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Abstract

Macrocyclic bis(thioureas) derived from 2,2’-biphenyl and binaphthyl skeletons have been synthesized by reaction of 2,2’-diaminobiaryl and 2,2’-
bis(isothiocyanato)biaryl derivatives. The splitting of these bis(thioureas) into two units of the respective cyclic monothioureas has been monitored
by NMR, shedding some light on the factors that control these processes. Additionally, a computational study revealed up to three mechanistic
paths for the conversion of the 2,2’-biphenyl-derived bis(thiourea) into the corresponding monothiourea. The proposed mechanisms account for
the participation of a molecule of water as an efficient proton-switch, as well as for different classes of putative intermediates. The computational
study also supports the ability of the thiourea group to participate in a plethora of processes, such as prototropic equilibria, sigmatropic shifts,
heteroene and retro-heteroene reactions, and cis S trans isomerizations.

Introduction

In recent years, thioureas and its derivatives have been the focus of attention because of their interesting applications.
Certain thiourea molecules have antiviral, antibacterial or antifungal activity.1-¢ Furthermore, the relatively high acidity of
the NH thiourea protons is correlated with their strong hydrogen-bonding donor capability, a quality that has been
exploited in the design of neutral receptors for anions.” Perhaps the most important role of thioureas in modern organic
chemistry is the participation of chiral derivatives as enantioselective catalysts in a wide variety of organocatalyzed
asymmetric synthesis.8-10 Of particular relevance are examples of this kind of reactions in which chiral bis(thioureas)
have been unveiled as efficient organocatalysts.11-14 Although the conformational and hydrogen-bonding preferences of
thioureas might be predictable to some extent, 1517 additional studies seems to be still desirable, especially in the case
of their cyclic varieties, which have been scarcely studied.18

The structural operation of linking two 2,2’-biphenylene units by means of two identical fragments has been shown to
build interesting symmetrical macrocycles displaying crossed geometries.19-22 |n some cases (e. g. with two carbon triple
bonds as linkers)23-25 the short distance between these two fragments allows transannular reactions to occur. In the
context of a wide study on the cyclization of bis(carbodiimides), we described some years ago in this same journal26 the
synthesis of the macrocyclic bis(thiourea) 1, endowed with a 14-membered central ring and flanked by two 2,2’-
biphenylene fragments (Figure 1). Interestingly, further studies demonstrated that bis(thiourea) 1 was a selective

receptor for the nitrate anion.2?
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Figure 1 Structures of the bis(thiourea) 1 and the monothiourea 2.
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Recently we revisited the synthesis and properties of 1 discovering that its stability in solution was temperature- and
solvent-dependent, leading either to the reversion to the starting materials, bis(amine) 3 and bis(isothiocyanate) 4, or,
rather unexpectedly, to its splitting into two molecules of the cyclic monothiourea 2. Herein we report on these new
findings by analyzing the key factors that govern the corresponding chemical equilibria involved in those transformations.
Our investigations also include computational studies aimed to uncover reasonable mechanistic paths for the conversion
of 1 into 2. Notably, the chemical behavior of thioureido functions seems to be virtually unexplored by means of
computational calculations and not widely tested by experiments, in contrast to the wealth of the similar information
available for ureas,?8-32 especially that concerning its decomposition and hydrolysis. We believe that our results could
serve to call the attention of other researchers to the potential lability of the thioureido function, especially when
incorporated into more or less strained structures. In this sense, and for the sake of comparison, we have additionally
included a macrocyclic 2,2’-binaphthyl bis(thiourea) and the corresponding cyclic monothiourea, analogous of 1 and 2,
in our experimental study. Their lesser degree of conformational mobility around their biaryl axis should reasonably result
into more strained, and thus, more reactive cyclic structures.

Results and Discusion
Synthesis of the Macrocyclic Bis(thioureas) 1 and 8

In contrast to our previous report,26 the macrocyclic bis(thiourea) 1 is isolated in a modest 65% yield following the reaction
between 2,2’-diaminobiphenyl (3) and 2,2’-bis(isothiocyanato)biphenyl (4) in DMF at room temperature. However, when
the final solution resulting from the previous reaction is heated under reflux for 2 h, the cyclic monothiourea 2 is obtained
as the only product in good yield (Scheme 1).
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Scheme 1 Optimized reaction conditions for the synthesis of the bis(thiourea) 1 and the monothiourea 2 from 2,2’-diaminobiphenyl (3)
and 2,2’-bis(isothiocyanato)biphenyl (4).

Consistently with these results, a gentle heating of a DMF-solution of 1 leads to its fast conversion into 2. Alternatively,
the cyclic thiourea 2 was independently prepared from 3 and carbon disulfide by a slight modification of the method
reported by Le Févre.33

The analogous binaphthyl monothiourea 6 was obtained from 2,2’-diaminobinaphthyl (5) and carbon disulfide in a yield
of 90%. The reaction was conducted in ethanol at 100 °C in a sealed tube (Scheme 2). This synthetic method showed
to be more efficient than the previously described one (22%).34
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Scheme 2 Synthesis of the monothiourea 6 from 2,2’-diaminobinaphthyl! (5) and carbon disulfide.

The macrobicyclic bis(thiourea) 8 was synthesized by stirring 2,2’-diaminobinaphthyl (5) and 2,2'-
bis(isothiocyanato)binaphthyl (7) in DMF at room temperature (Scheme 3). After purification by chromatographic
techniques, the bis(thiourea) 8 was isolated in 61% vyield.
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Scheme 3 Synthesis of the bis(thiourea) 8 from 2,2’-diaminobinaphthyl (5) and 2,2’-bis(isothiocyanato)binaphthyl (7).

A careful check of the IH-NMR spectra of 1 and 2 in DMF-d7 showed that both were clearly different (Figures 2a and 2b,
respectively).35 Not surprisingly, gentle heating of the solution of the bis(thiourea) 1 turns out its spectrum identical to
that of 2. Alternatively, the NMR spectra of 1 and 2 were measured in C2D2Cls4, a solvent with lower ability to interact by
hydrogen bonding with the solute (Figures 2c and 2d). Evidently, the NMR spectra of the bis(thiourea) 1 in both, DMF-
d7 and C2D2Cls4, display a higher complexity compared to those of the monothiourea 2, being this intricacy more evident
in C2D2Cl4 due to a more resolved spectrum (Figure 2c).
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Figure 2 'H NMR spectra (400 MHz) of a) bis(thiourea) 1 in DMF-d7, b) monothiourea 2 in DMF-dz, c) bis(thiourea) 1 in C,D,Cl,, and
d) monothiourea 2 in C,D,Cl,. The asterisk (*) indicates the residual signal of DMF-d~.

Among others, the spectrum of the bis(thiourea) 1 in the less polar C2D2Cls4, shows signals for two non-equivalent NH
protons at 7.24 and 7.67 ppm (red colour). The presence of two non-equivalent NH protons is also obvious in DMF-dz,
considering that after addition of D20, the signals at 7.79 and 9.87 ppm (Figure 2a, red colour) disappeared. In C2D2Cla,
resonances for two non-equivalent ortho disubstituted phenyl groups are also evident (Figure 2c). This pattern of signals,
along with the fact that two resonances for the NH’s are present, agree well with a twisted structure (R,R or S,S
configuration around every biphenyl group) in which both thiourea functions adopt an cis, trans conformation (Scheme
1). The cis,trans-R,R/cis,trans-S,S spatial arrangement of 1 was confirmed by X-ray analysis (see below). In such
disposition, the two biaryl subunits are equivalent on the basis of a C2 symmetry, thus explaining the different magnetic
environments for the two phenyl groups of each biaryl subunit in the TH NMR spectra. The doublet appearing at an



unusual high frequency, 8.76 ppm (Figure 2c, blue color) was assigned to the arylic ortho hydrogen atom Hz (Scheme
1) located in the deshielding region of the thiocarbonyl group.

