was then
determined with Visual Molecular Dynamics (VMD) software.[60]

RMSD ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiPNatoms

i¼1 ðriðt1Þ@ riðt2ÞÞ2
Natoms

s
ð1Þ

where Natoms is the total number of atoms of a CB[n] mole-
cule, and ri(t) is the position of the i-th atom at time t. Other

statistical quantities such as standard deviation, minima, and
maxima of the RMSD were also considered during the trajecto-

ry analysis, although they are not included in this report. The
MD simulations were performed at 298 K and implicit solvent

was applied, that is, explicit water molecules were

not considered. The initial 1 ps long nonstationary
segment of the simulated trajectory was discarded in

the calculation of equilibrium properties. By using
PM6 with the inclusion of D3 dispersion correc-

tions,[61] the RMSDaverage values in the 200 ps MD sim-

ulation were: 0.27, 0.30, 0.36, and 0.50 for CB[5–8],
respectively. A very similar trend is noted for the

DFT/BLYP-D/def2-SVP RMSDaverage values in the 20 ps
MD simulation: 0.20, 0.23, 0.24, and 0.31 for CB[5–8] ,

respectively. Both computational methods clearly
show that the CB[n] host’s deformability (dynamic

stiffness) increased with the host’s enlarged cross-

sectional diameter, as expected. However, this in-
crease was non-linear as deformability sharply in-

creased when CB[8] is compared with CB[7] . This finding could
be important for the properties of the host·guest complexes as

it signifies that CB[8] (with its increased flexibility) can more
readily adapt to guests with augmented spatial requirements.

Complex formation: correlation of DGcalcd and DGexptl

It now remains to investigate the correlation between DGcalcd

binding free energies in COSMO implicit solvent and DGexptl

values for complexes 2, 3, 7–17 measured in buffer solution.
Equation (2) shows that the DGcalcd binding free energy is the

sum of six binding energy parameters: (1) DEint, (2) the two-

body dispersion energy DD32body, (3) DGsolv
COSMO, (4) the Amber

second-derivative gas-phase entropy @TDS, and finally (5,

6) the host’s and guest’s deformation energies Edef(host), Edef(guest)

(e.g. , Edef(host) = [E(host geometry within complex)@E(geometry

of unbound host)] , etc.).

DGcalcd ¼DEint
BLYP=def2-TZVPP þ DD32body þ DGsolv

COSMO@
TDSþ EdefðhostÞ þ EdefðguestÞ

ð2Þ

The reliability of the DFT-D3 computational method used

throughout the paper has clearly been demonstrated. Further-
more, no significant deviations in DGdesolv(guest) calculated with

Table 2. Calculated energies related to solvation phenomena for CB[n] host·water
guest complexes, all units are in kcal mol@1.

@DEpot
[a] COSMODFT[b] COSMOPM6[b] SMD[c] DGpot

WM DH/@TDSpot
WM

CB[5] 41.6:28.8 71.5 84.1 134.0 12.0 7.6/4.4
CB[6] 51.1:29. 93.6 117.1 158.7 21.4 12.3/9.1
CB[7] 102.4:31.3 108.2 138.8 180.8 5.3 @4.9/10.2
CB[8] 66.2:10.7 122.7 162.0 202.1 4.9 @10.5/14.9

[a] Data taken from ref. [59] . [b] Desolvation free energy calculated at the respective
DFT/BLYP/def2-SVP/COSMO level, and PM6/COSMO levels (desolvation free energy is
a positive value as the energy must be added to desolvate a host). [c] Desolvation
free energy calculated at the HF/6-31G*/SMD level.

Table 3. The number of water molecules residing within a CB[n] host’s
cavity as studied by molecular dynamics (MD), packing coefficient (PC)
analysis, and WaterMap.

WaterMap
MD[a] PC anal-

ysis[a,b]

Water
sites

Avg. occu-
pancy [%]

Nwater molecules
[c]

CB[5] 2 [2.0] 2[c] 2 94 ~2
CB[6] 4 [3.3] 4[c] 6 56 ~4
CB[7] 7 [7.9] 8[c] 12 41 ~8
CB[8] 10 [13.1] 16[c] 19 41 ~16

[a] Data taken from ref. [59] . Data in square brackets taken from ref. [34] .
[b] Number of water molecules by packing coefficient (PC) analyses are
boldfaced and represent the reference value. [c] Number of actual water
molecules by analysis of water sites, the positions, and the occupancies
(i.e. , probabilities of finding a water molecule at the respective water site
during simulation).
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different implicit solvent models were found for the guests
considered in our study. It should be stressed here that each

term of Equation (2) has a clear physical meaning, and these
terms are not adjusted to experimental data by any means.

The Amber @TDS entropy term is the only empirical parameter
in Equation (2). It was calculated by this approximate method

owing to computational expediency. This was deemed to be
justified as both its 4.6(6) mean value and precision for the

learning set’s 13 complexes were small enough for it to be

treated as a constant by a first approximation (see below).
Therefore, one cannot expect to obtain absolute values of

binding free energies with this approximate value. As only rela-
tive values are forthcoming, correlation between theoretical

and experimental values is an important goal. See Ref. [62] for
a more detailed discussion. Gilson et al.[63] observed a similar

trend (i.e. , a shift of values by a constant). Equation (2) can be

easily simplified to Equation (3) as DGsolv
COSMO = DGCOSMO

BLYP/def2-

TZVPP@DEint
BLYP/def2-TZVPP and the DFT energy with the DD3 disper-

sion correction is DEint
BLYP-D3/def2-TZVPP.

DGcalcd ¼ DGCOSMO
BLYP-D3=def2-TZVPP@TDSþ EdefðhostÞ þ EdefðguestÞ ð3Þ

The electrostatic interaction energies (DEelectro) for the com-

plexes, hosts, and guests were determined by the Coulomb
law, and were calculated by using natural bond orbital (NBO)

atomic charges. It is evident that using other methods for cal-
culating the atomic charges would lead to different values of

the DEelectro term. We are further aware that the present term

does not represent the full electrostatic term but only its crude
approximation. We, however, utilize not the absolute but

merely the relative values and these are expected to be inde-
pendent of the computation method used. As a proof, we

used the DEelectro(EDA) term obtained from the advanced
energy decomposition analysis (EDA) instead of the present
DEelectro term, for details see the Supporting Information.[64] The

DEelectro(EDA) term correlated well with the DEelectro(NBO) term,
with a correlation coefficient 12 = 0.77, see the Supporting In-

formation. All correlations discussed in the following text that
utilize DEelectro energies were confirmed when more advanced

DEelectro(EDA) energies were used.
The two-body dispersion energies, D32body, were calculated

as proposed by Grimme et al.[16] A series of binding energy pa-
rameters for guests 2, 3, 7–17 (DGCOSMO, DEint, DGsolv, DEelectro,
DEdisp, @TDS, Edef(guest), Edef(host), DGcalcd, Ka(exptl), and DGexptl) are

listed in Table 4. The entropy parameter @TDS for CB[7]·12
could not be calculated owing to missing parameters for the
Fe atom.

Figure 5 illustrates the close correlation between DGcalcd and

DGexptl for the thirteen complexes with 12 = 0.84. The fidelity of
this linear relationship is admirable, and it provides the highest

and lowest DGcalcd values in accord with DGexptl for the respec-

tive strongest and weakest complexes in our learning set. The
least squares ‘best line’ in Figure 6 a approximately parallels

that of Figure 5, as the low estimated standard deviation (esd)
of the 4.6(6)@TDSmean value for the thirteen complexes is small

enough for entropy to be treated as a constant to a first ap-
proximation. This assumption is quite reasonable as addition

of the ferrocene complex CB[7]·12 (blue error bar) to the plot

keeps 12 = 0.84 invariant. Clearly, inclusion of the rather tedi-
ously calculated entropy term is insignificant in terms of the fi-

delity of the overall correlation.
It was known that inclusion of three-body dispersion energy

might improve the total dispersion energy, and consequently
also the interaction energy, for larger size complexes.[16] How-

ever, a DGexplt/DGcalcd correlation with slightly reduced quality

(12 = 0.80, see Figure 6 b) was actually observed when DEdisp of
CB[n]·guest complexes were calculated with the additional

three-body term. This can be explained by the fact that the in-
vestigated complexes are not large enough. Finally, correla-

tions between DGexptl and DGw/o(@TDS) for the learning set were
completely lost when either combined entropy and solvation

Table 4. Binding energy parameters for CB[n]·guest complexes, all units are in kcal mol@1 with the exception of m@1 for Ka(exptl) measured in 50 mm
NaO2CCD3 buffer, pD 4.74.

CB[n]·guest DGCOSMO DEint DGsolv DEelectro DEdisp @TDS[a] Edef(guest) Edef(host) DGcalcd Ka(exptl)
[a] DGexptl

[a]

CB[7]·2 @35.2 @92.5 57.3 @111.4 @47.6 4.4 0.8 1.6 @28.3 4.23 V 1012 @17.2
CB[7]·3 @33.9 @84.9 51.0 @93.4 @53.5 3.3 0.2 0.4 @30.0 1.71 V 1012 @16.7
CB[8]·7 @40.6 @162.1 121.5 @217.5 @42.1 5.2 1.9 5.4 @28.2 8.30 V 1011 @16.2
CB[7]·8 @47.3 @147.6 100.3 @175.5 @72.4 4.5 0.5 1.0 @41.2 2.00 V 1015 @20.8
CB[8]·9 @28.8 @85.5 56.7 @105.8 @37.2 4.9 1.2 2.2 @20.4 4.33 V 1011 @15.8
CB[7]·10 @35.7 @144.6 108.9 @177.5 @47.9 3.9 0.3 1.7 @29.7 1.70 V 1011 @15.3
CB[7]·11 @31.8 @139.4 107.6 @178.4 @48.9 5.1 0.4 1.5 @24.8 1.90 V 1011 @15.4
CB[7]·12 @38.2 @141.2 102.9 @239.6 @62.5 –[b] 1.1 1.1 –[b] 1.90 V 1013 @18.1
CB[8]·13 @30.7 @136.2 105.5 @186.9 @55.2 5.1 0.9 3.6 @21.2 1.11 V 1011 @15.0
CB[7]·14 @44.2 @173.4 129.2 @226.7 @53.8 4.4 2.0 5.1 @32.7 1.20 V 1012 @16.4
CB[8]·14 @35.2 @161.0 125.8 @217.4 @38.2 5.2 4.1 10.1 @15.7 4.70 V 1008 @11.8
CB[7]·15 @50.1 @177.1 127.0 @203.7 @54.5 4.5 3.0 3.7 @38.8 2.40 V 1013 @18.2
CB[7]·16 @50.7 @168.8 118.1 @190.4 @55.9 4.9 5.9 2.9 @37.0 1.50 V 1013 @17.9
CB[7]·17 @42.7 @144.5 101.8 @154.1 @59.1 4.1 0.7 1.1 @36.8 6.80 V 1012 @17.5
Prediction
CB[7]·23 @69.8 @262.8 193.0 @292.9 @81.9 2.1 9.3 2.7 @55.7

[a] Temperature. [b] Not calculated owing to missing Amber 11 parameters for Fe.
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or entropy plus dispersion terms were omitted from DGcalcd cal-

culations. Thus, one can readily deduce that it is crucial for
both solvation and dispersion terms to be included in DGcalcd

for quality correlation with DGexptl.
Differences in space filling dispersion forces are readily ob-

served in three model CB[7] complexes with markedly different
Ka and [DEdisp] values: 2.1 V 1015 m@1 [@72.4 kcal mol@1] 8, 1.7 V

1011 m@1 [@47.9 kcal mol@1] 10, and 1.9 V 1011 m@1 [@48.9 kcal

mol@1] 11, but similar N+ ···N+ distances and [DEelectro] values:
7.94 a [@175.5 kcal mol@1] diam-4,9-di(NMe3) 8, 8.07 a

[@177.5 kcal mol@1] naphthalene-2,6-di(NMe3) 10, and 7.51 a
[@178.4 kcal mol@1] 4,4’-bipiperidine-N,N’-di(NMe2) 11.[8] The

binding consequences of a ‘good fit’ (i.e. , dispersion forces) are
readily apparent when one compares ada-2,6-di(NH3Cl) com-
plexes Ka = (1.2:0.4) V 1012 m@1 for CB[7]·14 versus Ka = (4.7:
1.2) V 108 m@1 for CB[8]·14. The larger host complex suffers
a 29 % decrease in DEdisp, whereas DEelectro is reduced only by

a modest 4 %, and DEsolv is only 3 % lower, see Table 4.

