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Increasing Complexity in Adamantyl Thioethers

Pablo Pinacho,*™" Donatella Loru,”’ Tatjana Sumanovac,

Melanie Schnell*®

We report on the synthesis and characterization using high-
resolution rotational spectroscopy of three bulky thioethers that
feature an adamantyl group connected to a sulfur atom.
Detailed experimental and theoretical structures are provided
and compared with the 1,1"-diadamantyl ether. In addition, we
expand on previous findings concerning microsolvation of

Introduction

The role of sulfur in biological processes cannot be overstated.
From its ubiquitous presence in living organisms, including
linking of polypeptide strands in proteins via a disulfide bond
between two cystein residues, to the importance in structures
of natural products and pharmaceuticals,”” sulfur is an essential
element of life irreplaceable in cell biology. Moreover, the sulfur
atom provides unique properties and biochemical pathways to
the pharmaceuticals. For example, the usefulness of sulfur-
containing peptides in drug discovery is reflected in improved
stability and pharmacokinetic profiles of such compounds.”
Apart from its presence in the building blocks of life, sulfur is
also often contained in agrochemicals®™ and in materials, from
rubber vulcanization to batteries manufacture.” In drug design,
the thioether group (R—S—R’) is of special importance; thioethers
can be found both in linear and cyclic moieties of bioactive
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8 Characterized by Rotational Spectroscopy
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adamantyl derivatives by investigating the cluster formation
between these thioethers and a water molecule. The inves-
tigation of such clusters provides valuable insights into the
sulfur-centered hydrogen bonding in thioethers with increasing
size and steric repulsion.

molecules.®® Additionally, thioethers are common starting

points in the formation of higher oxidation state sulfur
derivatives, both synthetically” and in nature.”

Other molecular scaffolds that impart unique properties
based on their distinctive structure are diamondoids. They are
characterized by a high symmetry of their cage skeletons, as
exemplified by adamantane, the smallest diamondoid.*'?
Introduction of the adamantyl group into more complex
molecular systems adds structural stability, while its bulkiness
and lipophilicity influence their chemical properties. The
discovery of antiviral activity of amantadine, the primary amine
of adamantane,"™ initiated a new research direction in medici-
nal chemistry. In a relatively short time, a plethora of adamantyl
derivatives were described, showing antiviral, antibacterial, and/
or antiparkinson activity, among others."” Adamantyl deriva-
tives are used in targeted drug delivery, material science, as
well as being investigated in an astrochemical context.'%*®
Despite a vast number of prepared derivatives, a combination
of the adamantyl group with thioethers remains scarcely
described in the literature. Some notable recent examples
include 1-adamantyl methyl thioether™*” as well as a nickel(l)
complex with 1-adamantyl methyl thioether containing
substituents,”?” 1-adamantyl ethyl thioether,”? and 1,1-diada-
mantyl thioether.*?¥

Alkyl adamantyl thioethers have a great potential as new
pharmaceuticals due to the combination of special properties
emerging from both functional groups. To obtain a deep
understanding of their physico-chemical properties, it is crucial
to have a good description of their molecular structure.
Adamantane and its derivatives have been extensively charac-
terized using various techniques, including nuclear magnetic
resonance (NMR),* infrared spectroscopy (IR) of both neutral
and cationic species,”®?” as well as IR or electronic photo-
dissociation spectroscopy.”’'® One of the most accurate
methodologies to determine experimental structures of mole-
cules and complexes in the gas phase is rotational
spectroscopy.”® With modern broadband rotational spectrom-
eters using a supersonic expansion, a high spectral resolution
can be achieved, and transitions from very similar isomers,

© 2023 The Authors. ChemPhysChem published by Wiley-VCH GmbH
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conformers, and isotopologues can be discriminated.”*=" The
expansion cools down the rotational degrees of freedom and
creates an isolated environment, where the molecules can be
probed to analyze their inherent structures and interactions.
Additionally, the supersonic expansion grants the generation of
many-body complexes, allowing for the study of a number of
molecular species in the same experiment.?23%