The more resolved spectrum of bis(thiourea) 1 in C2D2Cls enabled us the unambiguous assignment for all protons, which
was accomplished by 'H,'H-COSY and H,'H-NOESY experiments (Supporting Information). The NOESY/EXSY
spectrum reveals not only cross-peaks due to NOE effect but also cross-peaks between mutually exchanging
positions.36:37-38 |n fact, molecular modelling confirms that the concurrent cis,trans S trans,cis switch of both thiourea
functions would interconvert the magnetic environments of the two phenyl groups of each biaryl fragment. The
assignment of the resonances was accomplished considering the intense conformational exchange peaks between
H2/Hg (Figure 2c in blue), Ha/Hs, Ha/H7, Hs/Hs and NH1/NHo.

The *H NMR spectra of 6 and 8 in DMF-d7 and C2D2Cl4 follow similar trends to those of 1 and 2 (Supporting Information).
However, the 1H NMR spectra of 8 show well-resolved signals in both solvents, indicating highly restricted intramolecular
motion even in DMF. Besides, the NMR data of 8 agree well with those of the enantiomerically enriched bis(thiourea)
R,R-8 previously described by Wulff and co-workers.3°

The HRMS data of 1-2, 6 and 8 are in accord with the proposed structures. Nevertheless, in order to investigate self-
association processes in solution, their diffusion coefficients were measured in C2D2Cls and DMF-d7 (only 6 and 8) by
using PGSE techniques40-41 42 (Table S1, Supporting Information). The D-values, which follow the order 2 > 6 > 1 > 8,
are consistent with the molecular sizes of the analyzed molecules. On balance, the slight discrepancies between the ru-
values of compounds 6 and 8 in C2D>Cls and DMF-d7 may be attributed to solvation effects.43 Thus, the ru-values point
to the fact that no significant self-aggregation processes are present in the former solvent.

Diffraction quality crystals of bis(thiourea) 1 were obtained by recrystallization from CHCIz/n-hexane (Figure 3). The X-
ray analysis shows the expected C>-symmetric crossed structures of both enantiomers, R,R-1 and S,S-1. The exclusive
formation of R,R-1/S,S-1 constitutes an interesting example of homochiral self-sorting.44 As expected, the thiourea
functionalities are arranged in a cis, trans conformation.16. 45 The structure of 1 displays torsional angles between the
two biaryl units of 109.5°, which confers to 1 a peculiar three-dimensional arrangement with a hydrophobic pocket formed
by two nearly parallel aromatic rings. The lipophilicity at the proximity of two of the four NH groups may facilitate the
desolvation of an incoming anionic guest.?” The distance between the two centroids of the two nearly parallel aromatic
groups is 3.90 A. This value, beyond the optimal stacking distance of 3.5 A, points to a weak, if any, intramolecular n-n-
stacking interaction.#®¢ The structure of 1 shows close contacts between the sulphur atoms (S1/S1A) and the hydrogen
atoms H9/H9A, placed at ortho position respect to the thiourea groups, d(C---S=C) = 3.19 A and C-H---S angle = 128°.47

Figure 3 X-Ray structure of the bis(thiourea) 1. ORTEP drawings with thermal ellipsoids drawn at the 50% probability level. Although
only R,R-1is shown, the two enantiomers are present in the crystal lattice (Supporting Information). Some aromatic protons have been
omitted for clarity.

Crystals of the monothiourea 2 suitable for X-ray analysis were obtained by recrystallization from acetonitrile (Figure 4).
As presumed, the thiourea group in 2 is in an cis,cis arrangement, usual in related cyclic compounds.4% 48 The torsional
angle between the two diaryl units in the monothiourea 2 is 35.3-38.9°, decreasing almost 70° respect to those present
in the bis(thiourea) 1. The single-crystal X-ray analysis of 2 showed the existence of fourteen independent pairs of
racemic molecules in the unit cell, with slightly different shapes. All of them are involved in a complex arrangement
interacting by hydrogen bonding.



Figure 4 X-Ray structure of the monothiourea 2. ORTEP drawings with thermal ellipsoids drawn at the 50% probability level.

Finally, crystals of the binaphthyl monothiourea derivative 6 suitable for X-ray analysis were obtained by recrystallization
from a CHCIs/Et2O mixture (Figure 5). The single-crystal X-ray analysis of 6 shows the existence of one pair of
enantiomeric molecules in the unit cell (Supporting Information). The thiourea group is in a cis,cis arrangement*> 48 and
the torsional angle between the two naphthyl subunits is 48.8°, higher than that of the biphenyl monothiourea 2.

Figure 5 X-Ray structure of the monothiourea 6. ORTEP drawings with thermal ellipsoids drawn at the 50% probability level.

Study of the Splitting of the Macrocyclic Bis(thioureas) 1 and 8 into Their Respective Monothioureas 2 and 6 in
C2D2Clsand DMF-d7

To gain insight into the factors involved in the stability of macrocyclic bis(thioureas) 1 and 8 as well as their splitting into
their cyclic monothioureas 2 and 6, these processes were investigated by 'H-NMR spectroscopy in C2D2Cls and DMF-
dz. A solution of 1 in C2D2Cl4 is stable at 25 °C for three months. However, as time goes by, traces of a highly insoluble
solid appears in the NMR tube. The white solid was filtered off and analysed by IR and HRMS (Scheme 4). The IR
spectrum is very similar to those of 1 and 2, showing typical NH bands (3343 and 3119 cm-). The HRMS shows the
base peak at m/z 453.1226 assignable to [1-H]*. However, another peak at 927.2187, attributable to [1-1-Na]* is also
present. The sample was heated until partial solution in C2D2Cls and then, its *H NMR was checked. Curiously, the
spectrum showed resonances attributable to 3, 4 and 1. Considering all the experimental evidences, we assume that
the highly insoluble compound corresponds to a mixture of oligomeric structures 9 (Scheme 4, n = 4). Oligomers 9 could
be formed by intermolecular coupling of several units of the putative intermediate 10. Although 10 would be present in
undetectable amounts by 'H NMR, the formation of the oligomeric 9 would be driven by its low solubility in C2D2Cls.The
reversible nature of the process R-NH-CS-NH-R’SR-NH2 + R’-NCS, would allow the existence of 10 in a certain
amount.4®
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Scheme 4 Structure of the oligomeric compound 9 and the putative intermediate 10.

The straightforward reversion of the last process in C2D2Cls became evident from the unexpected conversion of 1 into
diamine 3 and bis(isothiocyanate) 4 at 140 °C for 6 h (left side of Scheme 5, Figure S16). An analogous transformation
of the bis(thiourea) 8 into the diamine 5 and bis(isothiocyanate) 7 was observed, but it takes half the time (left side of
Scheme 5, Figure S17). In this solvent, the monothiourea 2 can be obtained from 1 at 140 °C for 35 h (right side of
Scheme 5, Figure S18). The same applies to 6, which is obtained from 8, although after much longer reaction times
(right side of Scheme 5, Figure S19).
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Scheme 5 Evolution of the bis(thioureas) 1 and 8 under different temperatures in C,D,Cl,and DMF-d;. The reaction of the diamines 3 and 5
with the bis(isothiocyanates) 4 and 7 under different reaction conditions are also included; (*) a small amount of 4 is also observed; (**) only
partial formation of 6, a small amount of 7 is also observed; (***) 5 among other unidentified products also observed.

