
S1 

 

Supporting Information 

Light and Temperature Control of the Spin State of  
Bis(p-methoxyphenyl)carbene: a Magnetically Bistable Carbene 

 

Paolo Costa†, Thomas Lohmiller§†, Iris Trosien†, Anton Savitsky§*, Wolfgang Lubitz§, Miguel Fernandez-Oliva‡, 
Elsa Sanchez-Garcia‡*, and Wolfram Sander†* 

 
†Lehrstuhl für Organische Chemie II, Ruhr-Universität Bochum, 44780 Bochum, Germany 
§Max-Plank-Institut für Chemische Energiekonversion, 45470, Mülheim an der Ruhr, Germany 
‡Max-Plank-Institut für Kohleforschung, 45470 Mülheim an der Ruhr, Germany 
 

 

 

 

 

Table of Content 

1. Experimental details  

2. Experiments in organic glasses: Figures S1-S3, Table S1 

3. Experiments in matrices: Figures S-4-S15, Tables S2-S9 

4. Computational details: Figures S16-S20, Tables S10-S14 

5. Cartesian coordinates of optimized structures: Tables S15-S43 

6. References 

 



S2 

 

1. Experimental details 

 

Materials. 4,4´-Dimethoxybenzophenone (95-98%) was purchased from Alfa Aesar and was used without purification. Hydrazine monohy-
drate (64-65 %, reagent grade 98%), yellow mercury oxide, sodium hydride (60 % dispersion oil) and iodomethane-d3 were purchased from 
Sigma Aldrich and used without further purification.  

Bis(p-methoxyphenyl)diazomethane (2b). Bis(p-methoxyphenyl)diazomethane was synthesized according to a literature procedure by two 
reaction steps: synthesis of the corresponding hydrazone, (bis(p-methoxyphenyl)methylene)hydrazine, followed by its oxidation with HgO to 
form 2b as a purple solid.1  

(Bis(p-methoxyphenyl)methylene)hydrazine. 1H NMR (200 MHz, DMSO-d6) δ = 3.72 (3H, s, OCH3), 3.81 (3H, s, OCH3), 6.00 (2H, s, NH2), 
6.82-6.87 (2H, d, ArH), 7.07-7.17 (4H, m, ArH), 7.23-7.28 (2H, d, ArH). 13C NMR (50 MHz, DMSO) δ = 55.1 (OCH3), 113.5, 114.7 (ArCH), 
125.1 (ArC), 126.9, 130.1 (ArCH), 132.0 (ArC), 144.8 (C=N), 158.8 (ArC(OCH3)), 159.1 (ArC(OCH3)). 

2b. 1H NMR (200 MHz, DMSO) δ = 3.77 (6H, s, OCH3), 7.00-7.05 (4H, d, ArH), 7.15-7.19 (4H, d, ArH). IR (Ar, 3 K): 3020-2843 (m), 2041 
(vs), 1515 (s), 1471 (m), 1444 (w), 1309 (w), 1278 (m), 1253 (s), 1185-1168 (w), 1048 (m), 828 (m), 607 (w). 

Bis(p-methoxy-d6-phenyl)diazomethane (2b-d6). Bis(p-methoxy-d6-phenyl)diazomethane was synthesized by three reaction steps with the 
same procedure described above but replacing 4,4´-dimethoxybenzophenone with (4,4´-dimethoxy-d6)benzophenone previously synthesized.  

(4,4´-dimethoxy-d6)benzophenone (I). NaH (0.5 g, 10.5 mmol) (60% dispersion in mineral oil) was washed with pentane (5 x 5 ml). After addi-
tion of 4,4’-dihydroxybenzophenone (1.5 g, 7.0 mmol) in 70 ml DMF the reaction mixture was stirred for 20 min. CD3I (3.2 g, 22.2 mmol) was 
added and the solution was stirred again for 48 h at room temperature. After treatment with 10 % ammonia solution (100 ml) and ethyl acetate 
(100 ml), the pink organic phase was washed with water (5 x 50 ml), dried over Na2SO4 and filtered. Removal of the solvent in vacuo yielded 
the (4,4‘-dimethoxy-d6)benzophenone, which can be purified by two recrystallizations in ethanol yielding I (1.00 g, 58.6%) as white crystals. 

