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General. NMR spectra were recorded on VNMRS300, VarianUNITY INOVA 400, and
Bruker AVANCE-III 600 spectrometers. 'H NMR and '*C NMR spectra are referenced to
residual solvent signal. High-resolution mass spectra were obtained with Q-Tof micro
(Waters) spectrometer. IR spectra were recorded on Nicolet Avatar 370 FT-IR using KBr-
diluted samples and diffuse reflectance technique (DRIFT). Crystallographic data were
collected on Nonius Kappa CCD diffractometer equipped with Bruker Apex-II CCD detector
and a Cryostream Cooler (Oxford Instruments) at 150(2) using graphite-monochromated Mo
Ka radiation (1 = 0.71073 A). The crystal structure was solved by direct methods (SHELXS),!
and the structure model was refined by full matrix least squares based on F? (SHELXL2018).2
The non-hydrogen atoms were refined with anisotropic displacement parameters. The
hydrogen atoms residing on the oxygen atoms were identified on the difference electron
density maps and refined as riding atoms with U, (H) set to 1.2-times Ug(O). Hydrogen
atoms residing on the carbon atoms were included in their theoretical positions and refined
analogously. Geometric data as well as structural drawings were obtained with a recent
version of the PLATON progam.?> Melting points were measured on Biichi Melting Point B-
545 (£0.2 °C). A radial-layer chromatograph (Chromatotron™) was used for purification of
crude products. Molecular sieves (3A, powder, Alfa Aesar) were heated at ca. 180 °C under
reduced pressure for several hours prior to use. Cesium fluoride (Fluorochem) was dried by
heating at ca. 180 °C under reduced pressure. Anhydrous alcohols (Sigma-Aldrich) were used
as received. Tetrahydrofuran (THF) and dimethoxyethane (DME) were distilled from
sodium/benzophenone ketyl under argon atmosphere. Dichloromethane (DCM) was distilled
from CaH, under argon atmosphere. Other solvents (for workup and chromatography) and

chemicals obtained from commercial suppliers were used without any further purification.
Synthesis

Methyl pyrazinoate. This compound was prepared by a modification of the procedures of
Goodson and Bark.* 2-Pyrazine carboxylic acid (25.70 g; 207 mmol) was suspended in dry
MeOH (250 mL) and concentrated H,SO,4 (ca. 10 drops) was added. The mixture was heated
to reflux for 2 days. After cooling to ambient temperature, the solution was treated with solid
NaHCO; (5 g) for 16 h. The mixture was concentrated under reduced pressure, filtered, and
the residue was diluted with DCM. After drying over MgSQ,, the solution was filtered
through alumina column. The solvent was removed under reduced pressure, and the residue

was sublimed in vacuo (ca. 110 °C) to give 20.9 g (73 %) of the title compound as a white
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crystalline solid. 'H NMR (299.94 MHz, CDCl;): 6 = 9.34 (d, 1H, pz, *J = 1.5 Hz), 8.80 (d,
1H, pz, 3J = 2.4 Hz), 8.74 (dd, 1H, pz, 3J = 2.4 Hz, *J = 1.5 Hz), 4.06 (s, 3H, CH3) ppm. 13C
NMR (75.4 Hz, CDCly): 6 = 164.5 (C=0), 147.9 (pz-H), 146.4 (pz-H), 144.5 (pz-H), 143.4
(pz-C), 53.3 (CH3) ppm.

