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Abstract

A combined experimental/computational study of cooperativity between halogen- (XB) and hydrogen
bonding (HB) is presented. The selenourea (SeU) has been chosen for its ability to act at the same
time as XB acceptor toward I(CF2)sCF3 (I11) through the two lone pairs on the selenium atom, and
HB donor to the benzoate anion through its two amino moieties. All the equilibrium constants have
been estimated using either diffusion NMR and NMR titrations techniques. Experimental results
demonstrate that the -NHz-anion interaction strongly enhances the Sel one of about one order of
magnitude (in terms of formation constant of the adduct), whereas DFT results rationalize such results
revealing that the presence of a HB between the benzoate and SeU strongly polarizes the latter,
enhancing the negative partial charge on the selenium and, consequently, its Lewis basicity and its

XB acceptor properties.

Introduction

The halogen bond (XB),%? which can be defined as the interaction between a Lewis base and a
polarized halogen atom, has recently become a powerful tool in many fields of chemistry, from
catalysis®>* to biochemistry,® but it plays a special role in the crystal engineering.®’ Indeed, we can
say that the “halogen bond adventure” officially started with the analysis of inter-molecular Br-O
distance in Brz/dioxane co-crystal,® in which this distance was less than the sum of the van der Waals
radii. Still today, the analysis of X-ray (co)crystal structure is probably the best way to determine
whether a XB is present or not.

But a crystal structure is determined by many different factors, and the possibility of an intermolecular
interaction between two monomers is not enough to guarantee the existence of a co-crystal with the
desired geometry: crystal packing, solubility and shape of the monomers are important factors, among

others, for the final result. Another layer of complexity is added when the same pair of units have
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multiple interaction sites and are able to establish different interactions, such as XB and hydrogen
bonds (HB).>! Indeed, depending on subtle details of the interacting units, XB and HB can compete
or cooperate each other,!

Moving from the solid state to solution*? has both pros and cons: the negative entropy of association
excludes very weak intermolecular interactions. But the results are more systematic, since mass
factors such as crystal packing are not present and only the molecular properties (beyond the
properties of the chosen solvent, of course) determine the structure of the adduct. Moreover,
quantitative studies are possible, allowing a more detailed and precise estimation of the cooperativity
or synergy, if present. The main experimental techniques employed so far are the titration,*® to
estimate the interaction energy, and the Job plot, to gain information about the stoichiometry of the
adduct, which are fast and easy to perform, but not entirely reliable.2* In order to better describe the
XB adduct in solution, it is important to use independent techniques that yield comparable
information from a different point of view, such as Nuclear Overhauser Effect-16-18 and diffusion-
151920 hased NMR techniques.?* The coupling of different techniques, in fact, makes the picture
clearer and more reliable.

Despite the impressive amount of literature devoted to the XB in solution, just a few papers quantify
the mutual influence between XB and other noncovalent interactions.???® In one of them, Resnati and
co-workers demonstrated that, using a neutral receptor able to bind at the same time an alkali cation
and a XB-acceptor (as iodide), the coordination of Na* was greatly enhanced by the presence of a
XB.23 In another recent case, a similar behavior has been observed for a crown ether containing a
iodo-triazole moiety: in this case the presence of a alkali metal in the crown ether makes the
iodide iodo-triazole interaction much stronger.??

Conversely, from the theoretical point of view, the cooperativity of XB or between XB and HB has
been studied many times,'°242° as there are fewer limitations about the quantification of very weak
interaction energies and bond lengths (as far as the correct level of theory®%3! is used); moreover,
various electronic analyses exist to get precious insight into the interaction and its contributions
(among others, Energy Decomposition Analysis,>* Charge Displacement®*3* and Atoms In
Molecule®).

In this paper, the cooperativity between HB and XB has been experimentally measured for selenourea.
The latter has been chosen for its two-face structure: it bears a Lewis base, the lone pairs on the
selenium atom, which can act as XB acceptor, two -NH2 groups, which can act as HB donors and,
importantly, there is an electronic “communication” between the two moieties through resonance

(Scheme 1).
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Scheme 1. Structure and assignation of molecular systems studied here. For the selenourea, the two

most important resonance structures are shown.