Host·guest induced fit

Statistical ‘best point’ centroids for the portal’s seven oxygen
atoms were calculated for CB[7]·3, CB[7]·8, and empty CB[7] .
The CB[7]·3 centroid···Ocarbonyl mean distances were 4.34(5) a

(NMe3 binding face) and 4.28(5) a, (empty face), whereas they
were 4.34(9) a in CB[7]·8 with two NMe3-exposed portals. The

higher precision of their esd values versus that of the 4.3(3) a
unbound host’s value strongly implies that both guests in-

duced radial organization into the dynamically elastic portal

oxygen atoms of the vacant CB[7] . Although the increased
host structural order wrought upon guest binding runs contra-

ry to conventional wisdom, it is still interpreted as ‘deforma-
tion’ by definition, and engenders Edef(host) values of 0.4

(CB[7]·3) and 1.0 kcal mol@1 (CB[7]·8). Superimposition of the
fourteen rotationally ordered oxygen atoms in CB[7]·3 and

CB[7]·8 with the corresponding atoms in the flexible empty

host afforded, respectively, 0.291 and 0.336 a non-trivial RMSD
values. Glaser and Steinberg used Avnir’s S(C7) distortion from

ideal symmetry index[4] to show that guest 8 induced a 38-fold
higher fidelity pseudosymmetry into the CB[7]·8 crystal struc-

ture seven portal oxygen atom arrangement compared with
that measured for the six portals of three empty host solid-

state structures.[65] A rationalization of these findings is that

since the distance between the two layers of the six methyl-
ene-H of the diamantane guest 8 is shorter than the interportal

distance between oxygen atoms, the partially positively
charged CH2 protons abut against the undersides of the par-

tially negatively charged oxygen atoms above them on each
portal. Guest 8 is now constrained within the cavity by six

<2.6(1) a CH2
d+ ···Od@ close-contact dispersion interactions per

portal (less than the sum of their van der Waal radii). The oppo-
site partial charges within the non-bonded pair of atoms then

engender very effective electrostatic interactions. Diamantane
8 aminium-N+ is now obligated to be 0.80(1) a above each

portal center. The juxtaposition of the upper region of oxygen
atoms to the undersides of the methyl-H atoms above them

Figure 5. Correlation between DGcalcd and DGexptl

(DGexptl = 0.24737DGcalcd@9.1785, 12 = 0.84, n = 13).

Figure 6. (a) Correlation between DGexptl and DGcalcd(without[@TDS]) after adding
complex CB[7]·12. (b) Correlation between DGexptl and inclusion of a three-
body dispersion term in DGcalcd.
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then affords six <2.6(1) a CH3
d+ ···Od@ close-contact dispersion/

electrostatic interactions per portal. We suggest that these inti-

mate interactions on the top and bottom faces of each portal
plane might be the reason for the induced circularity of the

oxygen arrangement in the CB[7]·8 crystal structure, and for its
ultra-high Ka value. The single layer of six methylene-H in ada-
mantane 3 enables the number of <2.6(1) a CH2

d+ ···Od@ close-
contact dispersion/electrostatic interactions to diminish to only
two as N+ is free to float at a deeper penetration distance
within the cavity. The 0.33(1) a N+ distance above the mean
portal plane of two independent complexes in a very recent
crystal structure of CB[7]·3 is not constrained to the same
extent by the guest’s methylene-H layer as it is in CB[7]·8. In-

stead, the N+ height above the plane now is primarily influ-
enced by the five or six <2.6(1) a CH3

d+ ···Od@ close-contact dis-

persion/electrostatic interactions with the oxygens below it.

Deformation of the diamondoid rigid skeleton 3 and 8 guests
is more subtle, almost geometrically negligible, but nonethe-

less differentiable and measurable. Not surprisingly, marginally
deformed bound 8 exhibits a higher Edef(guest) than 3 (0.5 versus

0.2 kcal mol@1, respectively), and a larger RMSD superimposition
of all corresponding (CH2)3CN+Me3 eight non-hydrogen atoms

in the bound and free guests of 0.034 a for 8, but only 0.005 a

for 3. The barely distorted -NMe3 rotors of bound 8 are visually
discernible from those within the free molecule (see Figure S17

in the Supporting Information), but the difference between su-
perimposed free and bound 3 is not perceivable.

Host·guest complexes containing amino loops

Two {CB[7]·adamantane-1-NH2R}1 + complexes, CB[7]·15 and
CB[7]·16, containing an R = [-(CH2)nNH3]1 + primary amino loop

[where n = 2 (ethano) or 3 (propano)] were calculated for the
first time. The present study’s computational model also very

accurately describes the nature of the primary ammonium/pri-

mary amino loop binding process, as shown by the nice corre-
lation between theoretical and experimental binding free ener-

gies for both looped complexes (see Figure 5, Figure 6). The
primary ammonium interaction motif of the Ka = (4.23:1.00) V

1012 m@1 parent CB[7]·Ada-1-NH3Cl (2) complex was clearly en-
hanced by the formation of two additional hydrogen bonds

from above the portal plane to carbonyl oxygen atoms. This is
seen by the one order of magnitude increase in the binding af-

finity for ethano-looped CB[7]·15[7, 31] with Ka = (2.4:0.6) V
1013 m@1 and (1.5:0.4) V 1013 m@1 for propano-looped CB[7]·16
(see model 21, Figure 7 a). A loop chain length preference is

not apparent as both Ka values are statistically the same. Addi-
tional loop (CH2)nN@Hd+ ···Od@=C 2.77(3) a hydrogen bonds,

formed in both CB[7]·15 and CB[7]·16 geometry optimized
models, are in accord with an approximately 10 kcal mol@1

DGcalcd binding free energy increment versus the parent com-

plex. The electrostatic interaction (DEelectro) is substantial and
represents the largest contribution to the binding energy, fol-

lowed by London dispersion forces (see Table 4). However, the
{CB[7]·15}2+ and {CB[7]·16}2 + solvation free energies are ap-

proximately double that of {CB[7]·2}1 + . This solvation plus the
guest’s deformation energy partially compensate for the favor-

able electrostatic and dispersion interactions. The cen-
troidportal···centroidequator···

+NH2R angles of 27.8(1)8 in the DFT-D/

def2-SVP/COSMO CB[7]·15 and CB[7]·16 geometry optimized
models are characteristic of primary ammonium guests with

the CAda@+NH2R bond tilted towards the portal rim.
Ada-1-NMe2(CH2)3NH3 (17) was then prepared to test Ka en-

hancement by a [-(CH2)3NH3]1 + loop within a CB[7]·quaternary
guest complex (see model 22, Figure 7 b). This loop increased
the Ka of parent Ada-1-NMe3 (3) by a modest factor of four.

The generality of this single observation that the Ka values of
quaternary aminium guests are augmented by [-(CH2)nNH3]1 +

loops to a lesser extent than those of primary ammonium
guests must still be proven. Diam-4,9-di(NMe2propanoNH3·Br2),

23, and diam-4,9-di(NMe2butanoOH·I2) bis-quaternary loop
guests are currently being prepared to test this hypothesis. It

remains to be seen if a predicted new record ultra-high value

will experimentally be found for complex CB[7]·23. The 0.8(8)8
centroidportal···centroidequator···

+NMe2R angles in the BLYP-D/def2-

SVP/COSMO CB[7]·(17) and CB[7]·(23) geometry optimized
models are characteristic of quaternary aminium guests with

their CAda@+NMe2R bonds coincidental with the host’s C7-axis.
This coincidence places the partially positively charged +

N(CH3)3 nitrogen in CB[7]·17 at an auspicious distance of

4.3(1) a to all seven of the portal rim oxygen atoms for strong
electrostatic NCmethyl@Hd+ ···Od@=C interactions. Concurrently,

the loop’s +NH3 termini afford two 2.79(7) a (CH2)3N@Hd+

···Od@=C hydrogen bonds. Predicted binding energy parame-

ters for CB[7]·23 are also given in Table 4.

Figure 7. (a) Model 21 and (b) model 22.

Chem. Eur. J. 2016, 22, 17226 – 17238 www.chemeurj.org T 2016 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim17235

Full Paper

http://www.chemeurj.org


Conclusion

A sharp deformability increase for cucurbit[n]uril molecules
was identified when passing from CB[7] to CB[8] hosts. The

same trends of CB[7] and CB[8] solvation properties were re-
produced within the reported error bars by both implicit

(COSMO, SMD) and explicit (WaterMap) solvent models. Fur-
thermore, non-empirical binding free energies (DGcalcd) were
calculated and correlated quite admirably (12 = 0.84) with

DGexptl values. A novel feature of this work is the high fidelity
of the BLYP-D3/def2TZVPP choice of DFT functionals that was
proven by comparison with more accurate methods such as
FN-DMC, CCSD(T)/CBS, and MP2.5/CBS, for example, an MP2.5

interaction energy benchmark study (utilizing the kernel
energy method) afforded less than a 2 % DGcalcd error relative

to the protocol’s BLYP-D3/def2-TZVPP in-vacuo value. This

benchmark comparison gives full credibility to the DFT-D3 ap-
proach, which may safely be used for calculation of CB[n]·guest

interaction energies. In addition, no high energy water mole-
cules were required for modeling the CB[n] host·guest com-

plexes investigated in our study. Finally, insights into the ef-
fects of energy parameters DGsolv

COSMO, DEelectro, DEdisp, @TDS,

Edef(host), and Edef(guest) involved in the binding process are readily

apparent from the calculations for all the complexes. The au-
thors are of the opinion that insights from this study’s biomim-

etic models may be extended to binding in biological systems.
As opposed to many theoretical investigations, the com-

plexes explored in this study were based upon X-ray crystal
structures. Very minor alterations in the crystal structures pro-

duced the required host·guest complex input geometries in

those few instances when crystals were not available. The sol-
vation and deformation properties were characterized for CB[7]

and CB[8] hosts and as well as for 12 guests. Furthermore,
non-empirical Gibbs binding free energies (DGcalcd) were calcu-

lated at the DFT-D3 level and found to auspiciously correlate
with DGexptl values from competition experiments. The rational

design of adding [propano-NH3]+ loops to quaternary aminium

guests, for example, Ada-1-NMe2propanoNH3Br2) (17) was pro-
posed to enhance electrostatic binding through the addition
of hydrogen bonding from the top of the CB[7] portal.
CB[7]·17 has a Ka value four times higher than that for its
CB[7]·3 parent, which shows good potential for development
of new ultra-high binding guests to CB[7] hosts.

The fact that DGcalcd from the geometry optimized models
correlates so well with real solution-state DGexptl values implies
that the calculated models compare very well with solution-

state structural realities. This strongly suggests that the calcu-
lated biomimetic models and their relative calculated interac-

tion energies (plus their component dispersion, electrostatic,
solvation, entropy, Edeformation energies) are highly likely to pro-

vide insight into the binding phenomenon of the solvated

complexes, and by implication similar phenomena in biological
systems.

Computational Methods

All DFT and post-HF calculations were performed with the Turbo-
mole 6.6 package.[66] EDA calculations were performed with the
Turbomole 7.0 package.[67] Solvent effects were included by using
COSMO[17, 18] and SMD[19] implicit solvation (with permittivity e=
78.5) as implemented in the Turbomole 6.6 and Gaussian 09 pack-
ages, respectively.[66, 68] All BLYP-D3 calculations were carried out by
means of the resolution of identity, the correction for basis set su-
perposition error (BSSE) was not considered, and solvent effects
were included by using COSMO implicit solvation.[17, 18] The second
derivatives and entropy analysis were calculated with Amber 11
software.[69] FN-DMC calculations were performed by using the
QWalk code.[70] The ‘cuby framework’ (http://cuby.molecular.cz) was
used to automate the calculations and also to calculate DEdispersion

and DEelectrostatic.
[71] The FN-DMC calculations with a time step of

0.005 a.u. used Slater–Jastrow trial wave functions. The Jastrow
part contained electron–electron and electron–nucleus terms and
the single-determinant. The Slater part used valence B3LYP orbitals,
expanded in valence triple-zeta basis sets with removed f and g
shells and augmented with s functions. The atomic cores were rep-
resented by the effective-core potentials.[52, 53]

CCDC 1444730 (31), 1444729 (32), and 1444821 (33) contain the
supplementary crystallographic data for this paper. These data are
provided free of charge by The Cambridge Crystallographic Data
Centre.