Using broadband rotational spectroscopy, we previously
studied 1,1"-diadamantyl ether (DAE) and its complexes with
solvent molecules.®** DAE is a good model to analyze the
interplay between London dispersion and hydrogen bonding
interactions; it possesses two adamantyl groups that are good
dispersion energy donors as well as a linking ether group that is
in turn a good hydrogen bond acceptor. By investigating DAE
complexes with different solvents, we were able to directly
observe how the size and polarity of the solvent molecules
subtly affect the formation and stability of the complexes.
Exploring these subtle effects enhances our comprehension of
the interplay between hydrogen bonding (a directional force)
and dispersion interactions (a weaker but cumulative force)
within a given system. Gained insights into the fundamental
nature of intermolecular interactions also have practical
implications for the molecular design, since accurate prediction
of these effects often reveals key supramolecular driving forces
in (bio)chemical processes.

In this work, we study three alkyl adamantyl thioethers of
increasing size and complexity. By exchanging the oxygen atom
of DAE with sulfur in the analogues, we retain the main
molecular geometry while significantly modifying physical and
chemical properties. Our main objective is to characterize the
emerging effects induced by this substitution. Additionally,
these compounds serve as excellent models to describe the
sulfur-water interactions, or sulfur-centered hydrogen bonds
(SCHB) in general. Sulfur is usually thought to be involved in
weak interactions, at the limit of what can be described as
hydrogen bonding. The capability of sulfur to establish hydro-
gen bonding networks in thiols (R—SH) in the gas phase using
FTMW spectroscopy has previously been studied in detail.*”
However, SCHB in other sulfur derivatives such as thioethers
has not been so extensively investigated. Recent examples
include the characterization of microsolvated complexes of
diethyl disulfide and dimethyl sulfide.***"’ The investigation of
the monohydrated complexes for the three selected sulfur-
adamantane compounds can therefore provide valuable insight
into the capability of sulfur to act as hydrogen bond acceptor in
such systems.

Results and Discussion

The molecules studied herein are showcased in Figure 1. They
feature an adamantyl group attached to a sulfur atom and a
varying alkyl group of increasing size as the other substituent.
Specifically, the molecules are 1-adamantyl methyl thioether
(Cy1HqgS, AMT) with the smallest alkyl group, followed by 1-
adamantyl tert-butyl thioether (C;,H,,S, ATT), and the bulkiest
1,1-diadamantyl thioether (C,,H;,S, DAT).
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Figure 1. Structures of 1-adamantyl methyl thioether (AMT), 1-adamantyl
tert-butyl thioether (ATT), and 1,1-diadamantyl thioether (DAT).

The three thioethers feature a quite rigid structure with the
bulky adamantyl groups. Therefore, only one conformation is
expected for each of them. We confirmed this by performing a
conformational search using the CREST code,? which resulted
in a single minimum structure, with the geometries shown in
Figure 2. Because of the presence of a single conformer, the
assignment of the broadband rotational spectra of the mono-
mers was straightforward. All molecules in the series exhibit
intense patterns of rotational transitions (Figures S1-S3), which
could be easily assigned to the monomers of AMT, ATT and
DAT (Figure 2). The rotational transitions in AMT show a
characteristic splitting attributed to the internal rotation of the
methyl top (S—CH;) which was analyzed to determine the
experimental value of the internal rotation barrier (V;). No
splitting patterns were observed for any other species. The
experimental rotational parameters determined for the three
molecules are summarized in Table 1. The intensity of the
transitions in AMT and ATT was sufficient to detect all the *C
and the *S isotopologues in their natural abundance (approx-
imately 1.1% and 4%, respectively, rotational constants in
Tables S1-S2), which allowed to determine the r, and the r,
experimental structures. AMT contains a symmetry plane which
divides the adamantyl group in two halves, with the equivalent
carbon atoms on either side of the plane (Figure S4). As a result,
the spectra of the singly-substituted °C isotopologues of these
carbon atoms are identical, effectively doubling their relative
intensity (Table S1). For DAT, the S/N ratio of the spectrum was
not sufficient for the observation of its '>C isotopologues.
However, considering the good agreement between the
experimental and theoretical spectroscopic parameters (Ta-
ble 1), it is justified to rely the analysis of the structure on
theoretical r, values.