Experimental results demonstrate that the -NHzanion interaction strongly enhances the Sel
interaction by about one order of magnitude (in terms of formation constant of the adduct), whereas
DFT results rationalize such results revealing that the presence of a HB between the benzoate and
SeU strongly polarizes the latter, enhancing the negative partial charge on the selenium and,

consequently, its Lewis basicity and its XB acceptor properties.

Results and discussion

Experimental studies. In order to study the mutual influence between hydrogen and halogen bonding,
a molecular system containing both HB donor and XB acceptor groups is required, but many other
experimental conditions have to be carefully optimized. Generally, the association constants for a XB
adducts between two neutral species rapidly decrease as the polarity of the medium increases, even
if not for all the XB interactions.®” On the other hand, the presence of HB donor groups reduces the

solubility in apolar solvents, such as benzene and cyclohexane.
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B-S-1.

A convenient choice can be the selenourea (SeU) that possesses a a-diamino moiety, which is a
powerful HB donor, and two lone pairs on the selenium atom, which can act as XB acceptors.
Unfortunately, the solubility of SeU in benzene, cyclohexane and chloroform was too low to allow a
complete study. It can be brought into solution by establishing a HB with a soluble salt, such as
tetrabutylammonium benzoate (TBABzO), but the XB could not be measured without the presence
of the HB, as this study required. Indeed, the presence of perfluorohexyl iodide (11) does not improve
much the solubility of SeU in benzene.

Instead, acetone-d6 (e = 20.56 at 20°C) has been used, as the solubility of all the species (SeU,
TBAB:zO and I1) is satisfactory, but it is not so polar to make the XB unmeasurable. For a detailed
study, all the possible interactions should be evaluated (Scheme 2).

Since acetone is a solvent with intermediate polarity, the ion pairing process between benzoate and
tetrabuylammonium cannot be totally neglected,® as it can influence the hydrodynamic volume (Vu)
of the benzoate anion, which is an important parameter for the diffusion NMR studies. For this reason,
an evaluation of the ion pairing equilibrium constant of TBABzO (Kip) is necessary. In order to do
this, the best approach is measuring the trend of V4 of anion (VH) and cation (VW) with their
concentration by means of the diffusional Pulsed Field gradient Spin Echo (PGSE) NMR
technique.®®4% For a 2.5 mM solution of TBABzO, V4* and Vi result to be 470 and 270 A3,

respectively (Table 1). The former value is very close to the value for the naked cation (Vn©*),*



indicating that under these conditions ion pairing is negligible, therefore we can use these values to
calculate the hydrodynamic value of the ion pair (Vi®'?), which is (V1% + Vi®*) = 740 A3. At moderate
concentration (20.5 mM) Vi and Vi* are 388 and 548 A3, respectively, values that are between the
corresponding V1®"~ and Vx®'®, indication that just a portion of the ions are involved in ion pairs.
Finally, increasing the concentration up to 185 mM, Vu* and Vi result to be 760 and 579 A3,
respectively (Table 1). The fact that Vi > Vi~ likely indicates that a small amount of triple ions
containing two cations and one anion are present, which is not uncommon in acetone.*® Neglecting
the triple ions as first approximation, Kip can be roughly estimated from these data through the

literature method*! as 22 + 10 M1,

Table 1. Diffusion coefficients (D¢, 10"° m? s), hydrodynamic radii (r4*", A) and hydrodynamic
volumes (Vu*", A%) of TBABzO in acetone at different concentrations (C, mM).

C D D rv" v VW' VW

25 156 200 4.83 4.01 471 270

205 145 169 5.08 453 548 388

185 127 142 566 517 760 579

The benzoate anion is expected to be a good XB acceptor, since XB between an anion and a suitable
XB donor, as I(CF2)sCFs (11) is, can be strong also in polar solvents.*? The corresponding association
constant (Kxg1) can be conveniently measured through a standard °F NMR titration, keeping [11]
constant and monitoring the chemical shift of the -CF2I moiety (3qr) as a function of [BzO-]. Figure
1 shows the results and &.r passes from -65.1614 to -77.0226 ppm as [BzO"] passes from 0 to 74.7
mM, respectively ([11] = 22.6 mM). The fitting of the experimental data leads to a Kxg1 =159+ 7 M"
1 (AG® = -3.0 kcal/mol).