The Supporting Information contains details of the synthesis of
CB[n] and looped-guests 16–17; 1H and 13C NMR spectra of
looped-guests and benzyl-3-bromopropylcarbamate; X-ray crystal-
lography of complexes 31–33; details of the Ka measurements;
1H NMR spectra used in the determination of Krel ; division of con-
struct-[unfragmented-(ab)·8] into two fragments [a·8] and [b·8]; de-
solvation energies; calculation results for the glycoluril·2,3-dimeth-
yl-2,9-diaza-decane unfragmented-complex [18·19]; calculation re-
sults for KEM fragmentation of CB[7]·8 complex; binding energy
parameters for CB[n]·guest complexes; DFT-D/def2-SVP/COSMO
optimized model Cartesian coordinates for CB[7], CB[8], complexes
of guests 2, 3, 7–17, 23, entire [18·19] complex; KEM method Carte-
sian coordinates for complex [18·(19-fragmented at the C@N +
bond or at the center C@C bond)] , and fragments of complex
CB[7]·8.
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2013, 14, 698 – 707.
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ABSTRACT: We report the measurement of the binding constants (Ka) for cucurbit[n]uril (n = 7, 8)
toward four series of guests based on 2,6-disubstituted adamantanes, 4,9-disubstituted diamantanes,
1,6-disubstituted diamantanes, and 1-substituted adamantane ammonium ions by direct and
competitive 1H NMR spectroscopy. Compared to the affinity of CB[7]·Diam(NMe3)2, the
adamantane diammonium ion complexes (e.g., CB[7]·2,6-Ad(NH3)2 and CB[7]·2,6-Ad(NMe3)2)
are less effective at realizing the potential 1000-fold enhancement in affinity due to ion−dipole
interactions at the second ureidyl CO portal. Comparative crystallographic investigation of CB[7]·
Diam(NMe3)2, CB[7]·DiamNMe3, and CB[7]·1-AdNMe3 revealed that the preferred geometry
positions the +NMe3 groups ≈0.32 Å above the CO portal; the observed 0.80 Å spacing observed for CB[7]·Diam(NMe3)2
reflects the simultaneous geometrical constraints of CH2···OC close contacts at both portals. Remarkably, the CB[8]·
IsoDiam(NHMe2)2 complex displays femtomolar binding affinity, placing it firmly alongside the CB[7]·Diam(NMe3)2 complex.
Primary or quaternary ammonium ion looping strategies lead to larger increases in binding affinity for CB[8] than for CB[7],
which we attribute to the larger size of the carbonyl portals of CB[8]; this suggests routes to develop CB[8] as the tightest
binding host in the CB[n] family. We report that alkyl group fluorination (e.g., CB[7]·1-AdNH2Et versus CB[7]·1-
AdNH2CH2CF3) does not result in the expected increase in Ka value. Finally, we discuss the role of solvation in nonempirical
quantum mechanical computational methodology, which is used to estimate the relative changes in Gibbs binding free energies.

■ INTRODUCTION

The development of receptor·ligand pairs that are simulta-
neously high affinity, highly selective, and stimuli responsive is
an important goal in both chemical and biotechnology
applications. For example, biotin·avidin technology has been
used for protein and nucleic acid purification, enzyme linked
immunosorbent assays, and immobilization of biomolecules on
solid phases.1 The discovery of new purely synthetic high
affinity aqueous host·guest pairs2 allows for an expansion of the
range of applications and, equally importantly, allows a
determination of the fundamental factors governing non-
covalent interactions in water. The cucurbit[n]uril (CB[n], n
= 5, 6, 7, 8, 10, 14; Chart 1) family of molecular containers
comprises n glycoluril rings connected by 2n methylene
bridges.3 The ureidyl carbonyl groups define two symmetry
equivalent CO portals that possess a highly negative
electrostatic potential and that guard entry to a hydrophobic
cavity.4 In pioneering work, Mock showed that guests that
contain both a cationic unit (e.g., ammonium) and a
hydrophobic unit bind with high affinity and selectivity toward
CB[6] in acidic aqueous solution.5 For example, CB[6] binds
to spermine with Ka = 1.3 × 107 M−1 by a combination of ion−

dipole interactions and the hydrophobic effect (Chart 1). In
2005, we discovered that CB[7] exhibits ultra high affinity
toward adamantane derivatives (e.g., 1-AdNH3, Ka = 4.2 × 1012

M−1), as measured by 1H NMR competition experiments.6

Subsequently, several groups investigated adamantane, ferro-
cene, bicyclo[2.2.2]octane, and dodecaborane as scaffolds7 to
support dications, but the highest affinity achieved was for the
CB[7]·1-AdNH2(CH2)2NH3 complex (Ka = 5 × 1015 M−1 in
unbuffered water; Ka = 2.4 × 1013 M−1 in 50 mM NaOAc
buffered D2O, pH 4.74), wherein only one CO portal
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Chart 1. Structure of CB[n] Molecular Containers
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engages in ion−dipole interactions. Recently, Nau, Scherman,
and co-workers reported that one source of the high affinity of
CB[7]·guest complexes is the high energy H2O molecules
bound within uncomplexed CB[7] that are released upon
formation of CB[7]·guest complexes.8 Given that ion−dipole
(ammonium···OC) interactions constitute a major driving
force toward CB[n]·guest complexation, we surmised that
further improvements in CB[7]·guest affinities would be
possible if we could introduce ion−dipole interactions at the
second ureidyl CO portal. In 2014, we reported our initial
investigation of the diamantane scaffold and disclosed that
CB[7] and Diam(NMe3)2 (Chart 2) form a spectacularly tight

complex (Ka = 7.2 × 1017 M−1 in D2O; Ka = 2 × 1015 M−1 in 50
mM NaOAc buffered D2O, pH 4.74) in aqueous solution.9

Subsequently, we investigated 2,6-bis(trimethylammonio)-
naphthalene, which has a similar spacing (≈ 7.8 Å) between
NMe3 groups but a different hydrophobic scaffold; this
highlighted the importance of the more hydrophobic
diamantane scaffold.10 Recently, we have also validated the
use of DFT calculations to reproduce the binding affinities and
geometries of known ultratight complexes and to predict
others.11 In this article, we provide a full account of our studies
of the binding of CB[7] and CB[8] toward guests based on the
adamantane and diamantane scaffolds.

■ RESULTS AND DISCUSSION

This section is organized as follows. First, we describe the
design and synthesis of new guests. Next, we verify the 1:1
nature of the host−guest complexes and describe the
measurement of their binding constants by direct or
competition 1H NMR measurements. Finally, we discuss the
trends in the Ka values supplemented by information on the
host−guest geometries gleaned from their X-ray crystal
structures and binding energy subcomponents calculated
using energy decomposition analysis (EDA). We have
calculated correlation (ρ2 = 0.68) between 20 experimental
(ΔGexplt) and calculated changes of Gibbs binding free energies
(ΔGcalcd) that can be found in Figure S1 in the Supporting
Information.

Design and Synthesis of Guests. The structures of guests
used in this study are shown in Chart 2. Initially, we sought to
reach higher levels of affinity within the adamantane series by
creating diammonium ions in which both CO portals are
occupied. For this purpose, we selected dicationic 2,6-
disubstituted adamantanes (e.g., 2,6-AdR2), which possess a
five carbon atom spacing between N atoms; this is known to
complement the spacing between CO portals in CB[n]
hosts.12 We also studied the corresponding monoammonium
compounds (2-AdR, Chart 2b) as monocationic controls. As
described previously, 4,9-disubsituted diamantane derivative
Diam(NMe3)2 forms a remarkably tight complex with CB[7].9

To further define the factors governing this high affinity
binding, we investigated the binding of additional mono- and
dicationic derivatives of diamantane (DiamNMe3 and DiamR2;
IsoDiamNHMe2 and IsoDiamR2) toward CB[7] and CB[8].
The Diam and IsoDiam compounds (Chart 2c) differ in the
number of C atoms between N atoms (six for DiamR2 and four
for IsoDiamR2) and also in the disposition of their steric bulk.
Within these series, we also studied the influence of the cation
(e.g., NH3 versus NMe3 or NHMe2). Within the series of
compounds that contain ammoniums at the 1-position of
adamantane (Chart 2a) are compounds that probe the
influence of degree of alkylation (e.g., 1-AdR), the presence
of a second ammonium ion in the form of a loop (e.g., 1-
AdNMe2(CH2)3NH3), the influence of electrostatics (e.g., 1-
AdNH2CH2CF3), and the effects of steric bulk (e.g., Me2-1,3-
AdR2). Chart 2d shows the structures of the compounds used
as competitors of known Ka in the binding constant
determinations by 1H NMR competition experiments.6,9,10

The majority of guest compounds used in this article are
either commercially available or have been synthesized as
reported previously.3e,6,9,11,13 The synthesis of all new guests is
described in detail in the Supporting Information. For example,
DiamNMe3, IsoDiamNHMe2, and 2-AdNMe3 were prepared
by the alkylation of the corresponding amines with MeI in good
yield. Similarly, 1-AdNH2Et, 1-AdNMe2Et, 1-AdNHEt2, and 1-
AdMeEt2 were prepared by the stepwise alkylations of 1-
AdNH2 with EtI and MeI. Finally, compounds 1-
AdNH2CH2CF3 and 1-AdNHMeCH2CF3 were prepared by
acylation of 1-AdNH2 with trifluoroacetic anhydride, reduction
with LiAlH4, and alkylation with MeI.

Selection of Buffer. CB[n]·guest complexes have been
studied in a wide variety of solvents including pure water, aq.
HCO2H, NaOAc buffered water, and sodium phosphate
buffered water.5,6,14 It is known from the literature that
CB[n] binds alkali metal cations (Li+, Na+, K+) at their ureidyl
CO portals and that this competitive binding reduces the

Chart 2. Structure of the Guests Used in This Study
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observed Ka values of CB[n] toward other guests.15 For this
reason, both pH and metal ion concentration must be carefully
controlled to allow comparison between measured Ka values.
Accordingly, we used 50 mM NaOAc buffered D2O (pH 4.74),
which we used previously in related 1H NMR competition
experiments.6,9,10

Investigation of the Nature of the Complexes
between CB[7] or CB[8] and the Various Guests. Before
proceeding to the 1H NMR competition experiments to
determine Ka values for the host·guest complexes, we verified
their 1:1 nature and elucidated their geometrical features.6 We
illustrate this process for two of our tightest binding complexes,
namely, CB[7]·2,6-Ad(NMe3)2 and CB[8]·IsoDiam(NHMe2)2.
Figure 1a−c shows the 1H NMR spectra recorded for 2,6-

Ad(NMe3)2 alone, CB[7]·2,6-Ad(NMe3)2, and CB[7]·2,6-
Ad(NMe3)2 in the presence of excess free 2,6-Ad(NMe3)2.
Figure 1c shows that CB[7]·2,6-Ad(NMe3)2 undergoes slow
exchange with free 2,6-Ad(NMe3)2 on the chemical shift time
scale; integration of resonances for bound 2,6-Ad(NMe3)2
versus CB[7] within CB[7]·2,6-Ad(NMe3)2 establishes the
1:1 nature of the host·guest complex. Figure 1b shows that the
seven symmetry nonequivalent protons (Hh−Hn) of the
adamantane core of 2,6-Ad(NMe3)2 undergo sizable upfield

shifts upon complexation, which is consistent with their binding
in the cavity of CB[7].12,16 The NMe3 Hg resonance also shifts
upfield but less dramatically, which reflects its location in the
bond−dipole region near the portals (vide infra).8a

Figure 2d−f shows the 1H NMR spectra recorded for
IsoDiam(NHMe2)2 alone, the CB[8]·IsoDiam(NHMe2)2 com-

plex, and CB[8]·IsoDiam(NHMe2)2 in the presence of excess
IsoDiam(NHMe2)2. Figure 1f establishes that CB[8]·IsoDiam-
(NHMe2)2 undergoes slow exchange on the 1H NMR time
scale with free IsoDiam(NHMe2)2, and

1H NMR integration of
resonances for IsoDiam(NHMe2)2 versus CB[8] in the CB[8]·
IsoDiam(NHMe2)2 complex establish the 1:1 nature of the
host·guest complex. The protons on the diamantane core of
IsoDiam(NHMe2)2 (Hb−He) undergo significant upfield shifts
(0.65−0.85 ppm) upon CB[8]·IsoDiam(NHMe2)2 complex
formation, which establishes cavity binding of the diamantane
core. Conversely, the resonances for C(Ha)3 and the axial Hf
are substantially less upfield shifted (0.16 and 0.35 ppm), which
suggests that these protons are located within the anisotropic
shielding region of the cavity but are located near the ureidyl
CO portals. Analysis of related 1H NMR spectra recorded for
all of the other complexes shows 1:1 binding with the expected
cavity inclusion geometries of the adamantane or diamantane
cores of the other guests (Supporting Information).

Measurement of Krel for Competing Pairs of Guests
and Calculation of Ka Values for the CB[n]·Guest
Complexes. After verifying the 1:1 nature of the CB[n]·
guest complexes, we turned our attention to Ka measurements.
We employed two different methods to determine the Ka values
for the various CB[n]·guest complexes (Table 1). The first
method (single-point method)17 was applied to measure the Ka
values for the low affinity host−guest complexes CB[7]·
IsoDiam(NHMe2)2 (Ka = 686 M−1), CB[7]·IsoDiam(NH3)2

Figure 1. 1H NMR spectra recorded (400 MHz (a−c) or 600 MHz
(d−f), D2O, RT) for (a) 2,6-Ad(NMe3)2 (0.25 mM), (b) CB[7]·2,6-
Ad(NMe3)2 (0.25 mM), (c) a mixture of CB[7]·2,6-Ad(NMe3)2 (0.25
mM) and 2,6-Ad(NMe3)2 (0.25 mM), (d) IsoDiam(NHMe2)2 (0.25
mM), (e) CB[8]·IsoDiam(NHMe2)2 (0.25 mM), and (f) a mixture of
CB[8]·IsoDiam(NHMe2)2 (0.25 mM) and IsoDiam(NHMe2)2 (0.25
mM). Primed (′) resonances arise from CB[n]·guest complex.