In C2D2Cl4, the bis(thiourea) 1 could not be prepared from 3 and 4 as a single product. Below 120 °C, the reaction is too
slow leading to mixtures of 1 and 2. By heating at higher temperatures, 140 °C for 29 h, the reaction led directly to the
monothiourea 2 (top part of Scheme 5, Figure S20). Expectedly, the reaction of diamine 5 and bis(isothiocyanate) 7 at
140 °C led to the monothiourea 6, but after a longer reaction time (Figure S21).

In DMF-dz, the course of these processes changes drastically. As expected, 3 and 4 led to the bis(thiourea) 1 as the
major product at 25 °C, even though the formation of monothiourea 2 begins to be detectable after 24 h (bottom part of
Scheme 5, Figure S22). Complete conversion of 1 into 2 can be conducted at 60 °C for 48 h (Figure S23) or at 140 °C
for 2 h. The reaction of binaphthyl derivatives 5 and 7 required a longer time for reaching full conversion into the
bis(thiourea) 8 (Figure S24). The conversion of 8 into the monothiourea 6 at 140 °C is completed in only 3 h (Figure
S25).

VT 'H NMR Study of Macrocyclic Bis(thioureas) 1 and 8

To shed further light into the chemical transformation of bis(thioureas) 1 and 8, VT IH NMR measurements were
conducted in both, C2D2Cl4 (230-426 K) and DMF-d7 (206-426 K). After heating up, a new 'H NMR spectrum was
recorded at 313 K for evaluating the extent of decomposition of the corresponding bis(thiourea). The H NMR spectra of
1 show well-resolved signals in C2D2Cl4 from 230 to 301 K (Figure 6). Above this temperature the resonances broaden
until averaged signals are observed above 358 K. The coalescence temperature and the difference in chemical shift
between protons Hz> and He (Av = 637.5 Hz) allowed the calculation of the activation energy for the cis,trans S trans,cis



switch of the thiourea functions (AG” = 16.0 kcal mol-). The calculated value seems reasonable taking into account that
a barrier of 12.8 kcal mol-* has been reported for less strained N,N’-dialkylthioureas in CDCIs.50 Starting at 392 K, new
resonances are visible in the 6.8-7.0 ppm range, which indicates partial decomposition of the bis(thiourea). The low
temperature coefficients (AS/AT, Figure S26) for NH1 (+0.7 ppb) and NH1o (-1.4 ppb), as well as their low chemical shift
values (NHz1: 7.6-7.7 ppm and NHio: 7.2-7.3 ppm) reinforce the presence of non-hydrogen bond aggregates or, in other
words, a non-associated bis(thiourea).>1-52 The negligible temperature coefficient of NH1 agrees with its position inside
the cavity, isolated from the bulk solvent.
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Figure 6 VT *H NMR spectra of bis(thiourea) 1 in C,D,Cl,.

The *H NMR spectrum of bis(thiourea) 8 in C2D2Cls shows well-resolved signals from 230 to 335 K (Figure S28). The
signals broaden above this temperature. However, no fast exchange regime was observed even when the heating was
continued to 426 K. A minimum value for the thiourea-switch activation barrier could be determined from the highest
chemical-shift difference between protons H2 and His (Av = 962.2 Hz) at 426 K, the maximum temperature measured.
The AG* threshold amounts 18.8 kcal mol-1.53 Note that exchange processes were observed for both bis(thioureas) in
their NOESY spectra which were attributed to the cis,trans S trans,cis switch of both thiourea functions. This fact could
be alternatively attributable to the inversion of the twist angle in the biphenyl/binaphthyl subunits. However, this
explanation seems to be unlikely, especially for the binaphthyl bis(thiourea) 8, taking into account that atropisomerization
barriers above 35 kcal mol-l has been described for 2,2’ -disubstituted binaphthyl derivatives.>* The control *H NMR
spectrum of 8 recorded at 313 K after heating up to 426 K, shows the almost complete decomposition of the bis(thiourea).
In DMF-d7, the 'H NMR spectra of 1 and 8 were registered in the range of 206-426 K. In the case of bis(thiourea) 1 the
broadening of the resonances starts at lower temperatures compared to what occurs in C2D2Cls (Figure 7). This fact
points to a reduced barrier for the thiourea-switch in DMF and it may be rationalized in terms of strong hydrogen bonding
between the solvent molecules and the NH groups.5®
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Figure 7 VT *H NMR spectra of bis(thiourea) 1 in DMF-d;.



Expectedly, going down to 206-265 K the signals get narrower. The high temperature coefficients, A8/AT for NH1 (-16.4
ppb) and NHio (-11.7 ppb) along with their high chemical shift values (NH1: 7.7-9.3 ppm and NHz1o: 9.8-10.9 ppm) seem
to confirm the presence of hydrogen bond interactions with the solvent (Figure S27). Signals for the monothiourea 2 and
2,2’-diaminobiphenyl 3 start to emerge in the range of 324-426 K, due to the fast decomposition of the bis(thiourea) 1.
Curiously, low-intensity resonances for an unknown compound rise in the range of 313-335 K (Figure 7, red colour): one
broad singlet at 4.4-4.6 ppm, multiplets at 6.7-7.0 ppm and 7.6-7.7 ppm and two broad singlets at 8.7-9.2 ppm.
Unfortunately, the structural elucidation of a putative intermediate could not be carried out due to overlapping with other
signals, although the broad singlet close to 4.5 ppm suggests a free amino group and the presence of an open
intermediate such as 10. Expectedly, the control *H NMR spectrum of 1 recorded at 313 K, after heating up, shows the
lack of the bis(thiourea) 1 whereas resonances attributed to the monothiourea 2 are neatly present. The behavior of 1 is
transferable to its binaphthyl analogous 8 (Figures S30 and S31).

Summarizing the Experimental Study

The above results allow us to reach several conclusions:

1) Both, the formation of the bis(thioureas) 1 and 8 from the respective diamine and bis(isothiocyanate), and their
splitting to the corresponding monothioureas take place at much lower temperatures or shorter reaction times in
DMF-d7 compared to C2D2Clas. This fact is probably due to the higher polarity and the basic and good hydrogen-bond
acceptor character of the DMF which would stabilize the putative polar transition states.4?

2) The monothioureas 2 and 6 can be obtained directly from the respective diamine and bis(isothiocyanate) under
heating for longer reaction times in DMF-d; and C2D2Cls. Thus, while the bis(thioureas) are the kinetically controlled
products, the monothioureas are the thermodynamically controlled ones.

3) Inthe less polar C2D2Cls, the formation of oligomers (9) or the cleavage of bis(thioureas) 1 and 8 into the respective
diamine and bis(isothiocyanate) are favored (shorter reaction times) when compared to the splitting of each
bis(thiourea) into the corresponding monothiourea. The formation of 9 at room temperature would be driven by its
low solubility in C2D2Cls. The open intermediate 10 has been proposed to play a key role in these processes in which
the reversibility of the equilibrium R-NH-CS-NH-R’ S R-NH2 + R’-NCS is a key factor.

4) Finally, the change of the biphenyl linkers (1) to binaphthyl groups (8) favors the opening of the macrocyclic
bis(thiourea) into the corresponding diamine and bis(isothiocyanate), probably due to a more strained structure of
the corresponding bis(thiourea) with origin in the higher biaryl angle, while disfavors the formation of the
corresponding monothiourea, probably by the same reason.

Computational Study

In order to investigate computationally the formation of the bis(thiourea) 1 from the diamine 3 and the bis(isothiocyanate)
4 and its conversion into the monothiourea 2, we carried out a density functional theory (DFT) study at the B3LYP/6-
311+G**//B3LYP/6-31G* theoretical level (for details see Computational Methods in the Supporting Information).

