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Abstract: In the last 20 years, a huge amount of experimental results about halogen bonding (XB)
has been produced. Most of the systems have been characterized by solid state X-ray
crystallography, whereas in solution the only routine technique is the titration (by using 'H and °F
NMR, IR, UV-Vis or Raman spectroscopies, depending on the nature of the system), with the aim
of characterizing the strength of the XB interaction. Unfortunately, the titration techniques have
many intrinsic limitations and they should be coupled with other, more sophisticated techniques to
have an accurate and detailed description of the geometry and stoichiometry of the XB adduct in
solution. In this review, it will be shown how crucial information about XB adducts can be obtained
by advanced NMR techniques, as Nuclear Overhauser Effect-based Spectroscopies (NOESY,
ROESY, HOESY ...) and diffusion NMR techniques (PGSE or DOSY).

Keywords: Halogen bonding; supramolecular chemistry; NMR spectroscopy.

1. Introduction

The attractive interaction between halogen atoms and nucleophilic species (hereafter called
“halogen bond” or “XB”) attracted the attention of chemists since 1954, when Hassel discovered that
the Br-O distance in the 1:1 adduct between Br and dioxane was only 2.71 A, smaller than the sum
of the corresponding van der Waals radii (3.35 A). [1] The adduct was immediately recognized as a
charge-transfer pair, [2] but the details of the interactions were largely unknown. Nowadays, a huge
body of experimental and theoretical data [3] have been collected, producing a detailed knowledge
of the XB interaction and making it a routinely used tool in many fields of chemistry.

In 2013, the International Union of Pure and Applied Chemistry (IUPAC) released a definition
for XB, stating that “A halogen bond occurs when there is evidence of a net attractive interaction
between an electrophilic region associated with a halogen atom in a molecular entity and a
nucleophilic region in another, or the same, molecular entity”.[4] The easiest way to evidence a net
attractive interaction is to measure the interatomic distance, as Hassel did in 1954, between the
halogen and the nucleophile in the solid-state. For this reason, X-ray crystallography is the main
technique used to characterize halogen-bonded adducts. The large amount of structures produced
allows many interesting contributions based on the analysis of structural databases. [5] And, indeed,
most of the applications of XB are in the materials science: porous systems, [6] liquid crystals, [7]
light-emitting materials [8] and magnetic materials [9] are only some applicative fields fruitfully
explored with XB-based materials.

More recently, XB found applications also in solution, mostly for anion recognition [10] and
catalysis, [11] with the difference that structural characterization in solution is much more
complicated than in the solid state, since most of the experimental techniques are less “direct” than
X-ray crystallography. The general method, in the case of an intermolecular interaction, is to monitor
a property of the system, which often (but not necessarily) is a spectroscopic observable, in the
absence and the presence of that interaction. In most cases, information are derived under the
hypothesis that the entire effect on the observable is due to the interaction in exam.
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For example, the most used technique for the characterization of XB adducts in solution, is the
titration. [12] It can be performed by using any NMR-active nucleus of the pair (generally 'H or “F
for their high sensitivity and favorable isotope abundance), even if depending on the nature of the
system also Raman, IR and UV-Vis spectroscopies [13] can be used. [14] But the underlying
assumption is the same: the effect of the increasing concentration of one component on the chosen
property (NMR chemical shift, IR absorption frequency or whatever) of the second component is
supposed to be entirely due to XB. But if two different kind of adducts were present in solution, one
held by XB and the other by a different weak interaction, the disentanglement of the two effects on
the experimental data would not be straightforward.

Another critical issue of titration is the stoichiometry of the adduct: each kind of stoichiometry
(1:1, 2:1 and so on...) requires a different equation for the fitting of titration data, but it can happen
that more than one equation satisfactorily fit experimental data, leaving the question to the decision
of the user. A partial solution to the problem is the use of the Job’s plot, but it is not entirely reliable.
[12,15]

In both cases, for the structure and the stoichiometry of the adduct, assumptions are generally
made on the basis of common sense, or, if the solid-state structure is available, it is just assumed that
in solution the adducts have the same structure/stoichiometry. Given the importance of a correct,
detailed and accurate characterization of XB adducts, especially when applications in solution are
involved, more sophisticated tools should be employed and coupled to classical titrations, to have a
thorough description of the system. Supramolecular chemistry often took advantage of advanced
NMR techniques, [16] especially Nuclear Overhauser Effect (NOE)-based NMR spectroscopies [17]
and diffusion NMR techniques. [18] The former allows (i) to verify the presence of an adduct (or a
particular conformation for intra-molecular interactions) just by detecting a NOE between the nuclei
of one fragment with the nuclei of the other one and (ii) to gain information on the relative orientation
of the two fragments in the adduct; in a complementary way, the latter allows the direct measurement
of the hydrodynamic volume (VH) of the species in solution, and, therefore, revealing if and how
much a single species is involved in the formation of supramolecular adducts. Such advanced NMR
techniques are, surprisingly, not routinely used in the characterization of XB adducts, but when they
are employed, crucial information on the behavior of the XB donors and acceptors in solution can be
derived, allowing the correct interpretation of other experimental data (titrations, for example).