Figure 2. 1H NMR spectra recorded (400 MHz, D2O, RT) for (a)
Melam (0.25 mM), (b) CB[8]·Melam (0.25 mM), (c) IsoDiam-
(NH3)2 (0.25 mM), (d) CB[8]·IsoDiam(NH3)2, and (e) a competitive
mixture of CB[8] (0.2896 mM), IsoDiam(NH3)2 (0.3248 mM), and
Melam (44.64 mM).
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(Ka = 2580 M−1), CB[7]·IsoDiam(NHMe(CH2)4OH)2 (Ka =
194 M−1), and CB[7]·IsoDiamNHMe2 (Ka = 643 M−1).
Despite the fact that CB[7]·IsoDiam(NHMe2)2 and CB[7]·
IsoDiam(NH3)2 are low affinity complexes, they display slow
exchange on the 1H NMR time scale, which allows us to
separately integrate Hz for free CB[7] and CB[7]·guest. The
slow exchange binding is presumably due to the overstuffed
nature of the complex and the constrictive nature18 of the
ureidyl CO portal slowing dissociation. Using the known
total concentrations of CB[7] and guest (IsoDiam(NHMe2)2
or IsoDiam(NH3)2) and the mass balance expressions, it is then
possible to calculate Ka in the standard way.
The second method, which has been described by us in detail

previously,6,9,10,19 involves competition experiments between a
single host (CB[7] or CB[8]), a reference guest of known Ka
and a second guest of unknown Ka. Equation 1 shows the
equilibrium that we are considering, and eq 2 gives the
definition of the relative binding constant Krel. Equations 3−6
present the usual definitions of Ka for the formation of a CB[n]·
guest complex. By combining eqs 2, 4, and 6, it is
straightforward to demonstrate that Krel is equal to the ratio
of Ka2 to Ka1 (eq 7). To determine Krel, we monitored these
competition experiments by 1H NMR spectroscopy, which
takes advantage of the fact that many CB[n]·guest complexes
display slow kinetics of exchange on the chemical shift time
scale. This allows us to separately integrate peaks for the two
competing CB[n]·guest complexes, which, when combined

with known total concentrations of CB[n], G1, and G2 and the
mass balance expressions, allows us to determine [CB[n]·G2],
[CB[n]·G1], [G1], and [G2] needed to calculate Krel using eq
2. To be concrete, we illustrate the process for determining Ka
for CB[8]·IsoDiam(NH3)2 by competition between CB[8],
IsoDiam(NH3)2, and Melam. Figure 2a,b shows the 1H NMR
spectra of Melam and CB[8]·Melam, whereas Figure 2c,d
shows the spectra for IsoDiam(NH3)2 and CB[8]·IsoDiam-
(NH3)2, which allows us to fully identify all of the resonances
for the competition experiment between CB[8] (0.2896 mM),
IsoDiam(NH3)2 (0.3248 mM), and Melam (44.64 mM) shown
in Figure 2e. In this competition experiment, CB[8] is the
limiting reagent, tighter binding guest IsoDiam(NH3)2 is used
in slight excess, and the concentration of weaker guest Melam is
adjusted until comparable amounts of the two competing
complexes, CB[8]·IsoDiam(NH3)2 and CB[8]·Melam, are
present at equilibrium.

·
+

·
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Table 1. Binding Constants (Ka, M
−1) Measured for the Interaction between CB[7], CB[8], and Various Guests in 50 mM

NaOAc Buffer at pH 4.74

CB[7] CB[8]

1-AdNH3 (4.2 ± 1.0) × 1012 b (8.2 ± 1.8) × 108 b

1-AdNH2Et (8.7 ± 2.0) × 1011 c (1.4 ± 0.4) × 109 e

1-AdNHEt2 (1.2 ± 0.3) × 1011 c (3.1 ± 0.8) × 109 e

1-AdNMe2Et (7.0 ± 1.6) × 1011 c (2.8 ± 0.7) × 1011 e

1-AdNMeEt2 (3.2 ± 0.8) × 1011 c (1.1 ± 0.3) × 1011 e

1-AdNMe3 (1.7 ± 0.4) × 1012 b (9.7 ± 2.5) × 1010 b

1-AdNH2(CH2)2NH3 (2.4 ± 0.6) × 1013 h (2.2 ± 0.6) × 1010 e

1-AdNH2(CH2)3NH3 (1.5 ± 0.4) × 1013 i −
1-AdNMe2(CH2)3NH3 (6.8 ± 1.6) × 1012 i (1.7 ± 0.4) × 1012 e

1-AdNHMeCH2CF3 (1.1 ± 0.3) × 1011 c (1.3 ± 0.3) × 109 e

1-AdNH2CH2CF3 (5.9 ± 1.4) × 1011 c (1.0 ± 0.3) × 109 e

1-AdPy (2.0 ± 0.4) × 1012 b (2.0 ± 0.5) × 109 b

Me2-1-AdNH3 (2.5 ± 0.4) × 104 b (4.3 ± 1.1) × 1011 b

1,3-Ad(NHMe2)2 (1.2 ± 0.2) × 106 f (1.3 ± 0.3) × 1011 e

1,3-Ad(NMe3)2 (6.4 ± 1.0) × 104 b (1.1 ± 0.3) × 1011 b

Me2-1,3-Ad(NHMe2)2 (5.7 ± 0.9) × 105 f −
Me2-1,3-Ad(NMe3)2 (1.8 ± 0.3) × 106 f −
2-AdNH3 (1.3 ± 0.3) × 1012 c (6.3 ± 1.6) × 109 e

2-AdNMe3 (3.7 ± 0.9) × 1012 c (3.6 ± 0.9) × 1011 e

2,6-Ad(NH3)2 (1.9 ± 0.4) × 1012 i (4.7 ± 1.2) × 108 e

2,6-Ad(NMe3)2 (3.3 ± 0.9) × 1013 i (5.2 ± 1.4) × 1010 g

Diam(NH3)2 (1.3 ± 0.3) × 1011 h (8.3 ± 2.3) × 1011 h

Diam(NMe3)2 (1.9 ± 0.4) × 1015 h (2.0 ± 0.6) × 1012 h

Diam (NMe2(CH2)4OH)2 (1.9 ± 0.4) × 1015 c (1.3 ± 0.3) × 1013 e

DiamNMe3 (8.0 ± 1.9) × 1011 c (2.7 ± 0.7) × 1012 e

IsoDiam(NH3)2 2030a (3.3 ± 0.8) × 1013 e

IsoDiam(NHMe2)2 686a (5.7 ± 1.5) × 1014 d

IsoDiam (NHMe(CH2)4OH)2 194a (9.2 ± 2.4) × 1014 d

IsoDiamNHMe2 643a (7.8 ± 0.8) × 1013 d

aMeasured directly by 1H NMR integration of free and bound guest. bReference 6. Competition experiment used a limiting quantity of CB[n] and
c1-AdPy, dIsoDiam(NH3)2,

eMelam, fTMSP, gMe2-1-AdNH3.
hReference 9. iReference 11. − = not determined.
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To ensure that we have reached equilibrium, we performed
two complementary experiments: (1) CB[8] and Melam are
mixed first to form CB[8]·Melam and then IsoDiam(NH3)2 is
added and (2) CB[8] and IsoDiam(NH3)2 are mixed first to
form CB[8]·IsoDiam(NH3)2 and then Melam is added. The
solutions are separately monitored as a function of time (several
weeks in some cases) until equilibrium is established. We
separately integrate the resonances for the 16 equivalent
equatorial CB[8] protons (Hz) for CB[8]·IsoDiam(NH3)2 and
CB[8]·Melam in the 5.6−5.5 ppm region, which allows us to
calculate [CB[8]·IsoDiam(NH3)2] and [CB[8]·Melam] using
the known total concentration of CB[8] and the mass balance
expression.6,9,19 Subsequently, we use the known total
concentrations of IsoDiam(NH3)2 and Melam and the mass
balance expressions to calculate [IsoDiam(NH3)2] and
[Melam], which allows a calculation of Krel = 572 for CB[8]·
IsoDiam(NH3)2 versus CB[8]·Melam. Finally, we multiply Krel
with the literature value of Ka for CB[8]·Melam (Ka = (5.78 ±
1.36) × 1010 M−1)6 to determine Ka for CB[8]·IsoDiam(NH3)2
as Ka = (3.3 ± 0.8) × 1013 (Table 1). In an analogous way, the
Ka values for the other CB[n]·guest complexes (Table 1 and
Supporting Information) were determined.
Role of Solvation for Binding Affinity Computational

Predictions. It is known, that relative solvation energies of
small molecules are well reproduced with implicit solvent
models such as the conductor-like screening model
(COSMO).20 This class of methods replaces solvent molecules
by an electric continuum. In the case of the neutral molecules, a
clear distinction has been reported between molecular
mechanics (MM)- and quantum mechanics (QM)-based
implicit models, showing that those based on the QM electron
density are superior to others.21 However, when comparing
neutral, monocationic, and dicationic guests, the situation
becomes more complicated.22 The first successful application of
the COSMO method for charged docked guest complexes in
CB[7] hosts was reported by Muddana and Gilson.23

From the magnitudes of the two main contributions to the
ΔGcalcd, solvation and interaction energy (see Table S1 in the
Supporting Information), it is evident that the accurate
description of both terms is of prime importance. Fortunately,
it has been shown that in the case of rigid molecules, where the
optimized geometry represents both solvated and gas phase
conformational ensembles adequately, the implicit solvent
models provide reasonable accuracy.24 These findings greatly
simplify important calculations of solvation energies, especially
since here the increase of solvation energies from monocationic
to dicationic molecule guests is substantial and important.11

Discussion of the Trends in Binding Constants
Between Hosts CB[7] and CB[8] and the Various Guests.
This section is subdivided into a discussion of the binding
properties of the 2,6-disubstituted adamantane, 4,9- and 1,6-

disubstituted diamantanes, and 1-substituted adamantane
derivatives.

2-Substituted Adamantane (Di)ammonium Ions. As
described above, we first considered 2,6-disubstituted adaman-
tanes 2,6-Ad(NH3)2 and 2,6-Ad(NMe3)2 as potential ultratight
binders for CB[n] hosts because of the known tight binding
adamantane core, the auspicious five C atom spacing between
N atoms, and the potential for ion−dipole interactions at both
CO portals. Previously, we reported that 2,6-Ad(NH3)2
forms the CB[7]·2,6-Ad(NH3)2 complex with Ka = (1.9 ±
0.4) × 1012 M−1, whereas herein we determine that the
corresponding quaternary ammonium ion 2,6-Ad(NMe3)2
forms a 17-fold stronger complex (CB[7]·2,6-Ad(NMe3)2; Ka
= (3.3 ± 0.9) × 1013 M−1).11,25 When the CB[7]·2,6-
Ad(NMe3)2 Ka value was measured in 2013, it was slightly
stronger than the then current record holder (CB[7]·1-
AdNH2(CH2)2NH3, Ka = (2.4 ± 0.6) × 1013), which was
gratifying. Similar trends are observed for CB[8], where
quaternary diammonium 2,6-Ad(NMe3)2 (CB[8]·2,6-Ad-
(NMe3)2, Ka = (5.2 ± 1.4) × 1010 M−1) binds 110-fold tighter
than diammonium 2,6-Ad(NH3)2 does (CB[8]·2,6-Ad(NH3)2,
Ka = (4.7 ± 1.2) × 108 M−1). From the literature, it is known
that 1-AdNMe3 binds 2.5-fold more weakly to CB[7] than 1-
AdNH3 does.