First, we explored the potential energy surface (PES) of this transformation at the gas phase. We found several reaction
channels involving a wide variety of processes, such as formation and cleavage of thiourea and isothiourea functions,
prototropic equilibria through of 1,3-H sigmatropic shifts, heteroene and retro-heteroene rearrangements, cis S trans
isomerizations of thiourea functions and, besides, the concurs of crossed paths sharing common stationary points. With
the aim of simplifying, we will not present all these findings here, but they can be examined in the Supporting Information.
However, after the analysis of these results, and taking into account that 1,3-H sigmatropic shifts play a main role in the
mechanistic paths found, we estimated that the transformations under study could be promoted by traces of water
present in the reaction mixtures. The precedents of participation of water as “proton switch” in the hydrolysis of N-
arylureas to give the corresponding isocyanate and amine derivatives also encouraged us to consider this hipothesis. 28
56 Besides, several computational studies have demonstrated the beneficial effect of considering one water molecule in
related hydrogen shifts.57-59

The success of water on facilitating the 1,3-H proton transfer is easily understood by considering that, in the lack of
water, unimolecular 1,3-H sigmatropic rearrangements would involve four-membered cyclic transition states that are
thermally forbidden according with the Woodward-Hoffmann symmetry rules.6%-62 By contrast, the consideration of
hydrated complexes enables them to take place through six-membered cyclic transition states involving lower energy
barriers (Scheme 6).
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Scheme 6 Water molecule as proton switch assisting the proton transfer between nitrogen atoms (upper) and nitrogen
and sulphur atoms (lower) in isothiourea and thiourea functions.

Moreover, the mechanistic paths uncovered at the gas phase involve several stationary points of zwitterionic nature,
along with others showing elevated dipolar moment (Table S5, Supporting Information) and, consequently, its formation
could be favorably affected by the explicit inclusion of water molecules and the consideration of solvent effects. All these
factors could notably alter the energetic profiles of the different paths, or even the reaction mechanisms. Accordingly,
we next studied the catalytic influence of one water molecule as proton switch in these processes, firstly at the gas phase
and then in DMF as solvent.

The water effect has been analyzed by considering hydrated complexes with one water molecule for both, minima and
transition structures connecting them. Due to the complexity of the overall picture, we will only present here a simplified
image omitting those paths not competitive for energetic reasons.

The computed Gibbs free energy barriers are depicted in Table 1, where we have also included those corresponding to
the study without the participation of water. As presumed, the assistance of water reduces significantly the energy
barriers of some key steps, whereas others are slightly increased.

The reaction paths found for the formation of bis(thiourea) 1 and the monothiourea 2 are depicted in Scheme 7, along
with the Gibbs free energy barriers computed for each forward (AG) and reverse step (AG.1) at the gas phase. There are
three mechanistic routes (paths A-C) leading to the experimentally isolated thioureas 1 and 2 [from herein we will refer
as 1 the bis(thiourea) whose both thiourea functions feature cis,trans configuration, as 1* the bis(thiourea) with one
thiourea function showing trans,trans configuration and the other cis,trans, and as 2 the monothiuorea with cis,cis
geometry]. To identify the configuration of thiourea functions we use the most extended nomenclature employed for
ureas and thioureas.®3 All paths share the first intermediate, besides others that will be discussed later. An overview of
each path is described at the bottom of Scheme 7

Table 1. Gibbs free energy barriers® for the forward and reverse steps (AG and AG.;) found in the conversion of 2,2’-diaminobiphenyl (3) and
bis(isothiocyanato)biphenyl (4) into the bis(thiourea) 1 and the monothiourea 2 calculated: i) at the gas phase (B3LYP/6-311++G**//B3LYP/6-
31G* theoretical level), ii) taking into consideration the catalytic participation of a water molecule at the gas phase (same level of theory) and iii)
in DMF as solvent (SMD-B3LYP/6-31G*/B3LYP/6-31G* theoretical level).

Entry Mechanistic Step AG
TS AG.,
Gas H,O Gas H,O
Phase Phase DMF
1 B+4)—11 30.9 33.9 35.6
TS1 N to C addition 0.6 3.4 8.0
2 11 — trans,cis-10 17.3 8.4 13.2
TS2 H shift 40.5 29.6 336

3 trans,cis-10 — 1*P 48.6 29.7/16.7 | 29.1/19.9
TS3a,b N to C addition + H shift 40.0 33.8/2.0 352/7.4

4 cis,trans-10— 13 42.6 34.8 345
TS5 H shift 15.9 8.7 14.1
5 13—2x14 0.4 0.0 6.0
TS6 33.6 235 22.1




N-C cleavage
6 14 — 16 40.8 175/13.4 | 10.6/19.1
TS7ab | Nto C addition + H shift 33.0 255/0.1 23.9/2.8
7 16— 2 232 8.5 10.3
TS8 H shift 39.1 25.3 30.0
8 11 -17 18.9 12.7 15.8
TS9 H shift 26.2 24.2 20.9
9 17'—18 19.3 20.5 18.4
TS10 heteroene reaction 16.0 16.7 19.8
10 18—19 28.7 11.7 12.2
TS11 H shift 39.6 24.7 27.6
11 19— 14 + 16 30.3 31.9 38.2
TS12 retro-heteroene 34.0 29.9 299
12 cis,trans-10 — 17’ 33.2 22.2 27.9
TS13 H shift 20.2 7.6 12.2
13 1-2 94.5
TS4 [2+2] / retro [2+2] 88.5
14 AGpn 1 9.1 9.9kl 278
15 AGrn 2 -15.0 -13.20 -21.88

[a] Energy barriers in kcal-mol-1. [b] Without the participation of one water molecule this transformation takes place in one step through TS3 (Supp. Info). [c] Without
the participation of one water molecule this transformation takes place in one step through TS7 (Supp. Info). [d] Gibbs free reaction energy with respect to 3 + 4. [e]

Gibbs free reaction energy with respect to 3 + 4 + Hz0.

First, we located the transition structure TS1-H20 involving the nucleophilic addition of an amino group of the diamine 3
to the carbon atom of one heterocumulene function of the bis(isothiocyanate) 4 leading to the zwitterionic intermediate
11-H20. The computed energy barrier associated to this first step was 33.9 kcal-mol-*.
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A: (3+4)'H,0 — 11-H,0 — trans,cis-10-H,0 —> 12:H,0 —= 1*H,0 — 1-H,0
B: (3+4)-H,0 —= 11.H,0 — trans,cis-10-H,0 —> cis,trans-10-H,0 —= 13-H,0 —> (2 x 14)-H,0 — 16:H,0 —> 2-H,0
C: (3+4)H,0 — 11-H,0 —= 17-H,0 — 17"H,0 —>18-H,0 —> 19:H,0 —> (14 + 16)-H,0

Scheme 7. Mechanistic paths found for the reaction of 2,2’-diaminobiphenyl (3) and bis(isothiocyanato)biphenyl (4) and its
transformation into the bis(thiourea) 1 and the monothiourea 2 by considering the catalytic participation of one water molecule at the
gas phase. Gibbs free energy barriers in kcal-mol* computed at the B3LYP/6-311+G**//B3LYP/6-31G* theoretical level. 2Energy relative
to 14-H,0. PEnergy relative to 3 + 4 + H,0.

A proton shift from the ammonium group to the negatively charged nitrogen atom transforms 11-H20 into trans,cis-
10-H20 through the transition structure TS2:-H20. The water molecule effectively assists this process via a cyclic six-
membered shift showing an easily surmountable energy barrier of 8.4 kcal-mol-1. The intermediate trans,cis-10-H20
possesses thiourea, amino and isothiocyanate functions allowing its evolution to the bis(thiourea) 1-H20 and/or to the
monothiourea 2-H20 via paths A and B respectively. In consequence, the stationary points TS2-H20 and trans,cis-
10-H20 are shared by both paths.