O-Silyl ether hemiacetal. Methyl pyrazinoate (200.0 mg; 1.45 mmol) was dissolved in a
mixture of DCM/DME (2.3 mL, 7:1), and freshly dried CsF (12.2 mg; 79 umol) was added
under argon atmosphere. Then, TMS-CF; (0.28 mL; 1.84 mmol) was slowly added under
argon atmosphere (argon-vacuum cycles) by microsyringe, where the reaction mixture turned
brown-orange. The reaction was monitored by TLC (silicagel, DCM/hexane 1:1 or pure
DCM). The reaction mixture was stirred for 70 min, and then the reaction was quenched using
H,0 (5 mL), and aqueous phase was extracted with DCM (3 % 20 mL). The combined organic
layers were dried over MgSO, (1.8 g), concentrated under reduced pressure to dryness, and
the residue was dried in vacuo to afford 336.3 mg (83 %) of the product as a orange-brown
viscous oil. The product was further purified by radial TLC (silicagel, DCM/hexane 1:1 —
DCM) to finally afford 227.2 mg (56 %) of a colorless viscous oil. 'H NMR (600.17 MHz,
CD,Cly): 6 =8.95 (d, 1H, pz, /= 1.2 Hz), 8.63 (dd, 1H, pz, 3J=2.7 Hz, *J= 1.2 Hz), 8.62 (d,
1H, pz, 3J = 2.7 Hz), 3.32 (s, 3H, OCH3), 0.25 (s, 9H, OTMS) ppm. *C NMR (150.91 MHz,
CD,Cly): 0 = 150.7 (pz-C), 146.0 (pz-H), 145.8 (pz-H), 143.8 (pz-H), 122.9 (k, CF3, Jcg =
290.2 Hz), 98.0 (k, C-CF3, 2Jcr = 31.7 Hz), 51.6 (OCHj), 1.5 (OTMS) ppm. '"F NMR
(282.19 MHz, CD,Cl,): 6 = —80.3 (s) ppm. IR (KBr): 3081 (vw), 3052 (vw), 2959 (w), 2899
(vw), 2848 (vw), 1473 (vw), 1440 (vw), 1401 (w), 1311 (w), 1293 (w), 1260 (m), 1180 (vs),
1135 (s), 1105 (s), 1060 (w), 1021 (w), 997 (w), 967 (W), 890 (m), 851 (s), 821 (w), 761 (w),
719 (w), 641 (w), 414 (w) cm™'. HRMS (APCI): calc. for C;oH;4sN,O,F;Si ([M+H]")
281.0933, found 281.0930.

Hydrate (Hy). To a solution of O-silyl ether hemiacetal (95.3 mg; 0.34 mmol) in THF
(2.5 mL) AcOH (99%, 0.19 mL) and KF (28.7 mg, 0.49 mmol) in H,O (0.2 mL) were added.
The reaction mixture was allowed to stir at r. t. under argon atmosphere. The reaction was
monitored by TLC (silicagel, DCM, mini-workup using sat. NaHCOs;). After 75 min, sat.
NaHCO; (5 mL) was added and THF was removed under reduced pressure. Aqueous phase
was extracted with EtOAc (4 x 10 mL) and the combined organic layers were dried over
MgSO, (2.1 g). After concentration under reduced pressure, the resulting residue was dried in

vacuo to afford 56.5 mg (86 %) of a colorless solid. For further use it was purified by radial
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TLC (silicagel, hexane/EtOAc 4:3) to finally afford 32.3 mg (49 %) of a colorless crystalline
solid. Trituration of the residue with DCM/hexane (1:1) was also approved for purification
purpose. 'H NMR (600.17 MHz, CD;CN): 6 = 9.02 (s, 1H, pz), 8.74 (d, 1H, pz, 3J = 2.4 Hz),
8.63 (dd, 1H, pz, *J = 2.4 Hz, *J = 1.2 Hz), 5.93 (s, 2H, OH) ppm. 3C NMR (150.91 MHz,
CD;CN): 6 = 150.6 (pz-C), 147.3 (pz-H), 145.2 (pz-H), 143.8 (pz-H), 124.0 (k, CF;, Jcf =
287.2 Hz), 93.0 (k, C-CF3, 2Jcr = 32.6 Hz) ppm. '°F NMR (282.19 MHz, CD3CN): § = —84.4
(s) ppm. IR (KBr): 3351 (b), 3102 (w+b), 3040 (b), 2866 (w+b), 2836 (w+b), 2717 (w+b),
2528 (w+b), 1473 (w), 1416 (w), 1401 (w), 1389 (w), 1296 (w), 1278 (s), 1236 (m), 1210
(m), 1168 (vs), 1144 (m), 1126 (m), 1078 (s), 1054 (s), 1021 (m), 958 (w), 937 (m), 860 (m),
812 (w), 767 (w), 719 (w), 662 (w), 611 (w), 576 (w), 423 (m) cm™!. HRMS (APCI): calc. for
CsH4N,OF; (|[M—H,O+H]*) 177.0276, found 177.0268. M. p. 86.9 °C. Single crystal for X-
ray analysis was obtained by slow diffusion of chloroform into the solution of the title