6 Accordingly, we wondered why NMe3
+ groups

result in tighter binding in some contexts but not in others.
Disappointingly, diammonium ions 2,6-Ad(NH3)2 and 2,6-

Ad(NMe3)2 bind only slightly (1.5 and 7.8-fold) stronger to
CB[7] than the analogous monoammonium compounds 2-
AdNH3 and 2-AdNMe3. The 2,6-AdR2 series of compounds
were unable to capture the potential 1000-fold increase in Ka
typically obtained for the ion−dipole interaction at an
unoccupied CB[n] CO portal. Even more disappointing
was the realization that diammonium ions 2,6-Ad(NH3)2 and
2,6-Ad(NMe3)2 bind more weakly to CB[8] than the
corresponding monoammonium ions 2-AdNH3 (CB[8]·2-
AdNH3, Ka = (6.3 ± 1.6) × 109 M−1) and 2-AdNMe3
(CB[8]·2-AdNMe3, Ka = (3.6 ± 0.9) × 1011 M−1) do.
Adamantane derived guests 2,6-Ad(NH3)2 and 2,6-Ad(NMe3)2
bind substantially stronger to CB[7] (4042-fold and 557-fold)
than they do to CB[8], which we attribute to a better match
between the size of the adamantane skeleton (cavity volume =
147 Å3) and the cavity of CB[7] (cavity volume = 279 Å3) than
to CB[8] (cavity volume = 479 Å3).4,26

Previously, we reported the X-ray crystal structures of CB[7]·
2,6-Ad(NH3)2 (CCDC 1444729) and CB[8]·2,6-Ad(NH3)2
(CCDC 1444821) and used them as an initial geometry for
computational work but did not discuss the structures in any
detail.11 In the structure of CB[7]·2,6-Ad(NH3)2 (Figure 3a),
both host and guest occupy a special position of C2-rotational
symmetry in the crystal, which renders both ureidyl CO
portals homotopic. Both N atoms lie approximately in the plane
defined by the ureidyl CO O atoms. The tilt of the C−N
bond from the C7-axis is ≈45° so that an effective hydrogen
bond can be formed of 2.932 Å length. There are also two H2O
molecules per portal that provided H-bond bridges between the
NH3

+ groups and the carbonyl O atoms. Figure 3b shows the
X-ray crystal structure for CB[8]·2,6-Ad(NH3)2. Within the
crystal, the guest is oriented such that the two ureidyl CO
portals are diastereotopic and both N atoms lie roughly within
the plane defined by the CO O atoms. One NH3

+ group is
directly H-bonded to the ureidyl CO portal (2.861 Å) along
with two additional bridging H2O molecules. The second NH3

+

group is roughly centered within the portal with an average
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N+···OC distance of 5.0(2) Å. From a comparison of the
structures of CB[7]·2,6-Ad(NH3)2 and CB[8]·2,6-Ad(NH3)2, it
is clear that the 4042-fold reduction in binding affinity is due to
the inability of 2,6-Ad(NH3)2 to completely fill the cavity of
CB[8] and displace all high energy water molecules.8a−c,27 The
calculations confirm the better fit of the 2,6-Ad(NH3)2 guest to
CB[7] by increasing the dispersion energy by more than 40%
while the electrostatic interaction energy remains the same
when compared to that of the larger CB[8] host. Why is the
CB[7] complex of diammonium 2,6-Ad(NH3)2 only 1.5-fold
tighter than monoammonium analogue 2-AdNH3? From the
crystal structure of CB[7]·2,6-Ad(NH3)2, we can speculate that
the rigid geometry of 2,6-Ad(NH3)2 does not allow for a
simultaneous optimization of the H-bonding and electrostatic
(ion−dipole) interactions at both ureidyl CO portals.
Additionally, the DFT calculations show the profound
desolvation (repulsive)−electrostatic energy (attractive) com-
pensation.
Cationic 4,9-Substituted Diamantane Derivatives. Pre-

viously, we reported that CB[7] forms a remarkably tight
complex with Diam(NMe3)2 (Ka = (1.9 ± 0.4) × 1015 M−1) in
sodium acetate buffered D2O, which we attributed to an
optimal N···N spacing (7.8 Å), resulting in 14 nearly ideal
Me3N

+···OC ion−dipole interactions, the hydrophobicity of
the diamantane skeleton, and the presence of secondary
electrostatic close contacts between the CH2 groups of the
diamantane skeleton of Diam(NMe3)2 and the CO groups of
CB[7].9,10 The two NMe3 groups of Diam(NMe3)2 are
separated by six C atoms, which is known to complement the
≈6.1 Å spacing between ureidyl CO portals of CB[n]. In the
X-ray crystal structure of CB[7]·Diam(NMe3)2, the N atoms of
the two NMe3 groups are located 0.80 Å above the center of
the plane defined by the ureidyl carbonyl O atoms (Figure 4a).
Diam(NH3)2, which lacks the quaternary ammonium centers,
binds ≈14 600-fold more weakly; this highlights the importance

of the Me3N
+···OC interactions toward the binding.

Additionally, this exceptionally tight fit is manifested by the
largest dispersion energy contribution to the binding energy
among all tested complexes.
To further refine our understanding of the structural features

of Diam(NMe3)2 that promoted ultratight bindingespecially
the location of the NMe3 groups from the CO portal
planewe prepared and studied monocationic analogue
DiamNMe3 and also re-examined the binding of the CB[7]·1-
AdNMe3 complex. We found that the CB[7]·DiamNMe3
complex (Ka = 8.0 × 1011 M−1) is 2375-fold weaker than
CB[7]·Diam(NMe3)2 due to the loss of ion−dipole inter-

Figure 3. Cross-eyed stereoview representations of the X-ray crystal
structures of (a) CB[7]·2,6-Ad(NH3)2 and (b) CB[8]·2,6-Ad(NH3)2.
Color code: C, gray; H, white; N, blue; O, red; H-bonds, yellow
dashes.

Figure 4. Cutaway representations rendered from the X-ray crystal
structures of (a) CB[7]·Diam(NMe3)2, (b) CB[7]·DiamNMe3, and
(c) CB[7]·1-AdNMe3. Color code for CB[7]: C, gray; H, white; N,
blue; O, red. Color code for guests: C, green; N, blue; H, white;
equatorial H on central cyclohexane ring, purple. H···O and H···C
close contacts, black lines.
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actions at the second ureidyl CO portal (computationally
accompanied by decreases in the dispersion and electrostatic
energy by 9 and 43 kcal/mol, i.e., 12 and 41%, respectively);
this energetic penalty for the deletion of ion−dipole
interactions at one CO portal is in line with previous
research in the CB[n] field.8a,12 Figure 4a−c shows the X-ray
crystal structures of CB[7]·Diam(NMe3)2, CB[7]·DiamNMe3,
and CB[7]·1-AdNMe3. The geometrical features of the
structures of CB[7]·Diam(NMe3)2 and CB[7]·DiamNMe3 are
very similar; for example, (1) the long axis of the DiamNMe3 is
aligned with the C7-axis of CB[7], (2) the equatorial planes of
CB[7] and the central cyclohexyl unit (C−H bonds colored
purple) of DiamNMe3 are roughly coplanar and coincident, (3)
most of the CH2 groups of the diamantane skeleton of
DiamNMe3 exhibit close contacts (less than the sum of the van
der Waals radii) with the ureidyl CO portals O atoms, and
(4) the Me3N N atom is located 0.78 Å above the mean plane
of the CO O atoms in the CB[7]·DiamNMe3 complex.
We were also able to obtain the X-ray crystal structure for

CB[7]·1-AdNMe3 (Figure 4c). Intriguingly, for CB[7]·1-
AdNMe3, the Me3N N atom is only 0.32 Å above the mean
plane of the CO O atoms, and the corresponding
cyclohexane ring of 1-AdNMe3 (C−H bonds colored purple)
averages 0.43 Å below the equatorial plane of CB[7]. The
deeper penetration of 1-AdNMe3 into CB[7] implies that the
0.78−0.80 Å Me3N to portal plane distance for CB[7]·
DiamNMe3 and CB[7]·Diam(NMe3)2 does not optimize ion−
dipole interactions. The DFT calculations confirmed this
observation. On the basis of the structural evidence, it appears
that the noncovalent close contacts between guest diamantane
CH2 groups and host CO O atoms at each portal and the
location of the equatorial cyclohexane C−H bonds of
DiamNMe3 and Diam(NMe3)2 in the wider equatorial plane
of CB[7] enforce the observed geometries. In turn, this
suggests that rigid diammonium guests scaffolds that enforce a
0.32 Å Me3N

+ to portal distance may exhibit binding constants
that exceed that of CB[7]·Diam(NMe3)2.
We also obtained the X-ray crystal structure of the isomeric

CB[7]·2-AdNMe3 (Supporting Information) in which the N
atom of the NMe3 group is 0.442 Å above the plane defined by
the ureidyl CO O atoms. As a route to achieve even higher
binding affinity, we studied Diam(NMe2(CH2)4OH)2, which
was obtained as a synthetic byproduct that has two side arms
that feature OH groups that might undergo additional OH···
OC H-bonding interactions. In practice, we measured Ka =
(1.9 ± 0.4) × 1015 M−1 for CB[7]·Diam(NMe2(CH2)4OH)2,
which is identical to that measured for CB[7]·Diam(NMe3)2.
The X-ray crystal structure of CB[7]·Diam(NMe2(CH2)4OH)2
(Supporting Information) provides a clear explanation in that
the OH side arm is not H-bonded to the CO portal in the
crystal, probably because of steric shielding provided by the
quaternary ammonium ion at the portal.
Cationic 1,6-Substituted Diamantane Derivatives. Next,

we synthesized the medial 1,6-disubstituted diamantane
compounds, which are isomeric to the 4,9-disubstituted
derivatives but feature a four carbon atom spacing between
cationic N atoms and a lateral rather than longitudinal
distribution of their steric bulk.13a In this article, we studied
the binding properties of CB[7] and CB[8] toward IsoDiam-
(NH3)2, IsoDiam(NHMe2)2, IsoDiam(NHMe(CH2)4OH)2,
and IsoDiamNHMe2 as a monocationic model compound
(Table 1).

The contrasts between the Diam and IsoDiam series are
striking. Whereas the Diam compounds are tight binders for
both CB[7] and CB[8] (1011 to 1015 M−1 range), the IsoDiam
compounds bind weakly to CB[7] with Ka values in the 102 to
103 M−1 range. The 14-carbon atom IsoDiam skeleton is too
wide and voluminous8a to be encapsulated inside CB[7]
without engendering substantial host·guest strain, which
decreases the net binding free energy. A similar phenomenon
has been observed previously for Me2-1-AdNH3.

6 Accordingly,
the selectivity of the IsoDiam compounds for CB[8] over
CB[7] is quite remarkable. For example, the CB[7]·IsoDiam-
(NHMe2)2 complex (Ka = 686 M−1) is ≈1012-fold weaker than
the CB[8]·IsoDiam(NHMe2)2 complex (Ka = (5.7 ± 1.5) ×
1014 M−1). Unlike in the Diam series, the monocationic control
complex CB[8]·IsoDiamNHMe2 (Ka = (7.8 ± 0.8) × 1013

M−1) binds only 7-fold weaker than its dicationic analogue
CB[8]·IsoDiam(NHMe2)2. The increase of dispersion energy
here (by 22%) seems to be marginal when compared to a 100%
increase of electrostatic energy even when one does take into
account the larger solvation penalty. The primary diammonium
complex CB[8]·IsoDiam(NH3)2 is 17-fold weaker than CB[8]·
IsoDiam(NHMe2)2, which again shows that N-methylation
plays a significant role in the system; unfortunately, the
corresponding quaternary ammonium salts were synthetically
inaccessible, as described previously.13a

These CB[8]·IsoDiam complexes are also noteworthy for
their absolute binding affinity, which is in the 1013 to 1014 M−1

range. Previously, Scherman and Nau suggested that CB[7]
optimizes the energy content of encapsulated water molecules
(e.g., number and energy) relative to CB[6] and CB[8] and
that it should be the strongest binder in the CB[n] series.8b The
present findings establish that CB[8] should be considered
closely alongside CB[7] as an ultratight binding host.
Additionally, this is supported by the fact that reported total
energies of high energy water molecules inside of the CB[7]
and CB[8] species are close (when the uncertainty is taken into
account) and is in essential agreement with the water map
results reported recently.11

The X-ray crystal structures of CB[8]·IsoDiam(NH3)2 and
CB[8]·IsoDiam(NHMe2)2 are shown in Figure 5. In both

Figure 5. Cross-eyed stereoview representations of the X-ray crystal
structures of (a) CB[8]·IsoDiam(NH3)2 and (b) CB[8]·IsoDiam-
(NHMe2)2. Color code: C, gray; H, white; N, blue; O, red.
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cases, the long axis of the IsoDiam skeleton is encapsulated
inside the CB[8] cavity, which positions the cationic residues at
the portal. To accommodate the ≈6.6 Å width of the IsoDiam
skeleton, the CB[8] macrocycles undergoes an ellipsoidal
deformation (CB[8]·IsoDiam(NH3)2: 13.10 × 12.17 Å; CB[8]·
IsoDiam(NHMe2)2: 13.59 × 11.49 Å). Quite interestingly,
because of the lateral steric bulk of the IsoDiam skeleton, the
ammonium ions within CB[8]·IsoDiam(NH3)2 and CB[8]·
IsoDiam(NHMe2)2 do not display direct H-bonding with the
CO portals. For example, the N···OC distances in CB[8]·
IsoDiam(NH3)2 range from 4.61 to 5.22 Å, which are well
beyond H-bonding distances. Instead, one water molecule acts
as a bridge between guest and host. Ion−dipole interactions
mediated by the CH3 groups are observed for CB[8]·
IsoDiam(NHMe2)2, with four CH3N

+···OC distances in
the 4.456−4.638 Å range (Figure 5b). These additional ion−
dipole interactions help to explain the 17-fold increase in
affinity observed for CB[8]·IsoDiam(NHMe2)2.
Within the IsoDiam series, the most tightly bound complex is