Path A accounts for the formation of the bis(thiourea) 1-H20 and involves the construction of the second thiourea function
from trans,cis-10-H20 in two steps through TS3a-H20 and, subsequently, TS3b-H20. First, the addition of the nitrogen
atom of the amine function to the carbon atom of the isothiocyanate moiety leads to the zwitterionic intermediate 12-H20,
which in turn through TS3b-H20 undergoes proton transfer from the ammonium group to water and from water to the
negatively charged nitrogen. This process generates the thioureido function leading to 1*-H20. The computed energy
barriers for these processes are respectively 29.7 and 16.7 kcal-mol-l. Bis(thiourea) 1*-H2O differs from the
experimentally isolated 1-H20 in the configuration of one of its thioureido functions and lacks of symmetry elements. Its
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conversion into 1-H20 involves the rotation of a N-C(=S) bond by surpassing an attainable energy barrier (see Supporting
Information for details).

It should be remarked that the direct interconversion of 1 into 2, that could be reasonably envisaged as resulting from a
transannular trans-thioureation process (via TS4), turned out to be not competitive due to the large value of the
associated energy barrier (see Scheme 8 and Supporting Info).

_ _ i
\\S\\\ H
O 0 e O
i O+ O
N i TS4 i
| » 2
Q H O [2+2] / retro [2+2] O

1 AG=94.5; AG_1=88.5 2

NH
»=s
NH

Scheme 8 Direct interconversion between bis(thiourea) 1 and monothiourea 2 via simultaneous [2+2] / retro [2+2] cycloadditions
showing the energy barriers computed at the B3LYP/6-311+G**//B3LYP/6-31G* theoretical level.

Path B connects trans,cis-10-H20 to 2-H20. To get started, the intermediate trans,cis-10-H20 experiences two
consecutive rotations around its N-C thioureido bonds to reach the geometry shown by cis,trans-10-H2O (these
rotational processes involve low energy barriers, see Supporting Information). Then, this latter species undergoes a
water-catalyzed proton shift through TS5-H2>O leading to the zwitterionic intermediate 13-H2>O. The energy barrier
associated to this step was computed to be 34.8 kcal-mol-1. The cleavage of the dipolar N-C bond of 13-H20O, giving rise
to the formation of two molecules of 2-amino-2’-isothiocyanatobiphenyl (14), occurs via TS6-H20 without energy barrier
(Scheme 7).

Once 14-H20 is formed, an intramolecular reaction between their amino and isothiocyanate functions should lead to the
monothiourea 2-H20. We found two routes for this process, although only that involving the lowest energy is depicted in
Scheme 7. It consists in fact of three consecutive steps: the first one, via TS7a-H20, involves the addition of the amino
group to the isocyanate function resulting in the zwitterion 15-H2>0. Next this species transfers a proton from the
ammonium group to water simultaneously to the shift of a proton from water to the other nitrogen atom through a six-
membered cyclic transition structure, via TS7b-H20, leading to the isothiourea 16-H2>0. Another subsequent proton
transfer assisted by water finally account for its tautomerization into the monothiourea 2-H>O via the transition structure
TS8-H20. The energy barriers for these steps have been computed to be 17.5, 13.4 and 8.6 kcal-mol-1respectively.
The third trajectory shown in Scheme 7, path C, constitutes an alternative route to path B for the formation of the
monothiourea 2-H20. It starts from the zwitterionic species 11-H20 which, via TS9-H20, undergoes a proton relocation
catalyzed by water from the ammonium group to the nearby sulphur atom leading to the isothioureido intermediate
17-H20. The computed barrier associated to this step is only 12.7 kcal-mol-1. A low-barrier rotation around the N=C
isothioureido bond converts 17-Hz0 into its isomer 17’-H20 (see Supporting Information).

We were able to locate TS10-H20, connecting 17°-H20 with the intermediate 18-H20, which has a seven-membered
isothiourea ring along with thiourea and amino functions. This striking transformation can be seen as an intramolecular
heteroene reaction of type | according to the classification of Oppolzer,54 where the C=S double bond of the
isothiocyanate moiety acts as enophile, and the breaking of the H-S bond of the isothioureido function originates a new
isothioureido H-S bond between the hydrogen and the sulphur atom of the isothiocyanate fragment. The computed
energy barrier for this process is 20.5 kcal-mol-1.

Intermediate 18-H20 experiences a proton shift through TS11-H20 leading to its tautomer, the thiourea 19-H20, with an
associated energy barrier of 11.7 kcal-mol-1. Such a small value can be attributed again to the catalytic participation of
one water molecule. Finally, 19-H20 decomposes into a molecule of 2-amino-2’-isothiocyanatobiphenyl (14-H20) and
one of the isothiourea 16-H20. This process, a special type of retro-heteroene reaction, takes place via TS12-H20
involving a computed energy barrier of 31.9 kcal-mol-1. Species 14-H20 and 16-H20 can evolve through path B leading
to the monothiourea 2.

As a final point, we also located TS13-H20 connecting paths B and C, by means of a proton transfer, facilitated again
by water, which converts the thioureido intermediate cis,trans-10-H20 into the isothiourea 17-H20. The computed
energy barrier associated to this mechanistic step is 22.2 kcal-mol-1. It should also be noted that once the intermediate
cis,trans-10-H20 is formed (the most competitive path for its formation is predicted to be via 11-H20 — trans,cis-
10-H20), its conversion into 17°-H20 via TS13-H20 (path C) is easier than into 13-H20 via TS5-H20 (path B) (22.2 vs
34.8 kcal-mol! respectively, see also the reaction profiles shown in Figure 8).
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The following points are drawn from the computed energy barriers (forward and reverse) of the mechanistic steps
summarized in Scheme 7:

1) The most competitive path accounting for the formation of bis(thiourea) 1 from the reactants is A.

2) Both paths B and C result in the formation of monothiourea 2-H20 from the starting species.

3) Several routes allow the transformation of bis(thiourea) 1-H2O into monothiourea 2-H20, first returning to
trans,cis-10-H20, via TS3b-H>0 and TS3a-H:20, the highest barrier of the two steps being 33.8 kcal-mol-1.
Then, this intermediate could go back to 11-H20 surmounting an energy barrier of 29.6 kcal-mol-1 for connecting
with path C. An alternative way goes by the isomerization of trans,cis-10 H20 into cis,trans-10-H20 through
path B, or it might transform into 17°-H20 passing through TS13-H20 for accessing to path C.

4) The values of Gibbs free energy computed for the formation of 1-H20 and 2-H20 are 9.9 and -13.2 kcal-mol-1
respectively. Consequently, the monothiourea 2-H20 is predicted to be the thermodynamically controlled
product.

Besides, the main consequences of explicitly considering a water molecule are:

1) The helpfulness of water as proton switch in those steps that involved 1,3-H shifts (entries 2, 4, 7, 8, 10, and 12
in Table 1), now taking place through six-membered cyclic transition states, resulting in a noteworthy decrease
of the corresponding energy barriers.

2) The notable decrease in the computed energy barriers of those processes that now consist of two-step
sequences (entries 3 and 6).

3) The slight increase of the energy barriers associated to processes whose transition states are merely hydrated
complexes (where the water molecule is not playing a significant role, entries 1, 9 and 11).

4) The considerable lowering of energy barriers of those steps corresponding to path A and B with respect to
without water, while a slight increasing in those of steps 17°-H>O — 18-H>0 and 19-H>O — (14 + 16)-H20,
belonging to path C.

Lastly, we studied a mixed model taking into consideration both, the effect of one water molecule and that of DMF as
solvent. Thus, the hydrated complexes were introduced into the solvent cavity through the polarizable continuum model
SMD. The computed energy barriers values for this approach are summarized in the last column of Table 1, and the
energy reaction profiles of the three alternative paths are depicted in Figure 8.