1H-NMR (200 MHz, CDCl3): δ = 7.79 (m, 4H, ArH), 6.96 (m, 4H, ArH). 13C NMR (50 MHz, CDCl3): δ = 194.66, 162.97, 132.38, 130.85, 
113.58 

MS (EI) m/z for C15H8D6O3: Calculated: 248 g/mol. Found: 248 [M]+, 214 [M-OCD3]+, 138 [M-PhOCD3]+ 

(Bis(4-methoxy-d3-phenyl)methylene)hydrazine (II). 1H-NMR (200 MHz, DMSO-d6): δ = 7.25 (m, 2H, ArH), 7.10 (m, 4H, ArH), 6.84 (m, 2H, 
ArH), 5.99 (s, 2H, NH).  

2b-d6. 1H-NMR (200 MHz, DMSO-d6): δ = 7.17 (m, 4H, ArH), 7.02 (m, 4H, ArH). 13C NMR (50 MHz, DMSO): δ = 157.60, 126.31, 120.24, 
115.09. 

Bis(p-methoxyphenyl)diazomethane-d4 (2b-d4). Bis(p-methoxyphenyl)diazomethane-d4 was synthesized by three reaction steps with the 
same procedure described above but replacing 4,4´-dimethoxybenzophenone with 4,4´-dimethoxybenzophenone-d4 previously synthesized.  

4,4´-dimethoxybenzophenone-d4 (III). A mixture of 4,4‘-dimethoxybenzophenone (1.2 g, 0.05 mol), D2O (20 ml, 1 mol) and D2SO4 (0.1 ml) 
was stirred at 200°C by heating in an autoclave for 48 h. Saturated aqueous NaHCO3 (70 ml) and ethyl acetate (100 ml) were added and the 
organic layer separated; the aqueous phase was extracted with ethyl acetate (2 x 100 ml) and washed with water (3 x 50 ml). The combined 
organic layer was dried over Na2SO4 and filtered. Removal of the solvent in vacuo yielded a deuteration of the ketone of 90 %, which could be 
improved by another conversion of the ketone with the reagents for 24 h. After extraction as described before and recrystallization in Ethanol, 
III (0.95 g, 74 %) was obtained as white crystals. 1H-NMR (200 MHz, CDCl3): δ = 7.79 (s, 4H, ArH), 3.89 (s, 6H, OCH3). 13C NMR (50 MHz, 
CDCl3): δ = 194.70, 162.92, 132.28, 130.86, 55.63 

MS (EI) m/z for C15H10D4O3: Calculated: 246 g/mol. Found: 246 [M]+, 215 [M-OCH3]+, 137 [M-PhOCH3]+ 

(Bis(4-methoxyphenyl-3,5-d2)methylene)hydrazine (IV). 1H-NMR (200 MHz, DMSO-d6): δ = 7.25 (s, 2H, ArH), 7.14 (s, 2H, ArH), 6.00 (s, 2H, 
NH), 3.81 (s, 3H, OCH3), 3.72 (s, 3H, OCH3).  

2b-d4. 1H-NMR (200 MHz, DMSO-d6): δ = 7.17 (s, 4H, ArH), 3.77 (s, 6H, OCH3). 13C NMR (50 MHz, DMSO): δ = 163.04, 131.70, 126.20, 
55.52. 

Preparation of samples for frozen-solution EPR. The precursor of the carbene to be generated (1b or 1b-d4/1b-d6), the respective diazo 
compound (2b or 2b-d4/2b-d6), was dissolved in MTHF or toluene-d8, respectively, ≈3 or ≈30 µl of the solution were transferred into a W-
band or Q-band quartz capillary EPR tube with an inner diameter of 0.4 or 1.6 mm, respectively. Before transfer to the tube (W-band) or inside 
the tube (Q-band), it was depleted of dioxygen by flushing it with a stream of Ar gas for ≈10 min. The sample was then immediately transferred 
into the cryostat of the EPR spectrometer at 10 K. Illumination of the samples was always carried out at 10 K using a CW laser (510 nm, 50 mW) 
or an AAVID LED (365 nm, 5 W) until no further increase of the electron spin echo (ESE) was observed to ensure near-quantitative conversion 
to the triplet state of the carbene. 