In this review, after some examples on the application of 1D NMR techniques, the basic
principles of NOE-based spectroscopies and diffusion techniques will be briefly presented, whereas
the second part will show how informative and useful they can be, through the critical discussion of
a selection of recently published papers.

2.1D NMR techniques: applications

Most of the XB systems studied by solution NMR just take advantage of standard 1D NMR
techniques, as the measurement of the chemical shift of in different solvents or in the presence of
increasing concentration of another component (titration or Job’s plot). And, indeed, the amount of
information that can be extracted just by this reliable, fast and simple technique is impressive.
Already in 1979, Bertran and Rodriguez used '"H NMR spectra to demonstrate the presence of XB in
solution, [19] using the difference of dc in cyclohexane (a very weakly interacting solvent) and in the
solvent of interest. Interestingly, very good correlations arose from the results of iodo- and
bromoform, whereas the correlations between the results of iodo- and chloroform were poor. This
was likely due to the weakness of the chloroform/solvent XB and to the strength of
chloroform/solvent hydrogen bonding (HB).

Similarly, Metrangolo and Resnati, compared the XB interaction between halogenated hydrocarbons
and different solvents by means of ’F NMR spectroscopy, [20] measuring for each solvent the value
of Ad-cr2x, which is the difference between the chemical shift of the fluorine in the -CF2X moiety in
pentane and in the solvent of choice. Results show that the interaction depends on the nature of X
(Ad-crar > Ad-crzsr > Ad-craci) and the solvent, that Ad-crzr decreases passing from primary to tertiary
amines and that regarding pyridine derivatives, the methyl groups in positions 2 and 6 decreases Ad-
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cr2t with respect to the unsubstituted pyridine, likely due to the steric hindrance, whereas electron-
donating (withdrawing) groups in position 4 tend to increase (decrease) Ad-crar.

Clearly, also other nuclei can provide useful information, especially in those cases in which there are
no hydrogen or fluorine nuclei close to the interaction site, or their response is too little to be accurate.
Erdelyi and coworkers demonstrated the applicability of YN NMR spectroscopy, which is useful for
medium/strong XBs, [21] but is not accurate enough for weak ones (in particular, pyridine and para-
substituted halobenzenes); [22] on the same topic, Philp and coworkers demonstrated that in the case
of a iodotriazole having a pending pentafluorophenyl moiety, the 1°F d is almost insensitive to the
addition of a pyridine, making the titration unsuccessful, whereas monitoring the chemical shift of
the nitrogen in the pyridine at increasing concentrations of the iodotriazole (through the 'H-'>N
HMBC 2D NMR technique to shorten the acquisition time) led to the determination of the association
constant (Ka); [23] on the other hand, Goroff and coworkers demonstrated the usefulness of 3C NMR
spectroscopy, and, analyzing the spectra of two iodoalkynes, [24] showed that the frequency of the
a-carbon is not strictly correlated to the polarity of the solvent, but to the solvent basicity.

The analysis of *C NMR spectra led also to another interesting result: in a paper by Wang and
coworkers, published in 2012, the authors analyzed the trend of 3C NMR 0 of CsF5X (X = Cl, Br) with
the concentration in different solvents, concluding that in some cases XB is not the only weak
interaction active in solution. [25] Indeed, depending on the nature of X and of the solvent, also a
competitive lone pair-mt interaction is possible, favored by the electronic depauperation of the
aromatic ring due to the presence of the fluorine atoms. [26]

It is also noteworthy that nuclei different than 'H are of fundamental importance in solid-state NMR
studies on XB. [27]

For quantitative information, as said in the Introduction, '"H and ’F NMR titrations are generally very
useful. For example, Cabot and Hunter published a systematic study on the values of Ka for many
ICéF13 (I1)-B XB adducts, [28] where B is a Lewis base, as tri-n-butylphosphine oxide, an amine or
pyridine, in three representative solvents: benzene, CCls and chloroform. Notably, in the latter, log
Ka is positive only when B = quinuclidine, 1,4-diazabicyclo[2.2.2]octane (DABCO) or piperidine,
indication that the XB between neutral species is generally measurable only in apolar solvents. In the
case of anionic XB acceptors, Ka can be large also in polar solvents. [29] The implicit approximation
of all the titrations is that the entire effect is due to XB, while, as said before, other non-XB adducts
can be present. Obviously, this is especially important for weaker XBs, for which the approximation
is less acceptable.

Another 1D NMR technique that is used in the characterization of XB in solution is the Job’s plot.
Such technique is often used in supramolecular chemistry to elucidate the stoichiometry of an adduct
and it is based on the concept that the concentration of a DmAn complex is at maximum when the
[D]/[A] ratio is equal to m/n. Unfortunately, this method is reliable under two conditions: (i) DmAn is
the only adduct present in solution and (ii) the two components do not self-aggregate. [12,15]
Sometimes, if the X-ray structure of the adduct is available, it can be assumed that the stoichiometry
in solution is the same, but this assumption is not always safe (see later). Clearly, an accurate
determination of the stoichiometry is always desirable, since the equation used to fit the experimental
data of a titration depends on the stoichiometry of the adduct. In principle, titration data could be
fitted with many equations and the stoichiometry could be decided on the basis of the goodness of
the fitting results, but, especially for many-body adducts, it is possible that more than one equation
satisfactorily fit the data, leaving the final decision to the user. In some cases, it is difficult to find a
binding model that fits the experimental data, because of a non-conventional trend of the data, as in
the case of sulfate in ref. [30]