In general, there are not significant changes. As expected, a slight decrease in the energy barriers of most of the steps
leading to dipolar intermediates is observed. The greatest lowering (6.9 kcal-mol-l) is found for entry 6, which
corresponds to the formation of the intermediate 15-H>0 from 14-H20O (the first step involving TS7a-H20). By contrast,
the barriers of the steps involving a proton shift increase in relation with the gas phase. Reasonably, this increase is
greater when the proton shifts lead to a neutral structure from a zwitterionic species, as in entries 2 and 8. It is also worth
to note the increase of 6.0 kcal-mol-! observed for the transformation of 13-H20 into two units of 14 (entry 5, path B).
When comparing the results for path A at the gas phase and in DMF, a slight increase in the energy barrier (2.2 kcal-mol-
1) for the step 12-H>0O — 1-H20 is produced, and remarkably, now bis(thiourea) 1 is only a little lesser stable than the
reactants 3 + 4 (compare the values of AGin 1 computed at the gas phase and in DMF, 9.9 vs 2.1 kcal-mol, entry 14
of Table 1).

For path B, only the increase in the energy barrier of 13-H20 — (14 + 14)-H20, commented above, seems to be
significant.

Interestingly, in relation with path C, a lowering of 2.1 kcal-mol-! in the value of the energy barrier can be observed for
the heteroene reaction transforming 17’-H20 into 18-H20 (entry 9), which could be explained on the basis of the high
dipolar moment computed for the transition structure TS10 (Tables S5 and S6 in the Supporting Information). By
contrast, it is noteworthy the increase of 6.3 kcal-mol! for the energy barrier corresponding to the retro-heteroene
process 19-H20 — (14 + 16)-H20 (31.9 kcal-mol! at the gas phase vs 38.2 kcal-mol-1in DMF, entry 11).

Besides, monothiourea 2 becomes more stable when the solvent effect is taken into account (compare AGixn 2 computed
at the gas phase and in DMF, -13.2 vs -21.8 kcal-mol-1, entry 15 of Table 1).
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Figure 8. Mechanistic paths found for the reaction of 2,2’-diaminobiphenyl (3) and bis(isothiocyanato)biphenyl (4) and its transformation
into the bis(thiourea) 1 and the monothiourea 2 by considering the catalytic participation of one water molecule in DMF. Gibbs free
energy barriers in kcal-mol* computed at the SMD-B3LYP/6-31G*/B3LYP/6-31G* theoretical level.

As discussed above, the results of our experimental study in DMF suggested that monothiourea 2 would be the
thermodynamically controlled product, while bis(thiourea) 1 would be kinetically controlled one. The analysis of the 'H-
NMR spectra of the reaction mixture in DMF indicates that a minor quantity of monothiourea 2 is detectable at room
temperature after 24 h, endorsing this assumption. Besides, the variation of the 1 : 2 ratio with the reaction time when
heating is also in accordance with the hypothesis that bis(thiourea) 1 would be formed as the main product under
kinetically controlled reaction conditions. Our computational study agrees with the fact that monothiourea 2 is the
thermodynamically controlled product, however, we cannot affirm whether bis (thiourea) 1 is formed at a higher reaction
rate than monothiourea 2. This is due to the existence of the three parallel, crossed and multistep reaction channels A-
C, making daring to conjecture whether bis(thiourea) 1 would be the kinetically controlled product. Predicting the
evolution over time of the concentration of both products requires a complex kinetic study that is beyond the scope of
this paper. Not even the precise identification of the rate-determining states®%.66-71 for each route would allow a non-risky

prediction.

Nevertheless, from the results of the whole computational study, we can extract the following conclusions:
1) The mechanistic paths accounting for the formation of bis(thiourea) 1 and monothiourea 2 from 3 and 4 has
been elucidated by means of DFT calculations by considering the catalytic participation of one water molecule

in both,

the gas phase and in DMF as solvent.

The complexity of the mechanisms found for these

transformations is due to the existence of three alternative paths A-C, each one consisting of multiple steps, but

also of crossed routes connecting them.
Path A leads to the formation of bis(thiourea) 1, whereas paths B and C account for the formation of the

2)

monothiourea 2. Additionally, the conversion of bis(thiourea) 1 into monothiourea 2 via a single-step
transannular process cannot compete in energetic terms with the alternative multi-step routes.

3)

Water acts as an effective proton switch lowering the energy barriers of the steps corresponding to path A and

B, whereas the step with the highest energy barrier among those belonging to path C increases particularly
when the solvent effect of DMF is also considered.

4)

conditions, in agreement with the experimental study.

Conclusions

Notably, monothiourea 2 is predicted to be the product formed under thermodynamically controlled reaction
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Macrocyclic bis(thioureas) with a 14-membered central ring flanked by two 2,2’-biphenylene or 2,2’-binaphthylene
fragments can be synthesized by coupling 2,2’-diaminobiaryl and 2,2’-bis(isothiocyanato)biaryl derivatives. The 2,2’-
biphenyl and binaphthyl bis(thioureas) show interesting Cz-symmetric twisted structures as revealed by NMR studies
and X-ray data. The thioureido function confers to these macrocyclic entities unexpected unstabilities allowing its smooth
transformation into either the starting materials used for their preparation or, alternatively, into two molecules of the
corresponding monothiourea. Structural factors and solvent polarity play a key role in these latter processes.

The computational study reveals remarkable and unpredicted complex mechanistic routes not only for the formation of
the bis(thiourea), but also for its conversion into two units of the cyclic monothiourea, the thermodynamically controlled
product. Direct formation of this latter species by other ways not involving the macrocyclic bis(thiourea) also
encompasses unexpected intricate paths. Thus, our computational investigation shows the participation of intermediates
bearing cyclic and/or acyclic thiourea functions in the mechanistic paths and, more remarkably, the ability of the thiourea
group to participate in a wide variety of processes, such as prototropic equilibria through proton shifts, heteroene
reactions, retro-heteroene processes, trans S cis isomerizations and so forth. This research also brings to light the
catalytic participation of a water molecule in these transformations.

As a whole, our study reveals a fascinating combination of reactivity and lability when the thiourea function is
incorporated into cyclic scaffolds. Our results might warn further researchers of the incorporation of this function into
macrocyclic skeletons bringing out unexpected results, especially if there is a dual kinetic-thermodynamic control of the
processes involved in their formation. Moreover, we have also set forth that the reversibility of the reactions between
amines and isothiocyanates leading to thioureas is affordable by heating in DMF solution, a fact that could be used in
dynamic covalent chemistry for accessing complex molecular assemblies.

Experimental Section

General Experimental Information. HPLC grade solvents (Scharlab) were nitrogen saturated and were dried and
deoxygenated using an Innovative Technology Inc. Pure-Solv 400 Solvent Purification System. Column chromatography
was carried out using silica gel (60 A, 70-200 um, SDS) as stationary phase, and TLC was performed on pre coated
silica gel plates with fluorescent indicator 254 nm (Sigma-Aldrich) and observed under UV light. All melting points were
determined on a Kofler hot-plate melting point apparatus and are uncorrected. 'H- and 13C{?H}-NMR spectra were
recorded at 298 K on a Bruker Avance 300, 400 and 600 MHz instruments. *H-NMR chemical shifts are reported relative
to MesSi and were referenced via residual proton resonances of the corresponding deuterated solvent, whereas
113C{*H}-NMR spectra are reported relative to Me4Si using the carbon signals of the deuterated solvent.