Pulse EPR spectroscopy. ESE-detected field-swept EPR spectra were recorded by use of the pulse sequence π/2-τ-π-τ-echo2 with microwave 
pulse lengths π/2 = 20 ns and inter-pulse distances τ = 260 ns. 1H ENDOR spectra were collected using the Davies-type pulse sequence 
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πinv-πRF-T-π/2-τ-π-τ-echo3 typically with a length πinv = 300 ns for the inversion microwave pulse, a RF pulse length πRF = 20 µs, an inter-pulse 
delay T = 1.4 µs, π/2 = 40 ns and τ = 524 ns. 2H ENDOR spectra were collected using the Mims-type pulse sequence 
π/2-τ-π/2-πRF-T-π/2-τ-echo4 with a RF pulse length πRF = 30 µs, an inter-pulse delay T = 3.9 µs, π/2 = 40 ns and τ = 700 ns. 

Spectral simulations. Spin-hamiltonian-based spectral simulations for the S = 1 state of the carbenes were performed numerically using 
MATLAB® (R2010a, The MathWorks, Natick, MA, USA), a vector-based linear algebra package, and the EasySpin toolbox.5 For least-square 
fittings to the experimental EPR spectra, an isotropic g factor was employed and no interacting nuclear spins were considered. For the ENDOR 
spectra, the signals from the interacting nuclei were calculated separately and then summed up to yield the overall spectrum. The basis set that 
describes the spin manifolds consisting of one S = 1 electron spin and one interacting nuclear spin can be built from the product of the eigen-
states of the two interacting spins: 

IS mIm1             (1) 

Here, mS refers to the electronic magnetic sublevel, -1, 0 +1; I takes the values 1/2 for 1H and 1 for 2H; mI takes the values −I, 1−I, ..., I−1, I. The 
spin manifolds can be described by the following spin Hamiltonian: 

IQIIASIBgSdSSgBH nn


⋅⋅+⋅⋅+⋅−⋅⋅+⋅⋅= ˆˆˆˆˆ

00e ββ         (2) 

It contains (i) the Zeeman term for the total electronic spin, (ii) the fine-structure term and, for the ENDOR spectra, (iii) the nuclear Zeeman 
term and (iv) the hyperfine term of a 1H or 2H nucleus and, in case of a 2H nucleus (I = 1), the nuclear quadrupole interaction (NQI) term. 

DFT calculations of EPR parameters. Calculations of the magnetic and electronic properties were conducted based on the three energy-
minimized (see SI section 4) geometrical models uu, ud and dd of T-1b using the ORCA program package.6 The TPSSh7 hybrid meta-GGA 
functional, which has proven good performance in the calculation of magnetic and spectroscopic properties,8 with D3 empirical dispersion 
correction9 and the IGLO-III basis set10 were used. (The def2-TZVP, EPR-II and IGLO-II basis sets yielded comparable results.) The resolution 
of identity (RI) approximation11 was employed in the calculation of Coulomb integrals and the chain-of-spheres approximation (COSX)12 was 
used for Hartree–Fock exchange, employing an auxiliary basis set automatically constructed by ORCA. Tight SCF convergence criteria in com-
bination with larger than standard integration grids and integration accuracy were applied (Grid6 and GridX6 in ORCA nomenclature). Spin-
orbit coupling was evaluated with the effective potential/complete mean-field approach. 

IR, UV-vis and X-Band CW EPR spectroscopy. FTIR spectra were recorded with an IFS66s FTIR spectrometer in the range between 400 
and 4000 cm−1 with a resolution of 0.5 cm−1. UV-vis spectra were recorded with a Varian Cary 5000 UV-Vis-NIR spectrophotometer in the 
range of 200 – 800 nm with a resolution of 0.1 nm. Matrix EPR spectra were recorded with a Bruker ELEXSYS 500 X-band spectrometer. 