Many of the potential problems exposed up to now can be solved by combining 1D NMR techniques
with advanced NMR ones, as the next chapters will elucidate.
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3. Advanced NMR techniques: theory

3.1. Nuclear Overhauser Effect

The nuclear Overhauser effect (NOE) arises from the dipole-dipole interaction between NMR-
active nuclei, and it depends on the competition between multiple- and zero-quantum relaxation
mechanisms. [31] If we consider two not scalarly-coupled spins, namely I and S, separated by the
distance r1s, they have four energy levels, according to the spin states of the two spins (aa, af3, fa and
BP). The rate constant for the transition between the aa and the {3 states is denoted Was (the “2”
indicates it is a double-quantum transition), whereas the rate constant for the transition between the
af and the Ba states is denoted Wois (the “0” indicates it is a zero-quantum transition). The difference
between Was and Wars is called cross-relaxation rate constant and it is generally abbreviated with the
symbol ois. The basis of NOE is given by the Solomon equation (Eq. 1).

LD = Ry = 1°) — 0y5(S — $©) Eq.1

where the apex “0” indicates the equilibrium state, Ri is the self-relaxation rate constant of the
spin [ (the sum of all the possible rate constants W) and the transition between I (or S) and 2IS are
neglected (formally, A1 = As = 0). Eq. 1 says that when S spin magnetization deviates from the
equilibrium, the I spin magnetization will change proportionally to ois and to the extent of the
deviation of the S spin from the equilibrium. Clearly, the cross-relaxation term must be different than
zero and, since the two spins are not scalarly coupled, this happens only when there is a dipolar
relaxation between I and S. In the steady state NOE and for a system isotropically tumbling in
solution, Eq. 1 can be written as in Egs. 2-4.

1-1° 15
NOE/{S} = — =128 Eq.2

I Y1 PIS
o — (Mo)z hZVIZYSZ ( 6T¢ _ Tc )T—G E 3
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2 22,2, 2
Ho hy1“yYs 6T¢ 37¢ Tc -6
= Wi + 2Wy, + Wos = (52) + - r Eq.4

Pis 21s 11 oIS AT 10 1+(wr+ws)?1e2 - 1+w?t2  1+(w-ws)?T2 Is q

where o is the permeability constant in a vacuum, 7 is the Planck’s constant divided by 27, tcis
the rotational correlation time, and wr and ws are the resonance frequencies of I and S nuclei,
respectively, and pis is the dipolar longitudinal relaxation rate constant. The dependence of both o1s
and pis on ¢ implies that the steady-state NOE cannot be directly related to the internuclear distances.
For an estimation of the latter, the measurement of the kinetics of the NOE buildup, i.e. the
measurement of NOE at different values of mixing time (7m), is needed (Eq. 5)

NOE{S}(t,,) = e~ (R=018)Tm (1 — g=201sTm) Eq. 5

where R represents the total longitudinal relaxation rate constants of both I and S spins, assumed
to be equal. If quantitative information on ris are needed, the experimental data should be collected
in an extensive range of 7m and fitted using Eq. 5 (Figure 1) or, if only small values of Tm are used
(linear buildup), the data can be fitted with a straight line, whose slope will be equal to 201s.
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Figure 1. Adapted from ref. [32]. Experimental data relative to the intensity of NOE on the fluorine
nuclei of iodopentafluorobenzene as a function of Tm after the irradiation of CHz protons of DABCO.
The straight lines are the best fitting functions using Eq. 5.

Now, 115 can be evaluated after an evaluation of 7¢, the other variable present in Eq. 3, or by
comparing ois with 0as, where A and B are a couple of spin of the same nature, whose distance is
known and with the same rotational correlation time. [33] Under these circumstances, Eq. 6 allows
the measurement of ris.

s = (Tﬁ)_6 Eq. 6

OAB TAB

The simplest pulse sequences to perform 2D NOESY is shown in Figure 2. The first 90° tf pulse
rotates the magnetization of the spin I on the xy plane, where it can evolve according to its frequency
wr and the second 90° rf pulse turns a part of the magnetization back on the z-axis. The size of this
magnetization depends on wr and t1 and, therefore, it is said a frequency-labelled magnetization.
During the mixing time (tm), this magnetization can be partly transferred to the spin S by NOE or
chemical exchange, keeping its dependence from wrin the process. The last 90° rf pulse rotates this z-
magnetization back onto the y-axis, where it can be read. The part of the magnetization that did not
undergo NOE or exchange will evolve again according to its wi, giving a signal at [c1, wi] (diagonal
peak), whereas the part that underwent NOE or exchange to spin S will evolve according to ws, giving
a signal at [wr, ws] (off diagonal peak). Such simple pulse sequence is not anymore used and many
other more complex sequences have been developed.

(n/2) (n/2) (/2)
I | I Tm I |

Figure 2. Pulse sequence for the NOE experiment (basic version).