The r, method is based on solving the Kraitchman's
equations™ to determine the coordinates of each atom from
the change in the moments of inertia upon isotopic substitu-
tion. The Kraitchman method provides only the absolute value
for the coordinates, and the signs are usually taken from
theoretical calculations. In the other approach, the r, method,**
a least-squares fit of the molecular structure is performed using
the UNEX software package,®” to reproduce the experimental
rotational constants in the ground vibrational state.*® The initial
geometries for the r, fit were taken from the computations at
the B3LYP-D3(BJ)/def2-TZVP level of theory. Both methods (r;
and r,) provide valuable information about the molecular
structure, they can be applied independently of each other, and
each of them has some advantages and drawbacks. The
predicted r, and the experimental r, structures of the three
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AMT intramolecular interactions in these molecules (Figure 3). The
e f scatter graphs for the NCI analysis are shown in Figure S5 in the
C9~J Cs R C7 SI. As the substituent size increases, dispersion interactions
Wé\\U//—V become more prominent. For the largest molecules, DAE and
‘fr“ 7‘,1 19;1;4(6/\) o DAT, the NCI surfaces reveal interactions of similar shape and
Cip | \C@)&é @L% strength despite the substitution of the oxygen atom with
N @, — NI sulfur.
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Figure 2. Experimental r, structure for AMT and ATT (inner solid grey
spheres) and theoretical (B3LYP-D3(BJ)/def2-TZVP) r, structure (outer semi-
transparent balls). It was not possible to determine the r, for DAT, and the
structure analysis relies on the r,. The experimental structure for DAE from
reference 35 is given for comparison.

monomers are shown in Figure 2, while the most relevant
structural parameters are presented in Table 2.

Figure 2 presents the theoretical structure of DAT as well as
the experimental structure of 1,1"-diadamantyl ether (DAE), the
oxygen analogue of DAT. The substitution of oxygen by sulfur
leads to an increase in the ether/thioether bond length and a
decrease in the C,—0/S—C,, angle (Table 2). A Non-Covalent
Interaction (NCI) analysis has been performed to visualize the
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As previously mentioned, the observed splitting in the AMT
transitions was attributed to the internal rotation motion of the
S—CH; top (Figure S6). Analysis of the splitting resulted in the
determination of the rotational constants and the barrier height
(V5) for the motion. The experimental value of 513.60(21) cm™'
is well reproduced by the theoretical computations (507 cm™)
and falls within the range of other methyl sulfide molecules
reported in the literature.””*® The longer bond distance in the
S—CH; molecules results in smaller V; values than the oxygen
compounds for almost all the thioethers, as reported in the
literature."”