£33+

L ]
-56-1 .
a
T
& -694 .
&
: a
: -T2~ %
-
.
-75- -
o
.
78 T T T \
0.00 0.02 0.04 0.06 0.08

[TBABzO] (M)



Figure 1. Trend of the chemical shift of the a-fluorine nuclei (-CF2l) of 11 (C = 22.6 mM) with
[TBABzO]. The solid line represents the best fit, with the limit value of dqr (fitted) =-78.39 £ 0.11
ppm and Kxg1 = 159 + 7 M,

For the measurement of Kxg2 between SeU and 11, the situation is more complicated. In fact, [SeU]
cannot be varied as freely as [BzO], because of its low solubility. One could think to keep constant
[SeU], vary [11] and analyze the trend of dnn (*H NMR titration), and, indeed, 11 has an effect on Sn.
When [I1] = 0 the signal due to the NH> moiety is a broad singlet, while at high concentrations of
[11], two broad and overlapping signals appear (NH* and NHP®, see Scheme 1 and Figure 2).
Unfortunately, the small variation of dnn and the broadness of the signals do not allow an accurate
measurement of Kxg. For this reason, the PGSE NMR technique has been used instead of the NMR
titration. In particular, ViS¢V has been monitored at different values of [11] and it goes from 181 to
384 A3 when [I11] = 0 and 931 mM (Table 2), respectively. Since Vi°(11) = 220 A3 the
hydrodynamic volume of the SeU-11 adduct is 181 + 220 = 401 A3. Analyzing the trend of VSV vs.
[11], Kxg2 can be estimated. Fitting the experimental data with the 1:1 model, Kxg2 results to be 5.0
+ 0.8 M (Figure 2) but the absence of a clear plateau at high concentrations of [I1] can be an
indication that a second molecule of 11 can bind the selenium through the second lone pair of the
latter (adduct S-21, Scheme 2).1° Using the 1:2 model with Kxg2= 4.4 +0.2 M (AG® = -0.88 kcal/mol)
and Kxgs.= 0.19 + 0.03 M (AG® = 0.98 kcal/mol), the quality of the fit sensibly improves, even if
considering a 10% of uncertainty on the hydrodynamic volumes, both the models could be acceptable
(Figure 2).
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Figure 2. a) Stacked 'H NMR spectra of solutions containing SeU (16 mM) and increasing amounts
of 11 (from bottom to top: 0, 19, 82, 209 and 460 mM, solvent: acetone-d6); b) Experimental



hydrodynamic volume of SeU (C = 16 mM) at different concentrations of 11. The two lines represent
the best fits obtained with the 1:1 model (solid red line) or the 1:2 (dashed blue line).

Table 2. Diffusion coefficients (D¢, 10" m? s), hydrodynamic radii (r4*", A) and hydrodynamic
volumes (Vu*", A%) of SeU in acetone-d6 at different concentrations of [11] (C, mM).

C D¢ My VyseY

0 24.4 3.51 181

19 234 3.62 199

82 21.7 3.80 230

209 19.6 4.08 283

460 17.8 4.36 347

931 17.0 451 384

The HB between SeU and BzO- is expected to be very strong because of the perfect geometrical
matching between the carboxylate moiety and the HN-C-NH fragment. And, indeed, such interaction
has been extensively used and studied.***** As in the case of S-I, the broad signal due to the four NH
moieties decoalesces into two broad signals in the presence of BzO . In this case, the effect is much
larger (from 7.26 to 11.31 ppm and from 7.26 to 6.55 for NH® and NHP, respectively, Figure 3), the
signals are narrower and dnn can be used for a *H NMR titration. The large differentiation of NH?
and NHP® is due to the fact that in the B-S the amine groups cannot rotate as rapidly as in the isolated
SeU. Nonetheless, the exchange between NH? and NH? is still too fast to be measured by *H EXSY
NMR.