The NOE-based techniques (NOESY, its heteronuclear version HOESY or the experiment
performed under spin-locked conditions, ROESY) are therefore of primary importance in the
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structural elucidation of an adduct, either qualitatively, since the simple detection of a NOE between
the nuclei of two molecular entities is already enough to demonstrate the presence of an
intermolecular adducts in solution, [34] or quantitatively, since the quantification of different NOEs
can give precious information on the internal structure and the geometry of the adduct. [35]

In the chapter 4, we will see some examples of how NOE spectroscopies can be practically
applied in this sense.

3.2 Diffusion NMR.

Comparing the intensity of a NMR signal in the absence and presence of a gradient of the
magnetic field along the z axis G(z), the former is always more intense than the latter. The responsible
of this attenuation is the translational self-diffusion, [36] that is the net result of the thermal motion
induced by the random Brownian motion experienced by particles or molecules in solution. Starting
from this, it can be understood that by performing a series of spectra at different values of G, the
translational self-diffusion coefficient (D) can be directly measured plotting the signal attenuation as
a function of G.

More in detail, the basis of diffusion NMR techniques rely on the fact that the Larmor frequency
(w) depends on the strength of the magnetic field and on the gyromagnetic ratio (y) of the nucleus of
choice. In the presence of a homogenous magnetic field Bo, w has the same value at every position of
the sample (Eq. 7).

If a second magnetic field, whose intensity linearly depends on z (G(z), [T m]) is added to Bo,
homogeneity is lost and Eq. 7 can be written as a function of the z coordinate (Eq. 8).

w=YyBy+G(2) 2z Eq.8

Now, w depends on the position of the nucleus, but how this labeling can be used to measure Dx
requires a short discussion of the actual pulse sequence.

The simplest pulse sequence is a modification of the spin-echo sequence published by Hahn in
1950, [37] proposed by Stejskal and Tanner in 1965 (Figure 3). [38]

(n/2) (m)
| | l ~—
o i)
6 [ ] ||
Z A

Figure 3. Pulse sequence for the PGSE experiment (basic version).

The first act is a 90° rf pulse that rotates the magnetization on the xy plane, where it undergoes
many dephasing phenomena: chemical shift, hetero- and homonuclear J-coupling evolution and
spin-spin transverse relaxation (7T2). Furthermore, the presence of a gradient introduces an additional
dephasing component. At t = 7, a 180° 1f pulse is applied. This inverts the precession direction and
the dephasing turns into a rephasing phenomenon. During this time, another gradient is applied,
exactly equal to the first one, with the aim of recreating the conditions of the first t period and,
consequently, generating an echo at t =27. The net result is the conventional spectrum, just distorted
for the J-coupling and weighted for the T2. But the nuclei that in the first T period were in the position
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Z’, in the second 7 period were in the position z”’/, because of the Brownian motion. Consequently,
they experience two different magnetic fields during the dephasing and the rephrasing periods,
which causes an incomplete rephasing and, therefore, an attenuation of the signal intensities. Such
attenuation depends on the difference between z’ and z”” and since small molecules diffuse faster than
large ones, the attenuation for the former will be more severe than for the latter, leading to a
discrimination of the species in solution depending on their D: (Figure 4).

TMSS
A

04
logiy)

1 ®
.00 0.02 0.04 0.06 0.08
Gz

Figure 4. Reproduced from ref. [39]. Left: A series of 1D NMR spectra recorded at different G values.
Right: Plot of the log(I/Io), where I and Io are the intensities of the signals in the presence and in the
absence of G, respectively, vs. G2 It can be noted the inverse proportionality between the slope of the
fitting line and the molecular size.

Eq. 9 describes the relationship between the intensity of a signal (I) and D-.

1(27) = 1(27)g=0 " e<_YZG262Dt(A_§)> Eq. 9.

Where I and Iv are the intensities of a signal at time 27 in the presence and in the absence of G.
[40] By performing a series of spectra with different values of G, the experimental data can be fitted
and D: can be evaluated. This technique is generally called Pulsed-field Gradient Spin Echo (PGSE).
Also in this case, many other more complex pulse sequences are available. Processing the data as a
2D spectrum with chemical shifts on the F2 axis and diffusion constants on the F1 axis, a Diffusion-
Ordered NMR Spectroscopy (DOSY) plot is obtained.

The subsequent passage from D: to the hydrodynamic volume is possible, through the Stokes-
Einstein equation, [41] successively modified by Chen for medium-size molecules. [42] The
experimental conditions and data processing are particularly important to obtain accurate values of
Dt and useful instructions can be found in the reference [39], which illustrates, among other things,
the importance of the internal standard and what to do in the presence of non-spherical species.

Taking advantage of this, diffusion NMR techniques, can be used in different ways: for example,
if the NMR sample is contaminated with one or more solvents whose signals overlap with the
compound of interest, the application of a small gradient will eliminate, partially at least, such
signals. [43] More quantitative information can be useful in determining the molecular weight
distribution for polymers, [44] the purity and composition of functionalized carbon nanotubes, [45]
the formation of ion pairs and quadruples, [46] or, in the case of neutral species, of supramolecular
adducts. [47]

4. Advanced NMR techniques: applications

4.1. Nuclear Overhauser Effect

The first paper employing a NOE analysis for the structural characterization of a XB system in
solution, to the best of my knowledge, was published in 2004 by Tatko and Waters.[48] In this paper,
the authors synthesized a model g-hairpin peptide and demonstrated that, in water, the substitution
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of a hydrogen with a halogen has a stabilizing effect on the folded conformation (AAG =-0.12, -0.34,
-0.47 and -0.54 for F, Cl, Br and |, respectively; AAG = -1.01 kcal/mol in the case of substitution of two
hydrogens with iodine atoms). The NOE analysis was important to be sure that (i) the conformation
was folded and (ii) the iodine was actually facing the aromatic ring of the N-terminal phenylalanine,
allowing the authors to demonstrate the presence of the halogen-m interaction. They also studied the
impact of the substitution on the thermodynamic parameters of the folding, finding out that the
presence of iodine provides an enthalpic driving force but also an additional entropic cost.
Combining these results with other thermodynamic data, the authors concluded that dispersion
forces are responsible for the improved stability.