The next step was the analysis of the monohydrated
complexes to explore the formation of hydrogen bonds and
extend previous studies about SCHB. The conformational search
using theoretical methods resulted in one low-energy con-
formation for each of the thioethers. The three complexes show
a similar interaction network, in which the water molecule acts
as the hydrogen bond donor and the sulfur atom as the
acceptor (Figure 3). High-energy isomers for the monohydrated
complexes were predicted, in which the water molecule
interacts solely with hydrogen atoms of the adamantyl and the
alkyl groups. Those structures were disregarded due to their
high relative energies of about 20 kJ-mol™". For the stable
microsolvated complexes, we performed geometry optimiza-
tions, as well as NCI and SAPT calculations. The theoretical
spectroscopic parameters were used to simulate the rotational
spectra and aid the search for the monohydrated species in the
experimental spectra. The residual water in the gas bottle and
in the gas lines was sufficient to enable the formation and
spectral identification of the water complexes with 1-adamantyl
methyl thioether (AMT-w) and 1-adamantyl tert-butyl thioether
(ATT-w). However, to observe the monohydrated complex of
1,1-diadamanty! thioether (DAT-w) it was necessary to repeat
the experiment with additional water in an external reservoir.
The determined spectroscopic parameters and the observed
intensities of the transitions show an excellent agreement with
the theoretical rotational constants and the predicted values of
the dipole-moment components, which allowed an unambig-
uous assignment for each of the complexes (Table 3). Only few
transitions exhibit the splitting expected from the internal
rotation of the S—CH; top for the AMT-w. Due to their low
intensity, it was not possible to analyze the splitting pattern in
more detail to determine the V, barrier for the complex.

In all the three monohydrated complexes, the theoretical
O,—H,S distance is predicted to be only slightly longer than
the equivalent distance H,~O in the DAE-w cluster.”” Likewise,
the O,—H,~O/S angle is similar in all cases (Table S3). The NCI
analysis reveals that the O,—H,~S hydrogen bond is of
moderate strength with some additional O,-+H—C dispersion
interactions, which become more important as the size of the
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Table 1. Experimental and theoretical (B3LYP-D3(BJ)/def2-TZVP) spectroscopic constants for the AMT, ATT, and DAT monomers. The final fit for AMT was
achieved using the XIAM program, while SPFIT was used for ATT and DAT.

AMT ATT DAT
Experimental Theoretical Experimental Theoretical Experimental Theoretical

A (MHz)* 1526.989(35)° 1531.1 1144.26486(23) 1145.8 743.793721(85) 743.6

B (MHz) 669.400(25) 667.3 358.387422(62) 358.1 172.596201(60) 172.7

C (MHz) 645.864(24) 643.5 350.936979(61) 350.4 168.062925(62) 168.0

D, (kHz) 0.0097(24) - 0.00503(20)° - 0.00153(11)° -

Dy (kHz) 0.0566(32) - 0.00822(61) - - -

Dy (kHz) - - 0.0521(71) - - _

d,(kHz) 0.00110(63) - - - - -

d, (kHz) —0.00052(14) - - - - -

V, (em™) 513.60(21) 507 - - - -

Vs (kJ-mol ™) 6.1439(26) 6.1 - - - -

o/ up/u (D) Y/Y/N -1.1/1.3/0.0 Y/Y/N —0.6/—1.4/0.0 N/Y/N 0.0/—1.6/0.0
N 251 - 311 222 -

o (kHz) 10.9 - 6.5 6.4 -

“A, B, and C are the rotational constants; D,, Dy, Dy d, and d, are the quartic centrifugal distortion constants. V; is the barrier height for the internal rotation
of the methyl top. u,, u, and u. are the electric dipole-moment components of the transitions (N: not observed, Y: observed). N is the number of fitted
transitions. o is the root-mean square deviation of the fit.  Standard error in parentheses in units of the last digit. © For ATT and DAT, the A-reduction was
used, therefore the quartic centrifugal distortion constants are 4, 4y, and 4.

labelling presented in Figure 2.

Table 2. Selected experimental (r, and r,) and theoretical (r., B3LYP-D3(BJ)/def2-TZVP) bond distances (A) and angles (°) for AMT, ATT, DAT, and DAE. Atom