compound in THF atr. t.
Hemiacetalization and hydration experiments

Preparation of samples. The stock solutions for NMR hemiacetalization experiments were
prepared (just before use) by weighing (+ 0.1 mg) into a ImL volumetric flask of the hydrate
and by using appropriate microsyringe for alcohols, followed by addition of CD3;CN to form
solutions of 0.1M and 1M, respectively, and 1 mL total. Then, the solution of respective
alcohol (1-butanol: 0.09 mL; 90 umol, benzyl alcohol: 0.12mL; 120 umol, 2-
methoxyethanol: 0.18 mL; 180 pmol, 2-propanol: 0.18 mL; 180 umol) was added to the
solution of the hydrate (0.3 mL; 30 pmol) in ImL volumetric flask using microsyringe,
followed by addition of CD;CN to make 1 mL total (different hydrate/alcohol ratios were
used in order to generate approximately equal proportions of the hemiacetals in the dynamic
systems, vide infia). After, molecular sieve (3A, ca. 50 mg) and magnetic stirrer were added
and the mixture was allowed to stir for ca. 3 h at room temperature. Molecular sieve was
filtered off using PTFE syringe filter, the solution was added to fresh portion of molecular
sieve (ca. 50mg) in a small vial and the mixture was stirred overnight under argon
atmosphere. Finally, the filtered solution was transferred to NMR tube, which was filled with

argon and kept airtight throughout spectra acquisition.

Sample for the hydration experiment was prepared as follows: The hydrate (3.3 mg;

17 uymol) in NMR tube under argon atmosphere was dissolved in CD;CN (stored in the



presence of 3A molecular sieve under argon atmosphere) and the sample was kept in

desiccator with silicagel overnight.

The experiment comprising the simultaneous presence of 1-butanol and benzyl alcohol
was prepared as follows: The stock solutions were prepared by weighing into a ImL
volumetric flask of the hydrate and by using microsyringe for the alcohols, followed by
addition of CD;CN to form solution of 0.05M and 0.5M, respectively, and 1mL total. Then,
the solution of benzyl alcohol (0.09 mL; 45 umol) was added to the solution of the hydrate
(0.6 mL; 30 umol) in NMR tube using microsyringe, followed by gradual addition of the
solution of 1-butanol (0.09 mL; 45 pumol). Sample was equilibrated at r. t. followed by
addition to molecular sieve (3A) and CD;CN (0.1 mL) in a small vial and the mixture was
allowed to equilibrate overnight. Finally, the filtered solution was transferred to NMR tube,

and the sample was kept under argon atmosphere.

Measurments and spectra analysis. 'H and '°F NMR spectra were recorded on VNMRS300,
VarianUNITY INOVA 400 and Bruker AVANCE-III 600 (for the mixed alcohol system)
spectrometers, soon after samples preparation. Samples were equilibrated at particular
temperature for ca. 20 min before the acquisition started. For each peak in '°F NMR spectrum
three proper integrations were made, and the average values of relative amount of the
hemiacetal at equilibrium y and of ratio #/k were used in subsequent equilibrium constant

calculation for the hemiacetal formation, in accordance with Eqn (1):
K=h/k([ROH]io —y [Klio) (1)

where 4 and k are the integrals for [H] and [K], respectively and [K] is total concentration of

the ketone and its hydrate.

Similar approach was applied for the hydration equilibrium, where the water content
was determined by integration in '"H NMR spectra. Equilibrium constant of the hydration was
used for the calculation of free water content in 1D-EXSY experiments to determine the

hydration equilibrium.

The determination of equilibrium constants was accomplished at 5 temperatures in the
range of —10 °C - 45 °C. Thermodynamic parameters were calculated based on the van’t Hoff
plots (for the hydration and single alcohol experiments, see Figure S2), where the linear

fitting treatment of the data gave the values of adj. R? better than 0.990. Since '°F NMR has
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several advantages, e. g., signals are well separated without splitting, has almost the same
sensitivity like '"H NMR (moreover, there are three fluorine atoms providing singlet peak), the
integrations were performed in '°F NMR spectra in each case. The obtained results can be,
however, checked following the integration in 'H NMR spectra, which yields the values of

AG;; with difference at most to about + 1 kJ/mol.