The fitting of the experimental data leads to a Kug of 1582 + 300 M (AG® = -4.4 kcal/mol), if Snma
is used, or 1312 + 700 M, if Snwb is used. Kus is sensibly stronger than the previously determined
halogen bonding association constants. This means that if all the species are in solution, BzO- will

tend to saturate the SeU, firstly, and then, if still available, it will interact with I1.
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Figure 3. a) Stacked 'H NMR spectra of solutions containing SeU (64 mM) and increasing amounts
of TBABzO (from bottom to top: 0, 2.3, 9.2, 17.4, 28.2 and 63.4 mM, solvent: acetone-d6); b) trend
of the chemical shift of the NHs of SeU (C = 64 mM) with [TBABzO]. The solid line represents the
best fit, with the limit value of dnra (imposed) = 11.31 ppm and Kyg (fitted) = 1582 + 335 ML,

Now that all the two-components interactions have been characterized, the three-components XB,
involving TBABzO, SeU and 11 can be faced. As underlined before and as it was expected, Kng >>
Kxgz1, therefore mixing the three components together will firstly lead to the formation of B-S (BzO"
+ SeU), which, in its turn, can interact with 11 giving B-S-1. But, also in this case, the method to
measure the value of Kxgs requires a careful analysis of the system. Firstly, whichever experimental
parameter will be followed, it is evident that the only practical way to perform a titration is to keep
constant [B-S] and increase [I11]; secondly, the ideal parameter should be involved only in the species
B-S and B-S-1, in order to avoid complex fitting procedures.

Considering the values of all the formation constants previously measured, a convenient strategy is
to use an excess of TBABzO with respect to SeU and increase [I1]. In such a way, given the large
value of Kug, it can be assumed that practically all the molecules of SeU will be involved in B-S. The
excess of BzO™ will be partially present as free ions, partially involved in ion pairs and partially
involved in B-l. This makes any property related to BzO- too complex to be used. Similar
considerations can be applied to 11: either in excess or defect, its tendency to associate with either
free BzO- and B-S makes its properties (V1 and d4r) hardly usable to extract information about the
Se I interaction.

The only other chemical species is SeU, which is present only in B-S and whose properties can be

monitored at different values of [11], and the use of V5V is the most convenient strategy.*®



Given the structure of the selenourea, VeV can be evaluated only using the NH peaks, but the
intensity of the latter does not decrease monoexponentially with the squared gradient of the magnetic
field (G?), as it generally is (see Experimental Section and Supporting Information). Rather, the trend
is biexponential, indication that the peak contains information about two chemical species which
exchange each other but not so rapidly to give a monoexponential decay. For example, for a solution
containing SeU (32 mM), TBABzO (74 mM) and 11 (16 mM), the PGSE NMR experiment gives
two diffusion coefficients for NH?, 12.5* 10" and 57.5 * 10"° m? s, The former is compatible with
a B-S-containing adduct (the Dy(B-S) when [11] = 0 mM is 14.5 * 1071° m? s°1), while the latter refers
to a very small species, even smaller than the solvent (the D: of pure acetone-d6 is 42.6 * 109 m? s°
1. The only plausible species is water, and, indeed, performing a *H EXSY NMR (Figure 4), is
confirmed that NH? is in exchange not only with NH®, because of the rotation of the C-N bond of the
selenourea, but also with water, whose peak is severely broadened and located at 4.11 ppm (with [11]
= 0 mM, 6(H20) = 3.35 ppm and the peak is less broad, in the absence of other species in solution,

d(H20) in acetone is around 2.83 ppm).
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Figure 4. Section of the *H EXSY spectrum of SeU+TBABzO+11 (acetone-d6, T = 298 K, mixing
time 400 ms).

Focusing on the lower value of D; derived from the biexponential fit of the PGSE data (see Supporting
Information), VuSeY increases from 536 to 789 A3 for [11] = 0 and 248 mM, respectively (Table 3).
Considering that the expected hydrodynamic volume of B-S-I is 536 + 220 = 756 A%, a volume of
789 A® indicates that, as for SeU + 11 (Figure 2), 1:2 stoichiometry could be taken into account.



Table 3. Diffusion coefficients (D¢, 10" m? s1), hydrodynamic radii (ra*", A) and hydrodynamic
volumes (Vi*", A%) of SeU in acetone-d6 at different concentrations of [11] (C, mM). [TBABzO] =
72 m.