AMT ATT DAT DAE
rD rs re rO rs re re rl)a sb re
0/5—C, 1.91(6) 1.87(2) 1.84 1.8(1) 1.673(2) 1.85 1.85 1.42(1) - 143
0/5:—C,, 1.76(6) 1.804(3) 1.81 1.88(9) 1.831(6) 1.86 1.85 1.42(1) - 1.43
C,,—0/5—C,, 103(3) 98(17) 117.7 111(6) 100.1(2) 111.8 112. 127.2(0.9) - 127
2 From reference 35. ° For DAE, the "0 isotopologue was not observed.
0.02 -
52
b §
0.0 6
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5
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Figure 3. Structures of the monomers AMT, ATT, DAT, and DAE together with their monohydrated complexes AMT-w, ATT-w, DAT-w, and DAE-w. The NCl are
plotted using a cut-off value for the isosurface of 0.5 for all the molecules and complexes discussed. The strength of the interaction depends on the value and
sign of X,. The blue color appearing in the hydrogen bonds represent strong attractive forces. Green surfaces represents weak attractive interactions, like
dispersion, and appear between C—H--H—C or C—H--O. The red areas inside the bulky adamantyl substituents indicate strong repulsive interactions.
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Table 3. Experimental and theoretical (B3LYP-D3(BJ)/def2-TZVP) spectroscopic constants for the AMT-w, ATT-w, and DAT-w complexes. The final fits were
achieved using SPFIT.

AMT-w ATT-w DAT-w
Experimental Theoretical Experimental Theoretical Experimental Theoretical
A (MHz)* 1024.8474(11)° 1037.2 777.67811(46) 7749 535.36043(35) 546.3
B (MHz) 558.00146(80) 559.7 333.12541(14) 342.6 169.36432(11) 168.8
C (MHz) 480.67462(84) 485.1 295.62125(13) 303.0 156.448285(59) 157.1
A, (kHz) 0.048(13) - 0.00685(67) - - -
Ay (kHz) - - 0.0555(91) - 0.0229(25) -
Ay (kHz) 0.555(68) - - - 0.0364(53) -
9, (kHz) - - - - - -
Oy (kHz) - - - - - -
o/t (D) Y/Y/N -1.0/-1.4/-0.3 Y/Y/N 0.5/1.5/-0.4 N/Y/N -0.5/-14/-0.5
N 26 - 57 111 -
o (kHz) 7.0 - 4.2 6.8 -
? Parameter definitions in Table 1.° Standard error in parentheses in units of the last digit.

group increases. The same conclusion was reached in the case
of DAE complexes with solvents of different size, as the
dispersion forces increased with the size.®”

Symmetry-Adapted Perturbation Theory (SAPT) computa-
tions at the SAPT2+/jun-cc-pVDZ level were performed to
obtain information of the interaction energy of the monohy-
drated complexes. An additional gain from SAPT computations
is the decomposition of the total energy into the electrostatic,
induction, dispersion, and exchange components. The total
energy follows an increasing trend with the size of the alkyl
group that is consistent with the NCI analysis (Table 4). As the
substituent becomes larger, the percentage of electrostatic and
induction contributions to the stability of the complex
decreases, while the percentage of dispersion increases. This

Table 4. Symmetry-Adapted Perturbation Theory energy (SAPT2+-/jun-cc-
pVDZ) and contributions of the electrostatic, dispersion, induction and
repulsion forces for AMT-w, ATT-w, DAT-w, and DAE-w. The interaction
energy for each complex is also calculated considering the basis set
superposition error (BSSE) at the B3LYP-D3(BJ)/def2-TZVP level of theory.
All the energies in kJ-mol™".

SAPT interaction energy AMT-w ATT-w DAT-w DAE-w
Electrostatic -40.9 -44.3 -44.6 -57.4
Exchange 52.3 58.1 59.0 734
Induction -14.8 -16.2 -16.3 -19.2
Dispersion -15.2 -18.1 -19.4 -23.1
Total -18.6 -20.5 -21.3 -26.4
% Electrostatic” 57.7 56.4 55.5 57.6
% Induction 20.9 20.6 203 19.3
% Dispersion 214 23.0 24.2 23.2
Interaction energy (BSSE) -26.4 -28.9 -29.6 -30.7

? Percentage relative to the sum of the attractive forces (electrostatic,
induction, and dispersion).
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result highlights the importance of dispersion interaction to the
net stability as the substituent increases. The SAPT computation
for DAE-w at the same level gives higher values for all the
contributions than for the sulfur analogue, illustrating the
capacity of oxygen to form more stable interactions. The
interaction energies were also calculated at the B3LYP-D3(BJ)/
def2-TZVP level of theory considering the Basis Set Super-
position Error (BSSE). These computations result in higher
energies compared to the SAPT values (Table 4). However, the
same increasing tendency with the substituent size can be
observed.