Signals in the 1H- and 3C{*H}-NMR -NMR spectra were assigned with the aid of DEPT-135 or two-dimensional NMR
experiments (COSY, H,’H-NOESY, HSQC). Abbreviations of coupling patterns are as follows: br, broad; s, singlet; d,
doublet; t, triplet; q, quadruplet; m, multiplet. Mass spectra were recorded on a HPLC/MS TOF 6220 mass spectrometer.
The PGSE NMR diffusion measurements were performed on a 600 MHz Bruker AVANCE spectrometer, equipped with
a microprocessor-controlled gradient unit and a multinuclear inverse probe with an actively shielded Z-gradient coil. The
sample was not spun and the airflow was disconnected. The shape of the gradient pulse was rectangular, and its strength
varied automatically during the course of the experiments. The D-values were determined from the slope of the
regression line In(l/lo) vs G?, according to Eq. 1.

In(/lo) = -(y8)2G2(4-313)D (1)

I/lo = observed spin echo intensity/intensity without gradients, G = gradient strength, 4 = delay between the midpoints of
the gradients, D = diffusion coefficient, 6 = gradient length.

The calibration of the gradients was carried out via a diffusion measurement of HDO in D20 (Dupo = 1.9-10° m? s1).72
The values reported are the average of two different measurements, which yielded D-values within max. + 1.5% of the
reported one. All the measurements were carried out using the *H resonances. The gradient length was set in the range
of 1.2 and 1.8 ms and the diffusion delay to ca. 150 ms. D1 was set to 5T1. The number of scans was 32 and the
experimental time was ca. 90 min. All of the observed data leading to the reported D-values afforded lines whose
correlation coefficients were above 0.999.

General Computational Information. All stationary points involved in the mechanism of formation of the bis(thiourea)
1 and its transformation into the monothiourea 2 were optimised using the B3LYP functional?37> together with the
standard 6-31G(d) basis set.”67° The optimisations were carried out using the Berny analytical gradient optimisation
method80-81 All structures were characterised by harmonic frequency computations in order to verify that are transition
structures or minima in the potential energy surface (PES). The intrinsic reaction coordinate (IRC) paths were traced in
order to assess the energy profiles connecting each transition structure (TS) to the two associated minima of the
proposed mechanism using the second-order Gonzalez—Schlegel integration method8283 Solvent effects of N,N-
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dimethylformamide (DMF) were taken into account by the polarisable continuum model (PCM) with the Solvation Model
based on Density (SMD)8 in the framework of the self-consistent reaction field (SCRF).8>87 The values of free Gibbs
energies in DMF were calculated with standard statistical thermodynamics at 298.15 K and 1 atm” by computing
B3LYP/6-311+G** and SMD-B3LYP/6-31G* energies of each stationary point optimized at the B3LYP/6-31G* theoretical
level (see Supporting Information for details). All computations were carried out with the Gaussian 09 suite of programs.88

Synthesis of the 2,2’-bis(isothiocyanato)binaphthalene (7). The bis(isothiocyanate) 7 was synthesized by the same
procedure used in the synthesis of 2,2’-bis(isothiocyanato)biphenyl 4.26 The crude product was purified by silica-gel
chromatography using 1:9 Et.O/n-hexane as eluent (Rf = 0.6); yield 85%. Spectroscopic data are coincident with those
previously reported.34

Synthesis of the bis(thiourea) 1. A solution of 2,2’-bis(isothiocyanato)biphenyl?6 4 (0.44 g, 1.6 mmol) in 45 mL of dry
dimethylformamide was added dropwise to a solution of 2,2’-diaminobiphenyl 3 (0.3 g, 1.6 mmol) in 80 mL of the same
solvent. The reaction mixture was stirred for 20 h at room temperature. Then, the reaction mixture was poured into
water/ice (100 mL). The precipitated solid (0.6 g) was collected by filtration and further purified by silica-gel
chromatography (95:5 CH2Cl2/Et20 as eluent, Rt = 0.6); yield 65% (0.48 g); mp 204-206 °C (colourless prisms, CHCls/n-
hexane); *H NMR (C2D2Cls, 600.13 MHz) & 7.16-7.18 (m, 2H, Ho), 7.19 (dd, 3] = 7.8, 4J = 1.2 Hz, 2H, Hs), 7.23-7.25 (m,
6H, NH1o + H7 + Hs), 7.28-7.29 (m, 2H, He), 7.31 (t, 3J = 7.8 Hz, 2H, Ha), 7.54 (td, 3 = 7.8, 43 = 1.2 Hz, 2H, H3), 7.67 (s,
2H, NH31), 8.76 (d, 3J = 8.4 Hz, 2H, H2); 1H NMR (DMF-d7, 400.91 MHZz) § 7.15-7.34 (m, 14H), 7.79 (br s, 2H, NH), 8.98
(br s, 2H), 9.87 (br s, 2H, NH); 13C{'H} NMR (C2D2Cls, 100.82 MHz) § 123.7 (2xCH, C2), 125.2 (2xCH, Cg), 125.7 (2x
CH, Ca4), 127.9 (2x CH, C7or Csg), 128.85 (2xq), 128.94 (2xCH, C3), 130.0 (2xCH, C7or Cg), 130.3 (2xCH, Cs), 131.7
(2xq), 133.3 (2xq), 133.4 (2xCH, Cs), 135.8 (2xq), 176.7 (2xqg, C=S); IR (nujol) 3300, 3156, 1590, 1549, 1508, 1280,
1267, 1178, 768, 760 cm1; HRMS (ESI) m/z: [M+H]* Calcd for C26H21N4S> 453.1202; Found 453.1188.

Synthesis of monothiourea 2. A solution of 2,2’-bis(isothiocyanato)biphenyl 4 (0.22 g, 0.8 mmol) in 25 mL of dry
dimethylformamide was added to a solution of 2,2’-diaminobiphenyl 3 (0.15 g, 0.8 mmol) in 20 mL of the same solvent.25
The reaction mixture was stirred for 20 h at room temperature and then, heated at reflux temperature for 2 h. Then, the
reaction mixture was poured into water/ice (80 mL). The precipitated solid was collected by filtration, and subsequently
washed with water (3 x 5 mL) and Et20 (3 x 5 mL). Yield 87% (0.32 g).

The monothiourea 2 can be alternatively prepared in 82% of yield by using a modified method of Le Févre:33 Carbon
disulfide (2.50 g, 32.6 mmol) was added to a solution of 2,2’-diaminobiphenyl 3 (0.40 g, 2.2 mmol) in EtOH (10 mL). The
reaction mixture was kept at 80 °C in a sealed tube for 20 h. After cooling, the yellow needles were filtered out; mp 244-
245 °C (yellow prisms, EtOH). 1H NMR (C2D2Cls, 600.13 MHZz) & 6.92 (dd, 3J = 7.8, 4] = 1.2 Hz, 2H, H2), 7.27 (td, 3J =
7.7, 43 = 1.4 Hz, 2H, Ha), 7.32 (td, 33 = 7.7, 4 = 1.6 Hz, 2H, Hs), 7.46 (dd, 3J = 7.5, 4J = 1.5 Hz, 2H, Hs), 8.01 (s, 2H,
NH); 13C{tH} NMR (C2D2Cl4, 150.92 MHz) & 120.9 (2xCH, Cz), 126.3 (2xCH, C4), 129.1 (2xCH, C3), 129.67 (2xCH, Cs),
129.68 (2xq), 139.8 (2xq), 193.7 (q, C=S); 'H NMR (DMF-d7, 400.91 MHz) § 7.25-7.29 (m, 4H, Hz + Ha), 7.35-7.39 (m,
2H, Ha), 7.52-7.54 (m, 2H, Hs), 10.10 (br s, 2H, NH); 13C{H} NMR (DMF-d7, 100.82 MHz) & 122.6 (2xCH, Cz), 126.7
(2xCH, C4), 130.0 (2xCH, Cs3), 130.5 (2xCH, Cs), 131.7 (2xq), 142.6 (2xq), 196.2 (g, C=S); IR (nujol) 3231, 3207, 1618,
1559, 1512, 1414, 1283, 1237, 1156, 771, 752, 719, 619 cm-1; HRMS (ESI) m/z: [M+H]* Calcd for C13H11N2S 227.0637;
Found 227.0637.