C Dt Iy VyseY
0 14.5 5.04 536
16.0 13.9 5.25 606
30.0 13.5 5.37 649
52.8 13.2 5.50 697
248 12.5 5.74 792
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Figure 5. Experimental hydrodynamic volume of SeU at different concentrations of 11. The solid line
represents the best fit obtained with the 1:2 model, Kxgs = 65 + 3 M%; Kxgsp = 1.3 £ 0.3 ML,

Fitting the values of V%Y vs. [11], Kxgs results to be 65 M (AG? = -2.5 kcal/mol) and Kxgsp 1.3 M-
1 (AG® = -0.15 kcal/mol, Figure 5), which are one order of magnitude larger than Kxgz and Kxazp (4.4
and 0.19 M, see Figure 2), revealing a nice reinforcement effect between the two interactions. In
terms of free energy, the interaction between the selenium and the first molecule of 11 is boosted
three-fold with respect to the situation without the HB (from 0.88 to 2.5 kcal/mol) whereas the free
energy between the selenium and the second molecule of 11 becomes negative instead of positive,
indicating that now even the 1:2 adduct is thermodynamically favored.

In the next section, different theoretical tools will be used to shed light on the origin of such effect.

Computational studies. The adducts experimentally evidenced have been optimized by using the

BP86 D3 functional and the energies of the optimized geometries have been successively evaluated



by the M062X functional and the same basis set, which already proved to be a good choice for XB
adducts.*® To save computational resources, the fluorinated chain has been substituted with a single
-CF3 moiety.

As shown in Table 4, the solvent-corrected interaction energy (gas-phase values can be found in Table
S3, Supporting Information) between SeU and ICFs (Im) is -11.3 kcal/mol, whereas between SeU and
BzO' is, as expected, stronger (-15.6 kcal/mol) and the interaction energy between BzO™ and ICFs is
-9.8 kcal/mol (Table 4).

Table 4. Interaction energy (in kcal/mol), thermodynamic parameters and bond lengths (in A) for the
different adducts at M06-2X/aug-TZVP//BP86-D3/aug-TZVP level (solvent taken into accout using
the PCM model). The parenthesis indicate that the interaction energy is referred to the pre-formed
binary adduct rather than the three isolated components.

Adduct AE AH* AS* AG? C-Se C-N

SeU - - - - 1.830 1.366
S-Im -11.3 -11.0 -10.3 -0.75 1.855 1.351°
B-S -15.6 -175 -141 -1.75 1881 1.344

B-Im -98 -96 -132 359 - -

B-S-Im -28.2 -30.0 -29.3 -0.73 1.903 1.334°
(B-S)-Im -126 -125 -135 1.03 - -

B-(S-Ilm) -169 -19.0 -19.0 0.03 - -

3 Calculated at 298 K; ® Averaged between the two CN bonds

For the three-body adduct B-S-Im, the total interaction energy (with respect to the three isolated
components) is -28.2 kcal/mol (AG = -0.73 kcal/mol), whereas, with respect to the pre-formed B-S
and the isolated Im, it is -12.6 kcal/mol, which is larger than the interaction energy for S-Im (-11.3
kcal/mol) The ratio between the two energies is 1.12 and this is an useful parameter to indicate the
magnitude of the synergetic effect.*® Therefore, the presence of a reinforcing effect of HB on XB is
confirmed also theoretically.

Interestingly, a similar effect can be observed using as reference the pre-formed S-Im and the isolated
B: the interaction energy is -16.9 kcal/mol, larger than the interaction energy in B-S (-15.6 kcal/mol).
In this case the ratio is 1.08, again larger than 1 (reinforcing effect), but smaller than in the previous
case, indication that the synergetic effect of the HB on the XB is larger than that of the XB on the
HB.



In order to establish whether the reinforcing effect can be really considered cooperative, the
cooperativity energy can be calculated from the data listed in Table 4. They can be defined as in the
literature, using Eq. (1).¢

Ecoop = EB-s-im— EB-s — Es-im— EB-im 1)

where Eg-s.im IS the interaction energy of the optimized ternary adduct B-S-Im, Eg-s and Es.im are the
interaction energies of the optimized binary adducts B-S and S-Im, respectively, and Eg.im is the
energy of the non-optimized binary adduct B-Im, in the geometry they have in the ternary adduct but
in the absence of the S moiety. Ecoop results to be -4.2 kcal/mol and the negative sign confirms the
cooperativity between the two weak interactions.