In 2010, Beer and coworkers synthesized some interlocked host systems in which a chloride is
held into the macrocycle 1 (Figure 5) by two HBs and, at the same time, a functionalized imidazolium
2a-e interacts with the chlorine by XB or HB. [49]

Ry R

N

hexyl /+ YN “hexyl

R,

2a:R; =R, =H;

1 2b: Ry = Me; R, = H;
2c: Ry =H; R, = Me;
2d: R, =Me; R, =Br;
2e: Ry =Br; R, = Me;

Figure 5. Numbering of the compounds studied in the ref. [49].

The whole system is held together by a mixture of weak interactions (ion pairing, HB, m-t
stacking, XB), but the orientation of the imidazolium moiety and the strength of the Ka is dictated by
the functional groups. In the case of 1-2a or 1-2b, the hydrogen in the 2-position of the imidazolium
interacts with the chloride, in both cases with a Ka around 95 M. In the case of 1-2¢, the 2-position is
occupied by a methyl group and the HB is not anymore possible. Despite this, Ka is much higher than
before (245 M). Analyzing the pattern of chemical shifts, the authors conclude that for 1-2¢, the
orientation of 2c is different than before and now the hydrogens in position 4 and 5 interact with the
chloride, while the methyl in position 2 establishes an additional weak HB with the oxygens,
explaining the increased value of Ka. The authors employed "H ROESY for the characterization of 1-
2d demonstrating not only that the adduct was formed, but also that the bromine in position 2 is
facing the chloride (Figure 6). Indeed, the two methyl moieties in position 4 and 5 of 2d (number 1 in
Figure 6) show NOE intermolecular contacts with the protons g/h/k/1/j, which are far from the amine
moieties, whereas there are no NOE contact with the protons e/f/d, which are close to the amine
moieties.
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Figure 6. Reproduced from ref. [49]. Through-space coupling between protons on imidazolium
chloride 2d and the posterior polyether protons of 1 (left) and between protons on imidazolium
chloride 2d and the hydroquinone protons of 1 (right).

Notably, Ka(1-2d) = 254 M1, demonstrating that in some cases XB can be more efficient than HB
in the construction of supramolecular adducts. The insertion of bromine in positions 4 and 5 or the
substitution of Cl- with PFs did not lead to the formation of the adduct.

The same research group recently used systems similar to 1 to create catenane systems, [50] also
in this case using multiple weak interactions together to form a supramolecular adduct and, in a
second step, closing the second cycle through a Grubbs’-catalyzed ring closing metathesis. The final
catenane system selectively binds iodide and bromide anions, whereas there are no evidence of
binding in the presence of acetate anions.

Inspired by the Wang’s paper, [25] Ciancaleoni and others recently used the “F, '"H HOESY
technique to study in detail the structure in solution of small and well-known XB adducts and find
other evidences of the contemporary presence of XB and non-XB adducts. [32] Given the excellent
electron-withdrawing properties of fluorine, this nucleus is present in many XB systems, making '°F,
'H HOESY a technique with a great potential. In fact, given the high directionality of XB, [51] the
geometry of a XB adduct and, therefore, the NOE intermolecular pattern, can be accurately predicted.
For this, any deviation of the experimental pattern from the predicted one can be due to the presence
of other weak interactions, and, consequently, of adducts with a different geometry than the XB one.