1D-EXSY. Since our systems fulfill feasibility criteria, i.e., interconversion of two sites is
slow on the '°F chemical shift time scale (resulted in well separated signals) and the relaxation
time 7 of the spin in each state in not much shorter than the lifetime of the existing states, the
magnetization transfer of the involved sites can be analyzed by plotting the normalized
intensity of the build-up peak against mixing time yielding the build-up curve. The intensity
of the excited peak is extrapolated to zero mixing time, and this value is used to normalize the
intensity of the build-up peak. Different delays up to 1 s were used and the longest values
gave up to 6% and 25% of transferred magnetization for single and mixed alcohol systems,
respectively. The build-up curve is then fitted with a second-order polynomial function, and
the first derivative at time zero is used as the effective exchange rate (kgyq OF kg, for forward
or backward process, respectively). The reaction rate constants k; and k_; are solved
individually (in two separate experiments, where the resonance of either the ketone or of the
hemiacetal and hydrate, respectively, are selectively excited) by the formula kgq = [ROH]A,
and kywq = k-1, Where kgyq and kyyg correspond to the experimentally measured build-up rates
for NMR signal for forward and backward processes, respectively, and [ROH] denotes the
concentration of the free alcohol. Using the rate constants, the association constants (K =
ki/k_,) and the values of A,G (A,G = -RTInK) could be calculated and compared with those

determined from the van’t Hoff plots.

Table S1 Equilibrium compositions (%) of R-systems based on '°F NMR (298 K).

R-system K Hy H
H 11.8 88.2

Bu 9.1 10.2 80.7
Bn 15.3 10.0 74.7
2-ME 53 25.5 69.2
i-Pr 18.3 4.0 77.7




Computational Details. All structures employed in this study were optimized using the M06-
2X functional® in conjunction with the 6-311++G(d,p) basis set, as implemented in the
Gaussian 09 program package.® Frequency analyses at the same level of theory were
performed in all the stationary geometries in order to assign them as genuine minima (no
imaginary frequency) or transition states (TS, only one imaginary frequency corresponding to
the reaction coordinate) on the potential energy surface (PES) as well as to evaluate the
thermochemical corrections at 298.15 K. A pruned (99, 590) UltraFine grid was used for the
numerical computation of two electron-integrals. The connectivity of each TS with the
associated minima was described using IRC (intrinsic reaction coordinate) procedure.” For
stationary points a detailed conformational analysis was carried out. Relaxed PES scan was
performed for C-O—C-O and N-C—-C-O torsion angels, starting from the optimized minima
following the IRC. Angles were varied from —180° to +180° with step size 6° and geometrical
structures with the lowest electronic energy found at PES were subsequently reoptimized. The
solvent effects were estimated through the SMD model® in acetonitrile as the continuum
dielectric (¢ = 35.688) within reoptimalization of the located stationary points at the same
level of theory. Analytical Hessians were again calculated to control the identity of the
stationary points as well as to obtain the thermochemical corrections at 298.15 K. Within
implicit-explicit model, one or two acetonitrile molecules were added to stationary points and
this explicit subsystem was optimized using SMD. Here, for all systems the same procedure
was applied (starting from analogical solvent-solute geometries) and we did not use any
conformational solvent-solute sampling. Corrections for basis set superposition error (BSSE)
were not included. The counterpoise method® applied for the water-assisted hydration yields
BSSE energies of 10.3 and 5.0 kJ/mol for the pre-RC and post-RC, respectively. The final

energy diagrams were obtained by calculating solution phase free energies according to

Eqgn (1):
Gsoln = Egas + Gn + AGsolv + 189 kcal 1’110171 (1)

where Gi1n refers to solution phase free energy, Eq, refers to electronic energy obtained in the
single point calculations at M06-2X in conjunction with the def2-TZVPPD basis set'?, G,
refers to thermal correction to Gibbs free energy obtained at M06-2X/6-311++G(d,p) level
and AGg,, is solvation free energy obtained as a difference Gym — Ggas at M062X/6-
311++G(d,p) level, where Gg,s is gas phase free energy. The final term 1.89 kcal mol™!



converts from the gas-phase standard state (defined by 7 and P) to the solution-phase standard
state of 1 M.

The most stable geometrical structures of the alcohols are in agreements with the

literature.!!