CB[8]·IsoDiam(NHMe(CH2)4OH)2, with Ka = (9.2 ± 2.4) ×
1014 M−1. It is tempting to suggest that the slight increase in
affinity observed relative to CB[8]·IsoDiam(NHMe2)2 is due to
loop formation via H-bonding between the side arm OH group
and the regions of the CO portal not fully engaged in ion−
dipole interactions, and DFT calculations (Supporting
Information) support this hypothesis. These analyses suggest
that future studies should be aimed at preparing IsoDiam
compounds with cationic arms to fully capitalize on the
negative electrostatic potential of the uncomplexed portions of
the ureidyl CO portals of CB[8].
1-Substituted Adamantane (Di)ammonium Ions. As part

of our study of the diamantane derivatives, we often had
occasion to test certain hypotheses using the synthetically more
accessible adamantane skeleton. In this section, we describe the
influence of fluorination, looping, alkylation, and steric bulk.
Influence of Fluorination. As described above, the presence

of numerous N+CH2···OC ion−dipole interactions plays an
important role in the ultratight complex CB[7]·Diam(NMe3)2.
Accordingly, we considered the addition of an electronegative
substituent (e.g., fluorinated) that would enhance the ion−
dipole interaction by making the involved CH2 groups more
electropositive. We synthesized 1-AdNH2CH2CF3 and 1-
AdNHMeCH2CF3 and measured their binding constants
toward CB[7] and CB[8] (Table 1) to test this hypothesis.
We found that 1-AdNH2Et and 1-AdNH2CH2CF3 bind to
CB[7] (8.7 × 1011 and 5.9 × 1011 M-1) and CB[8] (1.4 × 109

and 1.0 × 109 M−1) with comparable affinity. Comparison
between 1-AdNHMeCH2CF3 and 1-AdNHEt2 revealed sim-
ilarly minor differences in binding affinity. We conclude that the
presence of CF3 substituents in this system is ineffective at
increasing Ka via stronger ion−dipole interactions. Recently,
Masson has successfully demonstrated a related subtle effect
using aryl substituted derivatives of Me3SiCH2NH2CH2Ph.
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Influence of Looping Interactions. The potential to increase
the affinity of CB[n]·guest complexes by the addition of
primary ammonium ion arms (e.g., butanediammonium versus
spermine) was recognized as early as the pioneering work of
Mock12 and has been employed more recently in the context of
CB[7]·guest complexes by Kim and Inoue and by Ghosh and
Isaacs and has been shown to be moderately effective.7c,8d,29

For example, CB[6] binds 9.7-fold more tightly to spermine
than spermidine, which in turn binds 8.8-fold more tightly than
butanediammonium.12 Similarly, CB[7] binds 10-fold more

strongly to TMSAA than to TMSA.9 We refer to this as a
primary ammonium looping strategy since the anchoring
ammonium ion is primary and the added ammonium ion arm
is intended to loop from one part of the CO portal to an
adjacent portion. In a combined computational and exper-
imental paper, we recently reported the binding constants for
CB[7]·1-AdNH2(CH2)2NH3, CB[7]·1-AdNH2(CH2)3NH3,
and CB[7]·1-AdNMe2(CH2)3NH3, which are included in
Table 1, shedding additional light on the effectiveness of
looping.11 For example, both 1-AdNH2(CH2)2NH3 (5.6-fold)
and 1-AdNH2(CH2)3NH3 (3.6-fold) bind more tightly to
CB[7] than 1-AdNH3. The length of the loop is directly
proportional to deformation energy required to make the loop
reach back, which in turn weakens the binding. In this article,
we new ly measu r ed b ind ing cons t an t s f o r 1 -
AdNH2(CH2)2NH3 and 1-AdNMe2(CH2)3NH3 toward
CB[8]. Interestingly, we found that the primary ammonium
looping strategy is more effective with CB[8], where the
CB[8]·1-AdNH2(CH2)2NH3 complex is 27-fold tighter than
CB[8]·1-AdNH3. Similarly, comparison of 1-AdNMe3 with 1-
AdNMe2(CH2)3NH3 allowed us to previously assess the
effectiveness of quaternary ammonium looping with CB[7].11

We found that the CB[7]·1-AdNMe2(CH2)3NH3 complex (Ka
= 6.8 × 1012 M−1) was 4-fold stronger than the CB[7]·1-
AdNMe3 complex. In contrast, from our newly measured
binding constants toward CB[8], we found that the CB[8]·1-
AdNMe2(CH2)3NH3 complex (Ka = 1.7 × 1012 M−1) is 18-fold
stronger than CB[8]·1-AdNMe3. This result indicates that
quaternary looping is more effective with CB[8] than CB[7],
presumably because the larger electrostatically negative CO
portal of CB[8] is only locally neutralized by a monoammo-
nium ion.

Influence of Alkylation State. The large difference in
binding affinity sometimes observed between primary ammo-
nium (e.g., Diam(NH3)2) and quaternary ammonium ions (e.g.,
Diam(NMe3)2) led us to investigate the influence of alkylation
state on affinity within the 1-Ad series. For example, across the
series from CB[7]·1-AdNH3 (Ka = 4.2 × 1012 M−1) to CB[7]·1-
AdNH2Et (Ka = 8.7 × 1011 M−1) to CB[7]·1-AdNHEt2 (Ka =
1.2 × 1011 M−1), the binding affinity decrease stepwise 4.8-fold
and 7.3-fold. We believe this effect reflects the decrease in the
number of NH···OC H-bonds and steric effects due to the
larger Et substituents. A related 5.3-fold (probably steric)
decrease in binding constant is seen along the CB[7]·1-
AdNMe3 to CB[7]·1-AdNMe2Et to CB[7]·1-AdNMeEt2 series.
The trend for the larger CB[8] is reversed, where Ka values
increase 3.8-fold along the CB[8]·1-AdNH3 to CB[8]·1-
AdNH2Et to CB[8]·1-AdNHEt2. Overall, the effect of the
number and identity of alkyl groups on binding constant is
small relative to the driving force provided by the hydrophobic
effect and ion−dipole interactions.

Influence of Steric Bulk. From previous studies,13d three
compounds were available in the 1,3-AdR2 and Me2-1,3-AdR2
series that were complementary to the CB[n]·1,3-Ad(NMe3)2
complexes studied previously. All four compounds exhibit low
binding constants toward CB[7] because the size of all four
guests exceeds the strain free capacity of CB[7]. However, it is
noted that the CB[7]·1,3-Ad(NHMe2)2 complex (Ka = 1.2 ×
106 M−1) is 19-fold stronger than CB[7]·1,3-Ad(NMe3)2,
which is clearly related the reduction in steric demand of the
ammonium ion that is inside the CB[7] cavity.6 Overall, the
influence of steric bulk on equilibrium binding constant is
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relatively straightforward to assess based on molecular
modeling.

■ CONCLUSIONS

In summary, we have studied the interaction of four series of
guests (2,6-disubstituted adamantanes, 4,9-disubstituted dia-
mantanes, 1,6-disubstituted diamantanes, and 1-substituted
adamantanes) with CB[7] and CB[8] by a combination of
1H NMR spectroscopy, X-ray crystallography, and molecular
modeling. Although the CB[7]·2,6-Ad(NMe3)2 complex (Ka =
3.3 × 1013 M−1) bested the affinity of CB[7]·1-
AdNH2(CH2)2NH3, it did not capture the 1000-fold increase
in Ka expected. Accordingly, we turned to the Diam and
IsoDiam systems and discovered the tightest binding host·guest
pair (CB[7]·Diam(NMe3)2) currently known in the CB[7]·
guest literature.
Comparative crystallographic studies among CB[7]·Diam-

(NMe3)2, CB[7]·DiamNMe3, and CB[7]·1-AdNMe3 reveals
that +NMe3 groups naturally position themselves ≈0.32 Å
above the mean plane of the ureidyl CO portals to optimize
ion−dipole interactions. The observed geometrical features of
CB[7]·Diam(NMe3)2 and CB[7]·DiamNMe3 (0.78 and 0.80 Å
above CO portals) reflect the constraints imposed by the
close contacts between CH2 groups on Diam and the ureidyl
CO groups of CB[7].
On the basis of the energy content of the encapsulated high

energy water molecules, Scherman and Nau previously suggest
that CB[7] would be the tightest binding host in the CB[n]
family.8b We were surprised, therefore, to find that the CB[8]·
IsoDiam(NHMe(CH2)4OH)2 (Ka = 9.2 × 1014 M−1) reaches
comparable levels of affinity to CB[7]·Diam(NMe3)2 (Ka = 1.9
× 1015 M−1). This can be explained by fact that the difference in
total energy of high energy water molecules inside of the CB[7]
and CB[8] species is close within the uncertainty of reported
values and WaterMap calculations.
Finally, we studied the CB[n]·1-Ad series and documented

the following: (1) a larger effect of a primary or quaternary
ammonium looping strategy on the CB[8]·guest binding
constant (18−27-fold increase) and (2) relatively small effects
of alkyl group identity and alkyl group fluorination upon the
observed Ka values. Future studies aim to take advantage of the
ability of the larger portals of CB[8] to better capture ion−
dipole interactions via a looping strategy to create CB[8]·guest
complexes to establish CB[8] as the ultratight binder in the
CB[n]·guest series. Overall, the work deepens our knowledge
of the factors governing high affinity binding in CB[n]·guest
complexes and provides strategies to tune host·guest
recognition processes for specific applications including as an
alternative for avidin·biotin in biotechnology applications.
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Řezać,̌ J.; Zavalij, P. Y.; Cao, L.; Wohlschlager, C.; Mlinaric-́Majerski,
K.; Isaacs, L.; Glaser, R.; Hobza, P. Chem. - Eur. J. 2016, 22, 17226−
17238.
(12) Mock, W. L.; Shih, N.-Y. J. Am. Chem. Soc. 1988, 110, 4706−
4710.
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ABSTRACT: In nature, proteins have evolved sophisticatedly 

tailored cavities for capturing target guests selectively among 

competitors of similar size, shape and charge. The fundamental 

principles guiding the molecular recognition, such as self-

assembly and complementarity, have inspired the development of 

artificial mimics. In the current work, we report the assembly of a 

phosphate-coordination-based triple helicate which features an 

aromatic cage capable of binding choline 20-fold stronger than the 

closely related competitor acetylcholine. DFT optimized 

structures demonstrated that this unusual selectivity may arise 

from mimicking of the dual-site binding mode of ChoX protein, in 

which an “aromatic cage” (site I) binds the trimethylammonium 

head through cation- interactions and hydrogen acceptor 

group(s) (site II) fixes the hydroxyl tail by hydrogen bond(s), the 

latter of which is critical for discriminating choline from 

competitors. 

Choline is an essential precursor for the synthesis of various 

important bio-functional molecules, such as the neurotransmitter 

acetylcholine, membrane lipid phosphatidylcholine, and 

osmoprotectant glycine betaine.1 Selective binding of choline is 

the first step of the biosynthesis for these substances. In 

sinorhizobium meliloti, a plant root-associated bacterium, the 

choline binding protein ChoX is evolved to capture choline 

among competitors such as acetylcholine and glycine betaine 

(Scheme 1).1a Given the fact that these compounds all possess a 

same trimethylammonium head and a only slightly  

 

Scheme 1. (a) Structures of choline and its derivatives and 

(b) the binding sites of choline binding protein ChoX.1b 

different tail, such a specific binding is quite challenging. The 

molecular basis for choline recognition was disclosed by the 

crystal structure of Ch+ChoX (Scheme 1b),1b where an 

“aromatic cage” (site I) binds the trimethylammonium head 

through cation- interactions,2 and two carboxyl groups (site II) 

fix the hydroxyl tail (H) through hydrogen bonds. Indeed, 

structural studies on other binding proteins of the choline family3 

revealed that such a dual-site binding mode is common, in which 

site I provides the main binding affinity and site II generates the 

critical differences necessary for discriminating these analogues. 

The pursuit for biomimetic receptors is an important engine 

driving the progress of supramolecular chemistry.4 To this end, 

the naturally assembled protein cavity, which is essential for guest 

binding, has inspired the synthesis of artificial mimics, either 

through self-assembly of simple, well-designed building units5 or 

through organic synthesis.6 The development of this field has 

promoted various applications9 in supramolecular catalysis,7 

protein binding,2a,9 cellar imaging,10 and bio-process monitoring.11 

Although strong binding of choline by artificial receptors has been 
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widely reported,12 receptors showing high selectivity for choline 

remain very rare.13 Among choline derivatives, acetylcholine is 

considered the strongest competitor. In nature, the ChoX protein 

was reported to bind choline 54-fold stronger than acetylcholine,1a 

while most artificial mimics display no obvious discrimination 

and the best reported selectivity (Kcholine/Kacetylcholine), to the best of 

our knowledge, is no more than 3.13b 

We have been working on anion coordination chemistry.14 In-

stead of the widely utilized metal coordination, anion coordination 

was applied as the driving force to construct novel supramolecular 

assemblies,15 including the first triple helicates15a,b and tetrahedral 

cages.15c,d These anion-based assemblies exhibit some unique 

features, such as the biocompatible phosphate coordination center 

and negatively-charged cavity, which make them promising bio-

mimetic receptors for positively charged biomolecules, such as 

choline and other methylated proteins.2a,16 In the current work, we 

report a phosphate coordination assembled triple helicate func-

tionalized with an “aromatic cage” that resembles ChoX protein to 

achieve selective binding of choline. 