For example, considering DABCO and perfluorohexyl iodide (I1), the «-F/-CH>- (whereas «
refers to the fluorine atoms germinal to the iodine) heteronuclear NOE contact is a good indicator for
the presence of the XB adduct. Experimentally, the a-F/-CH:- contact is clearly visible (solvent =
benzene-ds), but also the y-F/-CHz- contact is strong, even stronger than the a-F/-CHz- one, whereas
the (3-F/-CH:- is very weak and all the others are almost undetectable. The reason for which the v-F/-
CHz2- contact is stronger than the a-F/-CH:- one can be rationalized by using DFT calculations: the
structure in which the chain is folded is almost isoenergetic to that with the unfolded chain (AE = 0.6
kcal/mol at B3LYP-D3/TZVP level of theory). Because of the folding, the y-F results to be closer to -
CH>- than o-F (4.3 and 5.4 A, respectively, according to DFT-optimized geometries). Therefore, the
two conformers of the XB adduct can explain all the experimental NOE contacts. On the other hand,
other non-XB adducts can be modeled by DFT, but they are higher in energy (AE = 5.6 kcal/mol) and
can be likely neglected.
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The same technique was also applied to the pair DABCO/pentafluoroiodobenzene (12): given
the structure of the XB adduct, only the ortho-F/-CHz- NOE contact should be visible, because it is the
only for which the predicted internuclear distance is reasonable for NOE (5.1, 7.8 and 9.3 A for ortho-
, meta- and para-CH: distances, respectively). But experimentally, also meta-F and para-F give
measurable contacts (Figures 7 and 1), the presence of which demonstrates that a portion of the
adducts has a different structure and, therefore, is held by other interactions than XB. DFT
calculations showed that the lone pair/mt adduct is less stable than the XB one (AE = 3.0 kcal/mol at
B3LYP-D3/TZVP level of theory), but the internuclear H/F distances are extremely short: 3.3-3.5 A.
Indeed, we need to remember that the intensity of an intermolecular contact depends, among other
things, on two parameters: the average H/F distance in that adduct and the concentration of the
structure in solution. The former can be derived by theoretical geometry optimizations, which are
quite accurate, [52] whereas the latter can be approximately evaluated by combining the intensity of
NOE contacts, or better, their our constant evaluated by the NOE build-up (Figure 1), and the DFT-
derived internuclear distances. According to this strategy, in the DABCO/I2 mixture (solvent =
benzene-ds) 4% of the adducts are held by lone pair/m interactions and the remaining 96% by XB.

o] m
o m
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* 4 E2 * t ' ) H
CH, . . 1H CH, , \ , fos
! E3 '
E6 3.0
. E7
~ o] . L7.0
8 T T T T
' ' ' -130  -140 -150 -160 ppm
=120 -140 =160 ppm 19F
19F
35 48 _ g’ w‘ 35
b o N i :: ;}2'6 % S-&-2
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35°© I 35 e
DABCO-12 A(E=0.0) DABCO-I2_B [E = + 3.0] DABCO-Br2_A (E =0.0) DABCO-Br2_B (E = + 1.2)

Figure 7. Adapted from ref. [32]. °F, 'H HOESY NMR spectrum of a mixture of DABCO and 12 (left)
and DABCO and Br2 (right) the trace is relative to the frequency of the -CHz-. Asterisks denote
residual solvent peaks. Bottom: DFT-optimized geometries for DABCO/I2 and DABCO/Br2 adducts
with relevant distances and relative energies [kcal mol”, BLYP-D3/TZVP level of theory].

By using pentafluorobromobenzene (Br2), the meta-F/ -CH2- NOE contact is as intense as the
ortho-F/-CHz- one (Figure 7). The relative concentration of XB and non-XB adducts can be evaluated
as 56:44. In this case, it is clear that a titration is not enough to accurately establish the strength of the
XB, since the contribution of the two structures to the physical property (a NMR chemical shift, a UV-
Vis absorbance peak...) should firstly be disentangled before the fitting. [53]

In 2017, Jiang and co-workers synthesized a series of alanine-based halogen-substituted bilateral
N-amidothioureas containing two B-turns structural motifs. X-ray crystal structure demonstrated
that the monomer self-organizes in supramolecular helices held together by iodine7t interactions,
while other inter-helices XBs create a complex network. [54] Substituting iodine with chloride, helical
structures do not form in the solid state. Comparing X-ray structures with NOESY spectra, the
authors deduced that when X = Cl (LL-ACl), only intramolecular NOE contacts are visible and, in
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particular, the e-f contact is well visible (internuclear e-f distance in the solid-state structure: 3.189 A)
and the e-g is not (internuclear e-g distance in the solid-state structure: 4.348 A, Figure 8).

(a)
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Figure 8. Reproduced from ref. [54]. Sections of 'H-NOESY spectra showing couplings between
protons in phenyl rings in LL-ACI (left) and LL-AI (right). On top, crystal structures are also shown.

On the contrary, when X =1 (LL-AI), also the e-g contact is visible and, therefore, it should be
due to an intermolecular contact rather than intramolecular (inter- and intramolecular internuclear
e-g distances in the solid-state structure: 2.368 and 4.550 A, respectively, Figure 8). The authors
underline but not comment the absence of the e-f contact for which both inter- and intramolecular
internuclear e-g distances in the solid-state structure (3.686 and 3.106 A, respectively) should be short
enough for a NOE contact. The existence of supramolecular helices is supported also by the peak
intensities of LL-AI, which are lower, at the same concentration, than those of LL-ACl. This has been
explained by the fact that the formation of the supramolecular helix leads to peak broadening and,
therefore, invisibility in the NMR spectrum. [55]

Pushing on the same topic, also a double helix held by XBs have been characterized in the solid
state, [56] whereas Berryman and coworkers succeeded to synthesize a triple helix stabilized by XB.
For the latter, also a complete characterization in solution is available, including the presence of inter-
strands NOE contacts to verify the helicity and measure of the diffusional coefficient to further
characterize the adduct.