The length of the C-Se bond seems to be a probe that is sensitive to the presence and magnitude of
weak interactions: starting from 1.830 A (isolated SeU), it increases to 1.855 A when the selenium is
involved in a XB with Im, to 1.881 A when the benzoate establishes a HB with the NH-C-NH moiety
of SeU and to 1.903 A when both the interactions are present, showing also in this sense a nice
cooperativity.

The C-N bond length, on the other hand, reacts in the opposite direction, as it shortens from 1.366 to
1.345/1.357 A for the isolated SeU and the S-1m adduct, respectively (the C-N bond that points toward
the ICF3 is more sensitive than the other, likely for electrostatic reasons). A similar effect is given by
the HB with the benzoate (C-N = 1.344 A) and the combination of the two effects is, again,
cooperative (C-N = 1.331/1.337 A). It appears evident that weak interactions modify the relative
importance of the two resonance structures of SeU (Scheme 1). In particular, both, the HB and the
XB increase the importance of the ionic structure.

Natural Population Analysis (NPA) charges, NBO second-order perturbation theory interaction
energy analysis and the Mayer bond orders*’ (Table 5) are coherent with the framework described
above. In particular, the negative charge on the selenium atom decreases from -0.249 to -0.218 e for
SeU and S-Im, respectively, indication that the selenium is donating electronic charge to the iodine
(XB), and the C-Se bond order (ncse) decreases from 1.70 to 1.48 for the same systems, confirming
that the C-Se bond becomes more similar to a single bond as the XB is established, as already noted
discussing the C-Se distances. The strength of the donor-acceptor (D — A) interaction between the
lone pair of the selenium and the c* orbital of the C-1 bond, E®(Ipse — *ic), amounts to 25 kcal/mol
in the S-1m adduct (more E®@ values can be found in the Supporting Information). For the diamino

moiety, nc slightly increases from 1.20 to 1.25 as a consequence of the XB, confirming the existence



of an electronic communication between the two moieties. Interestingly, the Mayer bond order for
the Se1 bond is 0.22.

In the case of B-S, ncse decreases down to 1.432 and Qse is -0.484 e: the HB between the benzoate
and the selenourea polarizes the latter and makes the selenium more negatively charged and,
consequently, a better XB acceptor, coherently with the experimental and theoretical results about
the XB energy. The effect of the HB on ncn is quite large and the latter increases up to 1.32.

Finally, combining the two interactions (B-S-Im adduct), gse becomes -0.325 e, lower than in the case
of B-S because of the Se — I charge transfer, whereas Ncse decreases down to 1.25 and nsel becomes
0.40, almost twofold larger than in the case of S-Im. Coherently, E@(Ipse — o*ic) is 50.9 kcal/mol,

twofold the energy calculated in S-Im. Conversely, ncn is 1.36, even larger than in the case of B-S.

Table 5. NPA charges (g, in e), second-order perturbation stabilization energies (E®, in kcal/mol)
for the D — A NBO interaction Ipse — o*ic and Mayer bond order (n) for the different adducts at
MO06-2X/aug-TZVP//BP86-D3/aug-TZVP level.

Adduct  Qse gv  E@® ncse nen®  Nsel
SeU -0.249 -0805 - 1.70 120 -
S-lm  -0.218 -0.791 25.0 148 125 0.22
B-S -0484 -0.823 - 143 132 -

B-S-Im -0.325 -0.809 509 125 1.36 0.40

aAveraged value between the two CN bonds.

Other D — A NBO interactions (see Table S4, Supporting Information) are interesting to be discussed:
1) E®(Ipo — o*n1), which describes the HB between the benzoate and the selenourea, passes from
13.5 to 20.8 kcal/mol for B-S and B-S-1Im, respectively, highlighting again that the influence is mutual
and the presence of the XB enhances the HB strength, even if on a smaller degree;

2) E@(Ipi— o*nn),which describes an additional component of the SeU-Im interaction consisting in
a weak HB between the lone pair of the iodine and the amino moiety of SeU. Such component is 4.51
for S-Im, but only 1.80 kcal/mol in B-S-Im, likely because the amino moiety, which is already

interacting with the benzoate anion, is less prone to form a second HB (HB/HB anti-cooperativity).