Gas-phase results

Table S2 Relative Gibbs free energies, in kJ/mol, with respect to the sum of the isolated reactants of the
transition states TS1 and the respective pre-RC1 complexes for the hydration and hemiacetalization of the

ketone. R indicates the reacting molecule ROH.

R pre-RC1 TS1

H 11.8 180.1
Bu 14.7 162.0
Bn 12.4 159.4
2-ME 22.1 175.2
i-Pr 17.1 158.4

Table S3 Relative Gibbs free energies, in kJ/mol, with respect to the sum of the isolated reactants of key
intermediates (the pre-reactive complex (pre-RC), transition state (TS), and post-reactive complex (post-RC)),

and the hydrate (Hy) for the water- and alcohol-assisted hydration. R indicates the assisting molecule ROH.

R pre-RC TS post-RC Hy

H 17.0 99.5 -24.9

Bu 19.0 94.2 -26.3

Bn 20.9 83.4 -19.8 —24.5
2-ME 20.9 101.5 -26.2

i-Pr 17.2 92.2 —25.2

Table S4 Relative Gibbs free energies, in kJ/mol, with respect to the sum of the isolated reactants of key
intermediates (the pre-reactive complexes (pre-RC2 and pre-RC3 connected with TS2 and TS3, respectively),
water-assisted transition state (TS2), alcohol-assisted transition state (TS3), and post-reactive complexes (post-
RC2 and post-RC3 connected with TS2 and TS3, respectively), and the hemiacetals (H-R) for the

hemiacetalization of the ketone. R indicates the reacting (for the TS3 simultaneously assisting) alcohol ROH.

R pre-RC2  pre-RC3  TS2 TS3 post-RC2  post-RC3 H-R
Bu 16.4 17.6 97.3 89.9 -2.5 —-0.3 -28.9
Bn 12.1 19.3 92.3 89.4 -11.2 -6.9 —28.0
2-ME 19.9 243 98.0 99.8 -8.9 0.7 -19.3
i-Pr 17.3 20.5 94.4 88.5 -5.5 —4.2 -26.1




Table S5 Relative Gibbs free energies, in kJ/mol, with respect to the sum of the isolated reactants of key
intermediates (the pre-reactive complex (pre-RC3), post-reactive complex (post-RC3) connected with alcohol-
assisted transition state (TS3) for the hemiacetalization of the ketone in the simultaneous presence of BuOH and

BnOH. R; and R; indicate the reacting alcohol R;OH and assisting alcohol R,OH, respectively.

R, R, pre-RC3  TS3 post-RC3
Bu Bn 24.6 94.7 0.4
Bn Bu 18.5 86.1 -8.4

Table S6. Relative Gibbs free energies, in kJ/mol, with respect to the sum of the isolated reactants of key
intermediates (the pre-reactive complexes (pre-RC4 connected with TS4), N-assisted transition state (TS4), post-
reactive complexes (post-RC4 connected with TS4) for the hydration and hemiacetalization of the ketone. R

indicates the reacting molecule ROH.

R pre-RC4  TS4 post-RC4
H 11.8 135.2 124.4
Bu 14.2 121.8 119.8
Bn 18.1 114.6 107.3
2-ME 19.6 115.2 105.8
i-Pr 16.5 122.1 119.6

Table S7. Relative Gibbs free energies, in kJ/mol, with respect to the sum of the isolated reactants of the
transition state TSS (transition state for rotation of pyrazine ring in zwitterionic post-reactive complexes post-

RC4) in gas phase and bulk solvent.

R GAS SMD
H 139.4 88.2
Bu 138.9 88.8
Bn 121.1 89.4
2-ME 119.4 79.9
i-Pr 137.0 92.2




Table S8. Relative Gibbs free energies (SMD), in kJ/mol, with respect to the sum of the isolated reactants of key
intermediates (the pre-reactive complexes (pre-RC4 connected with TS4), N-assisted transition state (TS4), post-

reactive complexes (post-RC4 connected with TS4) for the hydration of the ketone regarding 0-2 explicit ACN

molecules.
n Explicit
Molecules pre-RC4 TS4 post-RC4
0 12.4 109.9 74.3
1 22.4 114.4 79.4
2 18.9 110.2 79.5

X-ray structure data

Figure S1 Left: Comparison of independently DFT calculated (gas phase, red) and experimentally determined
(X-ray, blue) geometries for the hydrate. Right: ORTEP presentation of solid state structure of the hydrate.