In a very recent work by Erdélyi and co-workers, the authors took advantage of XB to stabilize
the -hairpin conformation in an artificial peptide model system. [57] After optimization of the amino
acid sequence and the synthesis of the actual system, all the signals of the NMR spectrum were
assigned by a TOCSY-NOESY strategy, while the presence of two f-turns were confirmed by the
measurement of the Adnu/AT coefficients. Structural information were obtained by measuring the
NOE buildup for all the correlations, in order to have the average distance ratios, and the 3/carnu
values, which were converted in average dihedral angles through a version of the Karplus equation.
The experimental data were coupled with restraint-free Monte Carlo calculations, and all the
collected data were used as input for the NAMFIS analysis. The latter consists in the generation of a
"complete" set of conformation that can potentially contribute to the experimental ensemble by
theoretical methods and, successively, the evaluation of their relative population by comparing
experimental and computational data. As a result, the probability of the f-hairpin conformation to
exist in solution was 74%. Substituting the chlorine atom with a methyl group, the probability for the
corresponding HB-stabilized conformer was only 29%. The substitution of chlorine with bromine did
not increase the probability of the p-hairpin conformation, as expected, likely because of the higher
steric demand of the bromine, which would cause a deformation of the backbone.
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These examples demonstrated how NOE-based techniques can be of fundamental importance
for the structural identification of simple and complex, inter- and intramolecular XB interactions.

4.2. Diffusion NMR

For diffusion NMR techniques (DOSY or PGSE), the first application, to the best of my
knowledge, is in a study published in 2012 by Erdélyi and co-workers, dealing with the
characterization of the [N-X-NJ* bond. [58] The authors started from the fact that the analogous [N-
H-NJ* is generally asymmetric in solution (the central hydrogen is located closer to one basic center,
[N-H-NJ*) but symmetric in crystals (the hydrogen is located exactly in the midway between the two
basic centers), [59] and synthesized molecular systems in which the N-X distances were free to adjust
and others in which they were not. By means of isotopic perturbation of equilibrium technique
through the 3C NMR detection, the authors suggested that, in contrast with HB, XB always prefers
to be symmetric in solution. In addition, the measurement of the diffusion coefficient of the cation
(D¢*) and the anion (Dr) allowed to ascertain that all the systems form tight ion pairs [60] in CD2Cl..
But even the proximity of the triflate is not enough to perturb the symmetry of the two XBs. It must
be said that the simple presence of tight ion pairs could be not enough to perturb a similar system,
since the anion should also be located close to the X* moiety to exert its effect, which is not obvious.
[61] In the author’s opinion, since some of the employed anions contains fluorine nuclei, a °F, 'H
HOESY experiment between the anion and the cation (see above) could have further clarified this
point. The [N-X-NJ* system remains symmetric also varying the nature of the anion. [62] A notable
exception has been found when X = F, for which the asymmetric conformation is preferred. [63]
Interestingly, in this case the authors did not observe any NOE contact between the fluorine and the
pyridine moieties.

Beer and co-workers, in 2012, synthesized a macrocyclic halo-imidazolium receptor able to
recognize iodide and bromide in water and produce a fluorescence signal as a response. [64]
Interestingly, the crystal structure critically depends on the anions: in the presence of two PFe¢, no XB
can be observed between the iodine of the cation and the anion; on the contrary, in the presence of
one PFs and an iodide, or bromide, a dimeric structure is found in the solid-state, with two cations
interacting with two different halide in a pincer-like arrangement (Figure 9).

Figure 9. Adapted from ref. [64]. (Top) Dimeric crystal structure of iodo-imidazolium (PFs and
hydrogens are omitted for clarity) and (bottom) DFT structure of the monomeric structure present in
solution.
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The titration technique produced a very high value of Ka (> 104 M-1) and the Job plot suggested
a cation:anion = 1:1 stoichiometry. But the latter cannot exclude the 2:2 structure found in the solid-
state, therefore a technique able to determine the absolute hydrodynamic volume of the adduct in
solution, as DOSY, was necessary. The authors measured the D: of the cation with 0, 6 and 10
equivalents of NBuul. The presence of a dimeric structure would have led to a decreasing of D: as [I']
increased, but the three values of D: resulted very similar, once corrected for the viscosity of the
solution. Consequently, only monomers were present in solution. DFT calculations provided a
plausible, alternative structure (Figure 9), in which the two iodine atoms form two XBs with the same
iodide anion. This structure has also a lower entropic cost. The message of this example is clear and
of primary importance: never accept a priori the solid-state structure as a good model for the solution
structure! Often the two will be similar, but looking for experimental proofs proving this is always a
good idea.

Philp and coworkers synthesized a iodotriazole with a pending pentafluorophenyl moiety,
demonstrating that it is a XB acceptor as good as the prototypical 12. [23] As already noted before,
the Ka between the iodotriazole and 4-methylpyridine cannot be estimated through a F NMR
titration, as the fluorine atoms are too far from the XB acceptor group, but the use of 'H, "N HMBC
NMR spectroscopy led to a value of 1.67 M (Ka = 2.67 M1 for the 12/4-methylpyridine). The
substitution of the para-F with a 3-hydroxyl-pyridine group led to a molecule having both XB acceptor
and donor groups on the same side, leading, according to DFT calculations, to a stable doubly-
halogen bonded homodimer. Interestingly, the solid state structural characterization showed that
homodimers were not present and the iodine and the pyridine were connected by XB to different
molecules, with the formation of supramolecular chains. In solution, the analysis of the 'H NMR
spectrum at different concentrations led to a self-aggregation constant of 3.4 M7, indicating that the
two XBs behave almost independently from each other. Measuring the D of the molecule at different
concentrations, the data could be satisfactorily fitted with a dimerization model and the value of D:
remained practically constant between 150 and 200 mM, indication that a plateau had been reached.
Combining the value of the self-aggregation constant, which is double with respect to the
iodotriazole/4-methylpyridine case, and the trend of D: vs. the concentration, the homodimer model
seems indeed more accurate.