The fact that the three thioethers AMT, ATT, and DAT, along
with the oxygen analogue DAE, form identical hydrogen bond
patterns highlights the stability of that disposition for the
molecule of water. It is important to emphasize that complex-
ation with water does not change the structure of the
thioethers, i.e., the bond distances and angles of the monomers
remain unaltered upon complexation as observed for DAE-w
(Table S3).

Conclusions

A series of adamantyl thioether derivatives with increasing size
and complexity has been synthesized and studied by high-
resolution rotational spectroscopy. Furthermore, we observed
their microsolvated complexes with one molecule of water.
Precise experimental structures were determined for the smaller
monomers, AMT and ATT. For the remaining structures,
structural analysis relied on theoretical computations in combi-
nation with the rotational spectroscopy results. Comparison of
DAT and DAE shows that a change of oxygen to a larger sulfur
atom modifies slightly the structure of the monomer, while the
interaction site of water in the complexes is similar in both
cases. The behavior of water in the smaller derivatives was
found to be comparable, providing insight into the preference
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of water to establish hydrogen bonds with thioethers. We
analyzed the splitting generated by the rotation of a methyl top
in the smaller compound, AMT, and compared it with other
S—CH; molecules reported. The determined barrier for the
motion of the methyl top in AMT falls within the range of
values for alkyl thioethers. In all the examined cases, the S—CH,
barriers were lower than the corresponding O—CH; counter-
parts. Lastly, it should be remarked that 1,1’-diadamantyl
thioether (DAT) is one of the largest molecules studied to date
by high-resolution rotational spectroscopy, highlighting the
challenges for measurement and analysis of large size com-
pounds.

Experimental Section and Computational
Details

Synthesis of thioethers

All 'H and C NMR spectra were recorded with a Bruker AV-600
NMR spectrometer, and the NMR spectra were referenced to the
residual proton or carbon signal of the used deuterated solvent as
an internal standard (Figures S7-59). IR spectra were recorded with
FT IR-ATR Perkin Elmer UATR. GC-MS analyses were performed on
an Agilent 7890B/5977B GC/MSD instrument equipped with a HP-
5 ms column. All solvents were obtained from commercial sources
and used without further purification.

Synthesis of 1-adamantyl methyl thioether” (AMT): Na (0.23 g,
0.01 mmol) was dissolved in absolute methanol (20 mL) and 1-
adamantanethiol® (1.0 g, 0.006 mol) and Mel (0.63 mL, 0.01 mol)
were added. The reaction mixture was refluxed for 1 h and after
cooling to room temperature, the solvent was evaporated under
reduced pressure to 1/3 of the initial volume and then n-hexane
(50 mL) was added. Layers were separated in a separating funnel
and the methanol layer was extracted with n-hexane (2x50 mL).
Combined n-hexane layers were dried over Na,SO,, filtered, and
evaporated to produce 1.0 g (92%) of the colorless oily product.
The resulting crude product was purified by column chromatog-
raphy using n-hexane as the eluent, yielding DAT as a colorless oil
(0.443 g, 73%). 'H NMR (600 MHz, CDCl;), 6 =1.65-1.73 (m, 6H),
1.84 (d, 6H, J=2.4 Hz), 2.0 (s, 3H), 2.03-2.06 (m, 3H) ppm. >*C NMR
(150 MHz, CDCl,), 6=8.8, 29.6, 36.4, 42.7, 42.8 ppm. MS (El) m/z
182.1 (M%), IR (neat), ¥,,,=2902 (s), 2848 (s), 1450 (m), 1342 (m),
1046 (w) cm ™.