Our previous studies15a,b demonstrated that the properly spaced 

bis-bisurea ligands L1a and L1b (Figure 1a) can readily form the 

A2L3 (A = anion, L = ligand) triple helicates when coordinated 

with PO4
3− ions. As a continuous effort to functionalize this type 

of assembly, ligand L2 was synthesized to create an “aromatic 

cage” with its “V” shaped 4,4’-methylenebis(phenyl) linker upon 

formation of the helicate. Fortunately, success of this design was 

witnessed in the crystal structure of complex 1, 

(TMA)5[(TMA)(PO4)2(L2)3] (Figure 1b), which is exactly a 

triple helicate, and in the middle of the structure, a desired, large 

cage surrounded by six phenyl rings of the three 4,4’-

methylenebis(phenyl) linkers was formed with a 

tetramethylammonium (TMA+) cation being trapped inside. Each 

PO4
3− center is coordinated by six urea units (Figure 1c), four of 

which (shown in green and orange) are arranged optimally along 

edges of the tetrahedral anion, and the rest two (shown in blue) 

alternatively occupy two adjacent oxygen vertices, forming totally 

12 hydrogen bonds (dashed lines, N∙∙∙O distances range from 

2.681 to 3.213 Å, average 2.796 Å; N−H∙∙∙O angles from 141o to 

178o, average 156 o; see Table S1). The encapsulated TMA+ ion is 

positioned on the middle point of the two PO4
3− ions (with P∙∙∙N 

distances of 6.263 and 6.422 Å, Figure 1b).Besides the 

electrostatic interactions, TMA+ guest is further stabilized by 

cation- interactions with the six phenyl rings of the linkers 

(purple dashed lines, N∙∙∙centroid distances: 4.295−4.808 Å, 

average 4.535 Å, Figure 1d, see also Figure S1). Noticeably, the 

triple helical structure of the inclusion complex 1 is not C3-

symmetric and its cavity appears as a cone-shaped pocket, where 

one of the ligands (Figure 1d, blue, bending angle 114o) lines up 

to define the depth and the rest two (green and orange, bending 

angle 112o) circling an open window guarded by two urea 

carbonyl groups (5.091 Å apart). Such a structure resembles that 

of Ch+ChoX (Scheme 1b) with an aromatic cage (I, six phenyl 

groups) and a hydrogen-bonding site (II) and therefore promoted 

us to investigate its binding properties to choline. 

 

Figure 1. (a) Structures of L1a, L1b and L2; (b) Crystal structure 

of complex 1, (TMA)5[(TMA)(PO4)2(L2)3] (only an M 

enantiomer is shown; other counter cations, solvent molecules and 

non-acidic protons are omitted for clarity); (c) Hydrogen bonds 

formed between a PO4
3− ion and six urea units; (d) The aromatic 

cage trapping a TMA+ through cation- interactions (purple 

dashed lines). 

and its derivatives. 

Considering the counter cation TMA+ will introduce 

competition, complex 1 is not the best host candidate for guest 

binding. A new host complex 2 [TBA]6[(PO4)2(L2)3] was hence 

prepared which employs TBA+ (tetrabutylammonium) as the 

counter cation that is big enough to avoid occupancy of the cavity 

(Table S2). In acetone-d6/1.6% H2O, the binding of choline and 

potential competitors was evaluated by 1H NMR of host 2 with 1 

equiv. of choline (Ch+), acetylcholine (ACh+), L-carnitine (LC) 

and glycine betaine (GB), respectively (Figure 2,3). Host 2 alone 

showed a set of broad signals, while in the presence of Ch+, all 

signals turned sharp and the signal of the trimethylammonium 

protons (H) experienced a significant upfield shift of 2.8 ppm, 

indicating Ch+ was encapsulated in the shielding aromatic cavity 

of host 2. 2D NMR spectroscopy provided further evidence for 

the encapsulation by the clear 1H-1H NOE correlations between 

H of Ch+ and the phenylene protons (H2) of the linkers of L2 

(see Scheme 1 for proton numbering, Figures S2,S3). Among the 

other three tested guests, LC and GB showed no noticeable 

binding (Figure S4) and only ACh+ induced obvious changes 

though the resulted spectrum remained broad (Figure 2c), which 

is indicative of low symmetry of the host-guest complex. The 

proton signal of the trimethylammonium fragment (H) of ACh+ 

shifted upfield by 3.1 ppm, while the methyl protons of the acetyl 

group (H) showed a slight downfield shift ( = 0.1 ppm), 

implying that this “tail” group is positioned out of the shielding 

cage (Figure 2c). In both the cases of Ch+ and ACh+, the 

formation of one single host-guest species was confirmed by 

DOSY spectra, in which the diffusion signals of guests and host 2 

were lined in a same level (Figures S5,S6). 
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Figure 2. Stacking 1H NMR (acetone-d6/1.6% H2O, 400 MHz) 

spectra of host 2 (a) alone and in the presence of 1 equiv. of (b) 

ChCl, (c) AChCl and in coexistence of 1 equiv. of (d) ChCl, 

AChCl, LC and GB ( TBA+;  Ch+; ACh+). 

Competition experiments showed the spectrum of host 2/Ch+ 

was only slightly altered by the addition of one equiv. of 

competitors ACh+, LC and GB, indicating that host 2 is capable of 

selectively binding choline among the tested guests (Figure 2d). 

Titration experiments revealed that both Ch+ (Figure 3) and 

Ach+ (Figure S7) were bound in a 1:1 (host:guest) binding mode 

with intermediate exchange on the NMR timescale.17 For 

example, in the first step within the addition of 0-1 equiv. of Ch+, 

increasing amount of free host 2 was gradually bound by Ch+ as 

demonstrated by gradual shifting of its broad signals and became 

fully sharp and saturation when guest/host ration reached 1. 

Meanwhile, the methyl proton signal of Ch+ kept sharp and at 0.6 

ppm, indicating this guest ion is predominantly encapsulated in 

the cage of 2. In the second step when gradually increasing the 

amount of Ch+ from 1 to 5 equiv., the signals of host 2 showed no 

significant changes, while the H signal of Ch+ at 0.6 ppm turned 

broad until disappeared, implying that the excessive Ch+ guest 

ions stay out of the cage and induced intermediate exchange with 

the encapsulated ones.  

To quantitatively evaluate the selectivity of host 2 for Ch+ over 

ACh+, efforts were devoted to calculate the associate constants 

indirectly by competition experiments with a suitable guest as the 

reference, which should be with available associate constant and 

bind host 2 not much stronger than Ch+ and ACh+. With this in 

mind, three guest ions TMA+, TEA+ and TPA+ were screened by 

titration with host 2. TMA+ was observed binding in intermediate 

exchange (Figure S8-S10) and TPA+ showed no obvious binding 

(Figure S11). Fortunately, TEA+ is bound in fast exchange (Figure 

S12-S14), and the associate constant was calculated as K > 104 M-

1 (the limit for accurate determination using this method) by 

fitting the shift profile of CH3 proton to a 1:1 mode with 

WinEQNMR (Figure S15,S16).18 By taking TEA+ as a relative 

model, the binding constants of Ch+ and ACh+ were estimated as 

23.8 K(TEA+) and 1.2 K(TEA+) respectively (Table S3, Figure 

S17). The binding affinity of Ch+ is thus calculated as high as 20 

times of that of ACh+. To the best of  

 

Figure 3. Stacking 1H NMR (Acetone-d6/1.6% D2O, 400 MHz) 

spectra of complex 2 (TBA)6[(PO4)2(L)3] alone and in the 

presence of (equiv. is labeled by numbers) of ChCl. And the 

spectrum of free ChCl ( TBA+;  Ch+). 

our knowledge, no other artificial receptors have reached as good 

choline selectivity as presented by host 2. 

The DFT optimized structure of Ch+2 (Figure 4a and S18) 

demonstrates a surprisingly similar dual-site binding mode with 

that displayed by the crystal structure of Ch+ChoX (Figure 

4b).2b In site I of Ch+2, the aromatic cage is composed of six 

phenyl groups and the N∙∙∙centroid distances range from 4.349 to 

4.929 Å with an average of 4.684 Å, and in Ch+ChoX, the cage 

is surrounded by the aryl rings of three tryptophans and a single 

tyrosine residue (Trp43, Trp90, Trp205 and Tyr119) with 

N∙∙∙centroid distances ranging from 4.2 to 4.5 Å (av. 4.3 Å, purple 

dashed lines; for details see also Figure S19). In site II of Ch+2, 

the hydrogen bond shows an O∙∙∙O distance of 2.708 Å and 

O−H∙∙∙O angle of 168º. Correspondingly in Ch+ChoX, there are 

two hydrogen bonds with O∙∙∙O distances of 2.7 Å and 3.0 Å 

respectively (O−H∙∙∙O angles not available). The DFT optimized 

structure of the analogous ACh+2 (Figure 4c,S20)  

 

Figure 4. Guest binding sites I and II in (a) DFT optimized 

structure of Ch+2 and (b) crystal structure of Ch+ChoX 

(Protein Data Bank code 2reg),2b and (c) in DFT optimized 

structure of ACh+2. 
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displays a similar aromatic cage encapsulating the 

trimethylammonium head and the methyl protons of the acetyl 

group are extending out of the cavity which is consistent with the 

results demonstrated by 1H NMR (Figure 2c). In contrast to 

Ch+2, no hydrogen bond was formed in ACh+2 with the tail 

group. Overall, the binding of Ach+ is 2.8 kcal/mol weaker than 

that of Ch+ (Table S4). The N∙∙∙centroid distances in ACh+2 

were also measured as ranging from 4.279 to 4.855 Å with an 

average of 4.617 Å. 

In conclusion, we report a phosphate-coordination assembled 

triple helicate presenting an aromatic cage and dual binding sites 

mimicking the choline-binding protein ChoX. Experimental and 

DFT modeling results reveled that this structural similarity led to 

an unprecedented high selectivity towards choline over 

acetylcholine, L-carnitine and glycine betaine. This work 

demonstrates the promising applications of anion coordination 

chemistry in the assembly of artificial cages for recognition of 

positively charged biomolecules because of the biocompatible 

phosphate coordination center and well-defined complementarity 

of the cavity. It also highlights the attractive paradigm of 

developing selective receptors by learning from nature proteins. 

Experimental details, including synthesis, crystallography, and 

spectral data. This material is available free of charge via the 

Internet at http://pubs.acs.org.  
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ABSTRACT: This is the first report on the folding phenomenon of
pyridazinone and triazinone dimers (1−5) bridged through an alkyl chain.
Among them, direct evidence of conformational preference of 1, 2, and 5
was obtained through single crystal X-ray structures. However, prevalence
of folded conformations was analyzed through theoretical investigation.