Synthesis of the monothiourea 6. Carbon disulfide (1.25 g, 16.4 mmol) was added to a solution of 2,2'-
diaminobinaphthyl 5 (0.31 g, 1.09 mmol) in EtOH (10 mL). The reaction mixture was kept at 100 °C in a sealed tube for
24 h. Subsequently, an additional amount (1.25 g, 16.4 mmol) of carbon disulfide was added and the reaction mixture
heated at 100 °C for 24 h more. After cooling, yellow needles crystallized, which were filtered out and washed with EtOH
(8 x 5 mL); yield 90% (0.32 g); mp 242-244 °C (slightly yellow prisms, CHCI3/Et20); 1H NMR (C2D2Cls, 600.13 MHz) &
7.12 (d, 3J = 8.6 Hz, 2H, H7), 7.23 (d, 3J = 9.0 Hz, 2H, H2), 7.25 (td, 3J = 7.5 Hz, 4J = 1.0 Hz, 2H, He), 7.47 (1,33 = 7.4
Hz, 2H, Hs), 7.92 (d, 33 = 9.0 Hz, 2H, Has), 7.93 (d, 3J = 9.0 Hz, 2H, Hs), 8.00 (s, 2H, NH1); 13C{*H} NMR (C2D2Cls, 75.45
MHz) & 120.8 (2xCH, C2), 123.9 (2xq), 125.6 (2xCH, Cs), 126.6 (2xCH, Cs), 126.9 (2xCH, C7), 128.1 (2xCH, C4), 129.9
(2xCH, Cs), 131.5 (2xq), 132.0 (2xq), 140.6 (2xq), 197.1 (g, C=S); 'H NMR (DMF-d-, 400.91 MHz) & 7.06 (d, 3J = 8.5
Hz, 2H, H7), 7.28 (ddd, 3J = 8.5, 3J = 6.9, 4J = 1.4 Hz, 2H, He), 7.49 (ddd, 3J = 8.1, 3J = 6.9, 4J = 1.2 Hz, 2H, Hs), 7.64 (d,
3J = 8.8 Hz, 2H, Hy), 8.05 (dm, 3J = 8.4 Hz, 2H, Ha), 8.10 (d, 3J = 8.9 Hz, 2H, Hg), 10.41 (s, 2H, NHa); 3C{1H} NMR
(DMF-d7, 100.82 MHZz) & 123.0 (2xCH, C2), 125.1 (2xq), 126.3 (2xCH, Cs), 127.4 (2xCH, Ces), 127.4 (2xCH, C7), 129.5
(2xCH, C4), 130.6 (2xCH, C3), 132.6 (2xq), 133.2 (2xq), 143.6 (2xQq), 198.9 (g, C=S); IR (nujol) 3263, 3193, 1584, 1542,
1320, 1206, 1157, 1142, 816, 806, 787, 756, 727 cm-1; HRMS (ESI) m/z: [M+H]* Calcd for C21H1sN2S 327.0956; Found
327.0944.
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Synthesis of the bis(thiourea) 8. A solution of 2,2’-bis(isothiocyanato)binaphthyl 7 (0.44 g, 1.2 mmol) in 40 mL of dry
dimethylformamide was added dropwise at 0 °C for 2 h to a solution of 2,2’-diaminobinaphthyl 5 (0.34 g, 1.2 mmol) in
60 mL of the same solvent. The reaction mixture was stirred for 20 h more at room temperature. Then, the reaction
mixture was poured into water/ice. The precipitated solid (0.6 g) was collected by filtration, washed with water, and air -
dried. The crude product was further purified by silica-gel chromatography by using 9.5:0.5 CH2Cl2/Et20 as eluent (Rf =
0.7); yield 61% (0.48 g); mp 225-227 °C (slightly yellow prisms, CHCls/n-hexane); 'H NMR (C2D2Cls4, 600.13 MHz) 5 6.72
(dd, 33 = 8.5, 43 =0.7 Hz, 2H, Hy7), 6.87 (d, 3] = 8.7 Hz, 2H, Hi2), 6.90 (d, 3] = 8.7 Hz, 2H, Hi3), 6.96 (s, 2H, NH14), 6.97
(d, 33 = 8.4 Hz, 2H, Hg), 7.20 (ddd, 3J = 8.4, 33 = 7.0, 4] = 1.3 Hz, 2H, He), 7.43-7.46 (m, 4H, Hs + Ho) 7.58 (s, 2H, NH1),
7.71 (ddd, 33 =8.1, 33 = 6.9, 43 = 1.1 Hz, 2H, Hio0), 7.76 (d, 3] = 8.0 Hz, 2H, Hi1), 7.97 (d, 3] = 8.2 Hz, 2H, H4), 8.08 (d,
3J = 9.2 Hz, 2H, Hs), 9.30 (d, 8J = 9.2 Hz, 2H, H2); 3C{1H} NMR (C2D2Cl4, 150.92 MHz) § 120.1 (2xq), 120.9 (2xCH, C2),
122.7 (2xCH, Cas), 124.5 (2xCH, C7), 125.6 (4xCH, Cs + Cs or Cg), 127.0 (2xq), 127.15 (2xCH, Cs or Cio), 127.17
(2xCH, Cs or Cio), 128.2 (2xCH, Csor Co), 128.5 (2xCH, Cy4), 128.7 (2xCH, Cu11), 129.1 (2xCH, Cs), 130.1 (2xCH, C12),
130.9 (2xq), 131.9 (2xq), 132.0 (2xq), 132.2 (2xq), 133.4 (2xq), 135.1 (2xq), 177.1 (2xq, C=S); 'H NMR (DMF-dz,
400.91 MHz) & 6.66 (d, 3J = 8.4 Hz, 2H, H7), 6.90-6.93 (m, 4H, Hsg+ Has), 7.02 (d, 3J = 8.8 Hz, 2H, H12), 7.17 (ddd, 3J =
8.3,3) =7.2,4) =1.0 Hz, 2H, Hs), 7.39-7.43 (m, 4H, Hs + NH1), 7.53 (tm, 3J = 8.0 Hz, 2H, Ho), 7.80 (tm, 3J = 7.5 Hz, 2H,
Hio), 7.98-8.03 (m, 4H, Ha+ H11), 8.10 (d, 3 = 9.2 Hz, 2H, H3), 9.76 (d, 33 = 9.2 Hz, 2H, H>), 10.02 (s, 2H, NHu4); 13C{*H}
NMR (DMF-d7, 100.82 MHz) 3 120.7 (2xCH, C»), 121.6 (2xq), 125.78 (2xCH, Cs or C13), 125.82 (2xCH, Cs), 126.4
(2xCH, Cs or C13), 126.8 (2xCH, C7), 127.4 (2xCH, Cs), 128.4 (2xCH, C10), 128.9 (2xCH, Cy4), 129.0 (2xCH, Cs), 129.1
(2xCH, Co), 130.3 (2xq), 130.7 (2xCH, C11), 131.5 (2xCH, C12), 131.6 (2xq), 133.8 (2xq), 134.0 (2xq), 134.5 (2xq),
134.8 (2xq), 137.1 (2xq), 178.4 (2xq, C=S); IR (nujol) 3379, 3324, 1599, 1537, 1318, 1240, 1179, 819, 750 cm-1; HRMS
(ESI) m/z: [M+H]* Calcd for C42H29N4S2 653.1824; Found 653.1831.
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