Synthesis of 1-adamantyl tert-butyl thioether (ATT): 1-
Adamantanethiol® (0.3 g, 1.8 mmol) was dissolved in tert-butanol
(20 mL) and 2 mL of conc. sulfuric acid was added. The reaction
mixture was heated at 40°C for 24 h in a sealed tube. After cooling
to room temperature, 50 mL of n-hexane was added, the reaction
mixture was transferred to a separating funnel and washed with
saturated aqueous solution of NaHCO; (50 mL). The aqueous layer
was extracted with n-hexane (2x50 mL) and the combined organic
layers were dried over Na,SO,. After filtration and evaporation of
the solvent under reduced pressure, 0.394 g (98%) of a colorless
waxy solid was obtained. According to the GC-MS analysis the solid
was a mixture of 15% of 1-adamantanethiole and 85% of the
desired product. Column chromatography using n-hexane as the
eluent gave 0.265g (66%) of ATT as a colorless waxy solid and
0.066g (16%) of the starting 1-adamantanethiole. 'H NMR
(600 MHz, CDCl,), 6=1.43 (s, 9H), 1.68-1.71 (m, 6H), 2.00-2.05 (m,
9H) ppm. C NMR (150 MHz, CDCl,), 6=30.0, 33.7, 36.4, 45.3, 46.1,
48.6 ppm. MS (El) m/z: 224.3 (M*). IR (neat), ¥,,,=2958 (w), 2903
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(s), 2849 (s), 1471 (w), 1452 (m), 1359 (m), 1342 (w), 1302 (w), 1161
(m), 1101 (w), 1041 (m), 684 (W) cm™".

Synthesis of 1,1-diadamantyl thioether® (DAT): 1-
adamantylmethanesulfonate®™” (0.460 g, 2 mmol), 1-
adamantanethiol® (0.336 g, 2 mmol) and TEA (0.28 mL, 2 mmol)
were heated in a sealed tube at 100°C for 48 h. The reaction
mixture was cooled to room temperature and dissolved in CH,CI,
(10 mL), extracted with water (10 mL) and washed with 5% H,SO,
(ag.) (10 mL) and Na,CO; (sat., ag.) (10 mL). The organic phase was
dried over Na,SO,, filtered and evaporated. The resulting crude
product was purified by column chromatography (0—100% CH,CI,/
n-hexane as the eluent), yielding DAT as a white solid (0.443 g,
73%). M.p. 231-232°C (lit®¥ 231.0-231.5°C). '"H NMR (600 MHz,
CDCl,), 5=1.69 (br. s, 12H), 2.00 (br. s, 6H), 2.05-2.10 (m, 12H) ppm.
3C NMR (150 MHz, CDCls), 0 =30.1, 36.4, 45.9, 49.3 ppm. MS (El) m/
z:302.3 (M7). IR (neat), ¥,,,,=2899 (s), 2886 (s), 2847 (s), 1447 (m),
1342 (m), 1295 (m), 1035 (s), 814 (w), 686 (w) cm™".