In the 1970s the work started by Leonard for the use of
polymethylene bridges (in particular, the trimethylene

bridge) as synthetic spacers for examining repulsive and
attractive intramolecular interactions in purine and pyrimidene
bases1,2 has now been explored in supramolecular chemistry as
well as in medicinal chemistry.3−5 The intramolecular stacking
in propylene-bridged dimers has been reported in their solid
form and in solution.4,6−8 Despite this, the phenomenon of
stacking has not been clarified yet. However, Nishio et al. have
tried to unveil this mystery to some extent.9 Unlike rigid
molecules, such molecules are flexible and have many
conformational degrees of freedom. Consequently, the assess-
ment or prediction of the stability of a single molecule from
their crystalline state is a challenging task in crystal engineering
as it influences their properties.10 Desiraju, for instance, has
explored the role of weak interactions in the crystalline state of
supramolecular synthons and pharmaceutical materials.11−13

Nevertheless, research is the field of an immense paradigm to
improve a particular subject matter, and thus the illustration of
these remarks by new examples would be of paramount
importance. In this regard, we selected diaryl pyridazinone and
diaryl 1,2,4-triazinone as heteroaromatic core moieties because
these heterocycles are used for the synthesis of potential drug
candidates.14,15 Subsequently, the core moieties were bridged
through polymethylene spacers. To date, intramolecular

stacking in propylene-bridged purines, pyrimidenes, and
pyrazolo[3,4-d]pyrimidines has been studied in many sym-
metrical and in a few dissymmetrical compounds by X-ray
crystallography in the solid state. Unfortunately, intramolecular
stacking in an ethylene linker and in a butylene linker has not
been reported yet, either in the solid state or in their low-
energy conformation through computational studies.
In the present study, symmetrical dimers of diaryl

pyridazinone and diaryl 1,2,4-triazinone have been prepared
onto ethylene, propylene, and butylenes spacers. The starting
compounds I and II were synthesized by literature
methods.16,17 The procedure for the synthesis of compounds
1−5 has been outlined in Scheme 1. Out of the five synthesized
compounds (1−5), compounds 1, 2, and 5 were crystallized in
their folded conformers (Figure 1). Being flexible, these
structures have many stable conformers. Therefore, several
questions arise: (i) Why do crystal structures attain the specific
conformer? (ii) Do other stable conformers exist? (iii) Does the
adopted conformation correspond to the global minimum? We
have tried to address these questions by means of a theoretical
study.
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1,2-Diphenylethane, 1,3-diphenylpropane, and 1,4-diphenyl-
butane have been reported in their anticonformation in the
solid state, which indicates that phenyl rings have weaker
stacking interaction than the van der Waals (vdW) repulsion
between them.18−25 However, seminal work by Avasthi et al. in
flexible pyrazolo[3,4-d]pyrimidine core-based models indicates
that in the absence of strong intermolecular interactions, these
heteroaromatic systems adapt folded conformation (or gauche-
conformation by the linker) in their solid-state structure.4,26 In
contrast to pyrazolo[3,4-d]pyrimidine, diaryl pyridazinone and
diaryl 1,2,4-triazinone have much hindrance but strong acceptor
like CO and CN groups to facilitate the intermolecular
interactions.
Compound 1 was crystallized in the monoclinic crystal

system with the space group P21/c. The crystal structure
showed gauche-conformation on the ethylene linker and two
pyridazinone moieties in close proximity, but devoid of direct
π···π stacking. Both the crystal packing and conformation were
stabilized by C−H···O, C−H···N, and C−H···π interactions.
Quantitatively, a total of eight interactions (i.e., one C−H···O,
one C−H···N and six C−H···π) stabilized the folded
conformation, and eight interactions (i.e., one C−H···O,
three C−H···N and four C−H···π) stabilized the crystal
packing. On the other hand, compound 2 was crystallized in
the trigonal crystal system with the space group P31, but
ADDSYM suggested the P3121 space group, perhaps due to
the higher symmetry in the structure. For the sake of a clear
comparison, the geometrical parameter of compound 2 was
used as in the space group P31. Both C−C bonds in propylene
adopted the gauche-conformation, and the conformation was
stabilized by a total of nine intramolecular interactions (i.e., two
C−H···O, one C−H···N, five C−H···π, and one π···π);
furthermore, crystal packing was stabilized by a total 10
intermolecular interactions (i.e., two C−H···O, four C−H···N,
and four C−H···π). However, compound 5, whose geometry

and conformation are very similar to those of compound 2, is
crystallized in the monoclinic crystal system with the space
group P21/c. Being very similar to compound 2, compound 5
also shows a gauche-conformation on C−C bonds, and the
folded conformation is stabilized by a total of 10 intramolecular
interactions (i.e., two C−H···O, two C−H···N, five C−H···π,
and one π···π), whereas crystal packing is stabilized by a total of
nine intermolecular interactions (i.e., three C−H···O, two C−
H···N, and four C−H···π) [For details, see Table S2 for
intermolecular interactions and Table S5 for intramolecular
interactions in the Supporting Information].
In the crystallized systems 1, 2, and 5 Hirsfeld surface (HS)

analysis revealed that in all the molecules close contacts are
observed for C−H···O and C−H···N interactions, which is
confirmed with the location of red spots near the oxygen and
nitrogen atoms over the dnorm. Further, fingerprints indicated
that C−H···O and C−H···N interactions are shorter in
compound 1 than 2 which in turn are shorter than 3. The
percentage contribution of C···H interaction in compounds 1,
2, and 5 are 25.5%, 28.4%, and 21.1%, respectively. However,
the presence of prominent wings in the fingerprint of
compound 1 indicated that C−H···π interactions are more
significant in compound 1 than 2 and 5 [see Figure S11, S12
and Table S3 in Supporting Information].
The presence of hetero atoms in an organic molecule

increases the polarity of the system and therefore induces the
dipole−dipole interactions in their solutions either through
intramolecular or intermolecular interactions. Although the
molecules in solutions are free to move, the probability of
spending the time in attractive orientation is greater than the
repulsive orientation. Therefore, the supramolecular organ-
ization in solid structures obtained by various solvents used in
crystallization may deliver the specific orientation resulting
from the local alignment of molecular dipoles (Scheme 2). In

the selected systems intramolecular interactions might be more
effective than the intermolecular interactions. Therefore, dipole
moments and orientation of dipoles were calculated in each half
by removing the alkyl chains and adding the methyl group at
the connection positions (Figure S15 in Supporting Informa-
tion). Further, electrostatic potential (ESP) surfaces and overall
orientation of the dipole have been shown in Figure 3b,d,f.
Crystallographic evidence has suggested that diaryl pyridazi-
none in 1 and 2, and diaryl 1,2,4-triazinone in 5 are in an offset
face-to-face arrangement followed by a preferred gauche-
conformation on a polymethylene linker. In all these crystal
structures (i.e., 1, 2, and 5), intramolecular C−H···π
interactions lead over other polar interactions. If we talk
about the intramolecular dipole−dipole interactions, the
alignment of dipoles in each half of the molecules did not
show attractive orientation. Therefore, the stabilization of
folded conformation has been expected due to weak but

Scheme 1. Synthesis of Compounds 1−5

Figure 1. ORTEP diagram of compounds 1, 2, and 5. Thermal
ellipsoids are drawn at the probability level of 50%.

Scheme 2. Alignment of Dipoles Showing Attractive and
Repulsive Orientations
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extensive intramolecular C−H···π interactions (Table S5 in
Supporting Information). After complete analysis of molecular
dipole orientations, attractive and repulsive alignments of
molecular dipoles in the crystal packing were analyzed. Figure 2
shows the 2D packing of molecules (g, i, and k) in the crystal
lattice and array of overall molecular dipoles (h, j, and l). The
alignment of dipoles in crystal lattice of compound 1 showed
only antiparallel and attractive orthogonal orientations, whereas
compound 2 showed attractive colinear orientation in one
layer, parallel orientation in the second layer, and relative
orientation of the first and second layers was orthogonal to
some extent. However, orientation of dipoles in each layer of
compound 5 was antiparallel and relative orientation of dipoles
between two layers showed attractive colinear alignments. Since
the potential energy of the molecule plays an important role in
the observed prevalence of the conformation, it is difficult to
quantify, only on the basis of the solid-state structure, which
conformation is stable. To understand this energetic phenom-
enon, theoretical calculations have been performed. For this
purpose, acyclic rotatable dihedral angles (Φ) that are actively
involved to determine the molecular conformation have been
assigned in the crystal structures that are compared with their
optimized geometries (Table S4 in Supporting Information).
Our initial task was to explore the energy landscape by

analyzing the various conformers and their stability in
molecules 1−5. Therefore, we selectively picked 6−8 different
conformers from the trajectories of MD simulation that was
carried out in a vacuum up to 100 ps to allow the molecules to
attain the stable form (Figure S13 in Supporting Information
shows conformers 1−8 in of compound 1). The selected
structures were optimized with the DFT-D (BLYP-D3) method
using different basis sets (TZVPP and def2- QZVP), and their
stabilities were determined by comparing the energies of their
corresponding crystal conformers. To understand the nature of
the stability of the crystal conformers, different energies were
obtained by (i) optimizing only the hydrogen atom, (ii)

optimizing everything by keeping the valence angle and the
dihedral angle fixed, and (iii) complete optimization. The motif
of the crystal structures was not changed when only hydrogen
was optimized. This notion is supported by the fact that the
position of the hydrogen is not known. When all bond lengths
were optimized, then the motif could be changed. The
performance of the full optimization increases the chance that
the motif is modified. Yet it has been found that the
conformation remains unchanged after different optimization
steps with an almost zero RMSD (i.e., ∼0.01 Å) for the crystal
geometry. Therefore, completely optimized structures have
been taken as the premise.
The relative energies of different conformers have been

plotted in Figure 3, where crystal structures are marked as the
first conformer. For compounds 1 and 2 (plots a and b), one of
the optimized conformers selected from the trajectories is
energetically more stable than the conformation adopted in
their solid state. However, the energy differences between
optimized structures and most stable conformers are about 1−2
kcal/mol.
In the case of the 5, the crystal structure optimized to the

lowest energy conformer, but it is interesting to note the
possibility of another different stable conformer with an energy
difference of about 1 kcal/mol. These differences in energies
between the stable conformers cannot be neglected and needs
to be probed more. To account for it, we carried out a BLYP-
D3 calculation with a COSMO implicit solvent model using the
dielectric constant value of 5.0.27 Nevertheless, the calculations
neither yielded the global minimum energy conformers
corresponding to the crystal structures nor affected the overall
results. For the system 5, however, the inclusion of an implicit
solvent model reduced the energy of the stable conformer from
1 to 0.1 kcal/mol. This confirms the existence of another stable
conformer of system 5. The structural variation among crystal
structures (red), optimized structures (blue), and stable

Figure 2. Electrostatic potential (ESP) surfaces and orientation of dipole of compound 1 (a, b), 2 (c, d), and 5 (e, f) generated over optimized
structures. Representation of 2D crystal packing and array of corresponding dipole orientation for compound 1 (g, h), 2 (i, j), and 5 (k, l),
respectively.
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structures (green) can be seen in the overlay diagrams of
compound 1, 2, and 5 (Figure 3f,g,h).
Further, we wanted to verify these results with other

methods. Therefore, in the next step, the DFT-D optimized
stable conformers were taken and proceeded further to
calculate the energy differences at higher theoretical levels.
Using post-MP2 methods like MP2.5/CBS and the explicitly
correlated method MP2-F12,28−30 the results of these
calculations (Plots a, b, and e in Figure 3) clearly suggest
that, although the conformation adopted by the individual
molecules within the crystal structure is less stable (or
unstable), explicit interactions with the neighbors contribute
more toward their overall stability. Passing from DFT-D to
MP2.5, no changes in relative energies occur for any of the
systems.
Finally, we tried to estimate the amount of energy which

preserves the stability of the conformer. For that purpose, a
supercluster formed by 7−8 molecules, consisting of ∼500
atoms, was considered from the crystal packing and its energies
were calculated by applying the M06-2X method using SVP
basis set. Further, energy of a single molecule was calculated at
the same level. The difference in energies reflects the amount of

energy involved in the stabilization in the crystal formation.
The stabilization energies for crystal structures 1, 2, and 5 were
−13.2, −18.2, and −19.0 kcal/mol, respectively. However, the
comparison of the stability of optimized structures of analogous
series (i.e., 1 with 4 and 2 with 5) showed that system 4 is
∼8.89% more stable than 1, whereas system 2 is ∼8.69% more
stable than the 5. This revealed that in ethylene dimers diaryl
pyridazinone moieties are little constrained in the folded
conformation, while due to the absence of the nitrile group
diaryl 1,2,4-triazinone is relaxed. In contrast, diaryl pyridazi-
none with a propylene linker is relaxed and the folded
conformation of 2 was more stabilized due to intramolecular
C−H···N interactions in comparison to 5. Therefore, from the
calculations it is expected that system 4 will also adapt the
folded conformation when crystallized, whereas system 3 can
be crystallized in its low energy conformer (Figure S14c in
Supporting Information) but may have a different polymorphs.
In brief it can be concluded that folded conformation or U-

motif of alkyl chains can not only be adapted by linking the
planar heteroaromatics (i.e., due to π···π stacking), but also it
can be observed in crowded heteroaromatics due to the
presence of weak but extensive intramolecular C−H···π

Figure 3. Relative energy versus different conformers plots for compounds 1 (a), 2 (b), 3 (c), 4 (d), and 5 (e) calculated at different levels and in
different conditions (middle right color bar indicates the level and conditions). Overlay diagrams of crystal structures (red), optimized structure
(blue), and low energy conformer (green) for compounds 1 (f), 2 (g), and 5 (h).
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interactions. The evidence from single crystal X-ray structure of
compound 1 revealed that two pyridazinone moieties are in
close proximity, but devoid of direct π···π stacking (however,
supplemented by C−H···π interaction), while the ethylene
linker adapted the gauche-conformation. Similarly, in com-
pound 2 and 5 pyridazinone and triazinone moieties are in an
offset manner, and both C−C bonds in propylene linker
adapted the gauche-conformation. Theoretical calculations
revealed that the solid state conformation of individual
molecules is less stable, while explicit interactions in the
super cluster stabilized the conformation. In compound 5
another stable folded conformer was observed with an energy
difference of about 1 kcal/mol. Therefore, from our
experimental and theoretical observation, it is possible to
design the folded olegomers from pyridazinone and 1,2,4-
triazinone cores by linking with the polymethylene spacer.
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Lepsí̌k, M.; Holub, J.; Růzǐcǩa, A.; Hnyk, D.; Hobza, P. Angew. Chem.,
Int. Ed. 2014, 53, 10139−10142.
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