Conclusions
In this work a combined experimental/theoretical study on the cooperativity between hydrogen- and
halogen bond is presented, using the selenourea as case of study and making it interact with a HB-

acceptor, as the benzoate anion, and a XB-donor, as 11. Considering all the species involved,



including the cation of the benzoate, many equilibria coexist in solution, but varying and optimizing
the experimental conditions, all the constants can be estimated through *H or F NMR titrations or
PGSE NMR experiments. The results evidenced that the interaction between the benzoate and the
amino groups of the selenourea makes the interaction between the selenium and the iodine of 11 much
stronger (AG® from -0.88 to -2.5 kcal/mol in the absence and presence of the benzoate, respectively).
Not only, but also the interaction with two molecules of 11 is favoured by the presence of the salt,
with the corresponding AGP value that passes from positive to negative, from 0.98 to -0.15 kcal/mol.
Theoretical investigations reproduced the experimental trend and the cooperativity between the two
interactions. More importantly, the C-Se and C-N bond orders, estimated either from the bond length
or through the Mayer parameter, revealed to be probes sensitive to the presence of weak interactions:
both the XB and HB have the same effect of decreasing ncse and increasing ncn. NPA charges
corroborate the same hypothesis, with gse going from -0.249 to -0.484 e in the isolated SeU and in
the BzO-SeU adduct, respectively, whereas the energy of the D — A interaction between the selenium
and the C-1 bond doubles up when a HB is present.

Therefore, the presence of a HB acceptor close to the amino group of SeU polarizes the latter, making
the resonance structure in which the selenium is negatively charged more important and, consequently,
enhancing the Lewis basicity and the XB acceptor properties of the selenium. The NBO analysis also
allowed to estimate the strength of an additional, weak HB between the iodine and the NH, but this
contribution is depressed by the presence of the benzoate.

The results presented here allow to better understand the basic mechanism of cooperativity between
different interactions and will contribute to the rational design of supramolecular systems for specific

goals in solution, as anion sensing and weak interactions-aided catalysis.

Experimental section

All solvents and chemicals were purchased from Sigma-Aldrich and Cortecnet at the highest purity
available and used as received. 1D and 2D NMR spectra were measured at 298 K on a Bruker DRX
Avance 400 spectrometer equipped with a BBFO probe. Referencing is relative to residual of
undeuterated solvents (*H) and CCIsF (*°F).

Diffusion NMR. *H diffusion NMR measurements were performed by using the double-stimulated
echo sequence with longitudinal eddy current delay at 298 K without spinning.*® The dependence of
the resonance intensity (1) on a constant waiting time and on a varied gradient strength G is described

by the following equation:

In (1/10) = (y0)*Dy(A — 6/3)G?



where | is the intensity of the observed spin echo, lo the intensity of the spin echo in the absence of
gradient, D¢ the self-diffusion coefficient, A the delay between the midpoints of the gradients (0.2 s),
d the length of the gradient pulse (4 ms), and y the magnetogyric ratio. The shape of the gradients was
rectangular, and their strength G was varied during the experiments.

The self-diffusion coefficient D, was estimated by evaluating the proportionality constant for a
sample of HDO (5%) in D,O (known diffusion coefficients in the range 274-318 K*°) under the exact
same conditions as the sample of interest. The solvent or TMS was taken as internal standard. The
hydrodynamic volume of the species has been calculated from the experimental value of D; through
the procedure previously described.

IH EXSY NMR. For EXSY NMR spectra, the noesygpph sequence has been employed,>°? at 298
K without spinning. The mixing time was 0.6 s.

Computational Details. All the geometries were optimized with ORCA 3.0.3,% using the BP86 5+
functional in conjunction with an augmented triple- quality basis set. The dispersion contribution
were taken into account using the Grimme D3 correction with Becke-Jonhson damping to the DFT
energy.>® The energies of the optimized geometries have been successively evaluated by the M062X
functional®” and the same basis set. The solvent (acetone) has been taken into account using the
COSMO solvation model.® All the structures have been confirmed to be local energy minima (no
imaginary frequencies). Thermodynamic properties have been computed at the aug-TZVP/BP86-D3
level of theory and calculated at 298 K. Zero point energy corrections are included. NBO analysis has

been performed using the NBOG suite of software.>®
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