Finally, Ciancaleoni and coworkers published a paper completely focused on the NMR diffusion
technique as a tool to characterize single and multi-site XB adducts. [65] Firstly, it is shown how
converting the values of Dt in volumes, using the corrected version of the Stokes-Einstein equation,
[39] can make the technique more useful and intuitive. The main advantage is that we can easily
predict the volume of the adducts (Eq. 10), since generally the latter is the simple sum of the volumes
of its components (this is not true when we deal with D: or hydrodynamic radius values). [66]

V99 (@D, mA) = n*VJ(D) + mxVJ(A) Eq. 10

Where n and m are the stoichiometric coefficient in the case of n:m adducts.

The first consequence is that a rough estimation of the Ka can be obtained from a single
measurement, as done for the weak interaction between 2,4,6-trimethylpyridine and I1 (1.6 M) by
using Eq. 11. [67]

V.'P(D) = a V79 (nD,mA) + (1 — a) V(D) Eq. 11

where a is the association coefficient, from which the calculation of Ka is possible. This can be
useful for example when the low solubility of the adduct or the single components does not allow for
a standard titration. But, importantly, the value of 1.6 + 0.5 M- cannot be assigned exclusively to XB,
since as F, 'H HOESY data demonstrated, [32] in solution the adducts held from a XB between the
nitrogen and the iodine coexist with others held from dispersion forces between the fluorinated chain
and the hydrogens of the pyridine. As diffusion NMR results depend only on the total presence of
the adducts and not on the kind of interaction that lead to the formation of the adduct, 1.6 M-! has to


http://dx.doi.org/10.20944/preprints201709.0023.v1
http://dx.doi.org/10.3390/magnetochemistry3040030

Preprints (www.preprints.org) | NOT PEER-REVIEWED | Posted: 8 September 2017 d0i:10.20944/preprints201709.0023.v1

14 of 19

be the sum of all the possible equilibrium constants leading to 1:1 adducts. Interestingly, the Ka
measured by the F NMR titration is much lower, 0.85 + 0.01 M. Under the hypothesis that F NMR
titration results are referred exclusively to XB adducts, which is questionable but a likely first
approximation, the Ka for non-XB adducts can be estimated as 0.75 M.

In the same paper, it is also shown that mixing hexamethylentetramine (HMTA), a base with
four equivalent XB-acceptor groups, and N-bromosuccinimide (NBS), 1:3 and 1:4 adducts are not
present in solution. Also in this case, the use of hydrodynamic volumes made the analysis much
easier: since the hydrodynamic volumes of isolated HMTA and NBS can be easily measured (137
and 189 A?, respectively), the Vi values of the different adducts can be calculated and result to be 323,
457,591 and 729 A3 for 1:1, 1:2, 1:3 and 1:4 adducts, respectively. Experimental values for Vu(HMTA)
goes from 189 to 438 A’ (in the presence of 0 and 44 equivalents, respectively) confirming the presence
of just 1:1 and 1:2 adducts. Actually, 438 A3 is an average value and do not exclude a priori the
presence of larger adducts, but analyzing the trend of the data with the concentration it can be seen
that Vu(HMTA) reaches a plateau in correspondence of the 1:2 adduct (Figure 10), indicating that
larger aggregates are absent. Having the stoichiometry of the adduct as an experimental result and
not as a hypothesis, the experimental data could be fitted without ambiguity with the correct model.
The authors used the theoretical method Charge Displacement function analysis [68] to demonstrate
the anti-cooperative nature of XB interactions in this system: when one nitrogen donates electronic
density to a NBS moiety, the other nitrogens become less basic and, therefore, less able to establish a

new XB.
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Figure 10. Adapted from ref. [65]. Experimental hydrodynamic volume of HMTA (C = 2.1 mM) at
different concentrations of NBS. The solid line represents the best fitting equation for the 1:2 model.

It is also interesting to see that, indeed, in the solid-state structure of HMTA/NBS only 1:2
adducts can be detected, whereas substituting NBS with N-iodosuccinimide (NIS), 1:4 adducts are
clearly visible. [69] Unfortunately, the HMTA/NIS adduct was too insoluble to allow any PGSE
measurement.

5. Conclusions

The present review demonstrates that a XB adducts in solution should not be characterized only
by titration and Job’s plot techniques, and the latter should always be coupled with other, more
sophisticated techniques that modern NMR spectrometers allow. The most important information
that can be derived are about the internal structure (NOE) and the size (diffusion) of the adduct, but
depending on the system studied, also the presence of competing interactions beyond the XB and the
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value(s) of equilibrium constants and thermodynamic parameters can be derived. In some cases, the
combination of experimental data with theoretical results is beneficial to have a thorough description
of the system.

For these reasons, it is expected that advanced NMR techniques will be more and more used in
the near future of the consolidated, but still fruitful and rapidly evolving field of halogen bonding in
solution.

Conflicts of Interest: The author declares no conflict of interest.
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