Detailed crystallographic data for the hydrate have been deposited at the Cambridge
Crystallographic Data Centre, CCDC no. 1902217. Copy of this information may be obtained
free of charge from the director, CCDC, 12 Union Road, Cambridge CB2 1EY, UK
(http://www.ccde.cam.ac.uk; fax: +44-1223-336033; e-mail: deposit@ccdc.cam.ac.uk).
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Figure S2 Van't Hoff plots of (A) the hydration and hemiacetalization reactions of the ketone with (B) benzyl
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EXSY Build up curves
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Normalized Intensity

Figure S3 Build-up curves of the signal from (A) 2-methoxyethyl hemiacetal, when the ketone excited
selectively; (B) ketone, when 2-methoxyethyl hemiacetal excited selectively; (C) the hydrate, when ketone
excited selectively (in the presence of BnOH); (D) ketone, when hydrate excited selectively (in the presence of
BnOH); (E) hydrate, when ketone excited selectively (in the presence of 2-MEOH), and (F) ketone, when
hydrate excited selectively (in the presence of 2-MEOH). Fit of the initial buildup to a second-order polynomial
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'"H NMR and "F NMR spectra

===

£ £F s

NSO

= 83 ge SEBEIREED

3 ¥ m\; SN e
i A ¥ A n

v : v . : v

91 90 89 88 87 86 85

[ppm]

332

2881RREIRUALEY 2
PR v T sa
‘ YR
; aag
P
! I ! } 1)
9.0 8.5 8.0 75 7.0 6.5 6.0 5.5 5.0 0 4,5] 4.0 35 3.0 25 2.0 15 1.0 05 0.0
ppm

Figure S4 'H NMR spectrum (298 K) of O-silylether hemiacetal in CD,Cl,. Peaks of the hydrate (Hy) are

visible due to the partial desilylation in NMR solvent.
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Figure S5 °F NMR spectrum (298 K) of O-silylether hemiacetal in CD,Cl,.
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Figure S6 'H NMR spectrum (298 K) of the hydration in CD;CN. K = ketone; Hy = hydrate.
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Figure S7 Temperature-dependent '°F NMR spectra of the hydration in CD;CN. K = ketone; Hy = hydrate.
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Figure S8 '"H NMR spectrum (298 K) of the H-Bu-dynamic system (using 3 eq. of BuOH) in CD;CN. H-Bu =
butyl hemiacetal; K = ketone; Hy = hydrate.
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Figure S9 Temperature-dependent '°F NMR spectra of the H-Bu-dynamic system (using 3 eq. of BuOH) in
CD;CN. H-Bu = butyl hemiacetal; K = ketone; Hy = hydrate.
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Figure S10 '"H NMR spectrum (298 K) of the 2-ME-dynamic system (using 6 eq. of 2-MEOH) in CD;CN. H-
2ME = 2-methoxyethyl hemiacetal; K = ketone; Hy = hydrate.
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Figure S11 Temperature-dependent '°F NMR spectra of the 2-ME-dynamic system (using 6 eq. of 2-MEOH) in
CD;CN. H-2ME = 2-methoxyethyl hemiacetal; K = ketone; Hy = hydrate.
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Figure S12 '"H NMR spectrum (298 K) of the H-iPr-dynamic system (using 6 eq. of i-PrOH) in CD;CN. H-iPr =

isopropyl hemiacetal; K = ketone; Hy = hydrate.
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Figure S13 Temperature-dependent '°F NMR spectra of the H-iPr-dynamic system (using 6 eq. of i-PrOH) in

CD;CN. H-iPr = isopropyl hemiacetal; K = ketone; Hy = hydrate.
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Figure S14 '"F NMR spectra of the mixed H-Bu- H-Bn-dynamic system (using 1.5 eq. of each alcohol) in
CDs;CN. H-Bn = benzyl hemiacetal; H-Bu = butyl hemiacetal; K = ketone; Hy = hydrate.
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Figure S15 'C NMR spectrum (298 K) of O-silyl ether hemiacetal in CD,Cl,.

ketone (K) are visible due to the partial desilylation in NMR solvent.
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Figure S16 '3C NMR spectrum (298 K) of the hydrate in CD;CN. K = ketone.
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