Chirped-pulse Fourier transform microwave (CP-FTMW)
spectroscopy

The spectra were recorded with the broadband chirped-pulse
Fourier-transform microwave (CP-FTMW) spectrometer COMPACT in
the frequency range 2-8 GHz in Hamburg.”” Different conditions
were used for each of the samples, but the general procedure is as
follows. The samples were held in a reservoir inside a vacuum
chamber and heated (60°C for AMT, 130°C for ATT, and 180°C for
DAT) to generate sufficient vapor pressure. The sample vapor was
diluted in Ne as carrier gas, with a backing pressure of 1-2 bars. We
used a pulsed valve with a repetition rate of 8 Hz to supersonically
expand the gas mixture into the vacuum chamber, where it formed
a macroscopic polarization induced by a 4 ps microwave chirp
pulse. The microwave pulses were created by an arbitrary waveform
generator (AWG), amplified by a traveling wave tube amplifier
(300 W of power), and broadcasted into the chamber by a horn
antenna. The free induction decay (FID) of the macroscopic
polarization was recorded in the time domain using an oscilloscope.
The Fast Fourier transformation of the FID provided the spectrum
in the frequency domain. A fast frame setup was used, which
allowed to probe each supersonic expansion with eight back-to-
back excitation pulses,®" thus reducing measurement time and
sample consumption. A total of 4.1 million averages were collected
in the experiments for AMT, ATT, and DAT. The intensity of the
transitions for AMT and ATT was sufficient to observe the singly
substituted *C and **S isotopologues in natural abundance, along
with the monohydrated complexes. The signal to noise ratio (SNR)
for AMT was measured to be of 1100 for some of the most
prominent transitions in the experimental spectrum. For its
monohydrated cluster, the SNR was around 13. The SNR for the
most intense transitions of ATT was of about 1200, while its water
cluster, ATT-w, had a SNR around 13 for the most intense
transitions. The relatively low intensity of the rotational spectrum of
DAT (SNR around 90 for the most intense transitions) did not
enable the observation of any rare isotopologue or water complex.
The monohydrated cluster of DAT was investigated by performing
a second experiment in which a reservoir containing water, external
to the vacuum chamber, was added to the gas line. The
experimental conditions were optimized to favor water complex-
ation, this involved heating the internal reservoir containing DAT
up to 185°C and using neon at a backing pressure of 3 bars. The
final spectrum was recorded by averaging 3.4 million acquisitions,
and the most intense transitions of DAT-w reached a SNR of 40. All
the spectra feature line resolution of ca. 25 kHz and accuracy in the
frequency measurement better than 15 kHz.

© 2023 The Authors. ChemPhysChem published by Wiley-VCH GmbH
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A preliminary fit of the species was obtained using an asymmetric
rigid rotor Hamiltonian in the JB95 software.®? Refined fits for ATT,
DAT, and their complexes with water were obtained using the A-
reduction, I" representation semirigid rotor Hamiltonian imple-
mented in the SPFIT program.®® The final fit for AMT was
performed using Watson's S-reduction implemented in XIAM to
analyze the splitting due to the internal rotation of the methyl
top.”¥ The final fit for the AMT-w complex was obtained using the
A-reduction, I' representation with SPFIT.

Computational Details

We explored the conformational landscape of monomers and
complexes using the CREST code™ based on GFN2-xTB.***®
Structure optimizations using the B3LYP-D3(BJ)*’*® dispersion-
corrected functional with the def2-TZVP" basis set were performed
within the harmonic approximation to obtain zero-point corrected
relative energies using the ORCA program package, version 5.0.1%¢"
Energy scans to compute the barrier for the internal rotation
motion were all performed at the B3LYP-D3(BJ)/def2-TZVP level of
theory using ORCA version 5.0.

The weak intra- and intermolecular forces were identified by a Non-
Covalent Interactions (NCI) analysis.**** The sign of A, from the NCI
calculations is associated with the nature and strength of the
interaction. Positive values of A, indicate repulsive interactions,
while negative values depict stronger NCI forces. Values of A, close
to zero indicate the presence of weak attractive interactions, such
as van der Waals forces. To generate the NCI surfaces the
Multiwfn®® software was used, while Chimera®' was employed for
its visualization. For the monohydrated clusters, Symmetry-Adapted
Perturbation Theory (SAPT)® computations (SAPT2 4+ with the jun-
cc-pVDZ basis set) were also performed to obtain the interaction
energy of the complex and decompose it into its components using
the PSI4 package.®™” Additionally, BSSE-corrected energies were
obtained using the counterpoise method at the B3LYP-D3(BJ)/def2-
TZVP level of theory.
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