Light sources. A high pressure mercury lamp (Ushio) with quartz optics (L.O.T. Oriel) was used to irradiate the argon matrices containing 2b 
if not stated otherwise. The lamp was equipped with a cut-off filter with 50 % transmission at 530 nm. Irradiation by 365 nm, 450 nm (and 530 
nm, Figure S14) were carried out using AAVID LED with a power of 5 W. 
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2. Experiments in organic glasses 

 

 

Figure S1. (A) W-band echo-detected EPR spectrum of T-1b in MTHF recorded at 10 K (black) and a simulation thereof (red) including the patterns 
from contributions of the individual transitions mS = -1 → mS = 0 (orange) and mS = 0 → mS = +1 (magenta). Experimental parameters: microwave 
frequency: 94.0 GHz; shot repetition time: 0.8 ms; microwave pulse length π/2: 20 ns; τ: 260 ns; temperature: 10 K. (B) W-band EPR simulations, 
once employing the fitted positive D = 0.4035 cm-1 (red), once a negative D = -0.4035 cm-1 of the same magnitude (blue), with the other parameters as 
in (A). It is seen that in the W-band experiment at 10 K, the thermal polarization of the spin transitions is sufficiently large to unambiguously determine 
the sign of D from the experimental spectrum. 
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Table S1. Azz Hyperfine Tensor Components in MHz of the Protons and Mulliken Spin Populations at the Hydrogen Atoms in the Three Geometry-
optimized Conformers of T-1b as Calculated by DFT.a 

  1 1’ 2 2’ 3 3’ 4 4’ 5 5’ 6 6’ 7 7’ 

 uu-T-1b -7.7 3.7 6.8 -7.6 2.7 2.7 0.6 

Azz / MHz ud-T-1b -6.0 -7.7 3.7 3.7 6.4 6.8 -8.6 -7.5 2.0 2.6 2.0 2.7 0.2 0.6 

 dd-T-1b -6.0 3.7 6.4 -8.5 2.0 2.0 0.2 

 uu-T-1b -17.1 6.4 9.8 -15.6 3.5 3.7 -0.4 

Mulliken spin population x 103 ud-T-1b -13.8 -16.7 6.7 6.4 9.1 9.9 -19.1 -15.6 3.7 3.5 3.5 3.7 -0.3 -0.4 

 dd-T-1b -13.3 6.7 9.1 -19.1 3.7 3.5 -0.3 

a  The hydrogen numbering (see Figure 1A) within the methyl groups was such that in-plane hydrogens were labeled 7, 7’ both for the down and up 
conformations. 

 

 

Figure S2. Q-band ENDOR spectra at the z+1 magnetic-field position. (A) 1H Davies of T-1b in MTHF. (B) 2H Mims of T-1b-d4 and T-1b-d6 deuter-
ated at positions 2, 2’, 3 and 3’ and at the methyl groups, respectively, in toluene-d8. Experimental spectra (a, c) were recorded after photolytic carbene 
generation from the diazo precursors (510 nm, 10 K). Spectra b and d show the respective spin-Hamiltonian-based simulations (red traces) using the 
DFT-calculated g, A and Q tensors and the D tensor, rescaled to match the experimental D, from the ud-T-1b model, as well as the transitions from the 
individual hydrogen nuclei (orange and magenta traces for the down and up conformations, respectively). Experimental parameters: microwave fre-
quencies: 34.0-34.1 GHz; magnetic fields: 779.3-784 mT; shot repetition times: 1.4 ms (A), 3.9 ms (B); microwave pulse lengths: π/2: 40 ns; πinv: 
300 ns (A); τ: 524 ns (A) , 300 ns (B, a), 700 ns (B, c); RF pulse lengths πRF: 20 µs (A), 30 µs (B); temperature: 5 K. 
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As described in the Results and Discussion section of the main text, the ring protons 2 and 2’ and 3 and 3’ with positive hyperfine interactions 
give rise to the lines in the 1H Davies ENDOR spectrum (Figure S2A) at negative  ∆νRF around -3.3 and -5.5 MHz, respectively. The broad line 
at -5.5 MHz appears shifted by 1.1 MHz in the simulation and almost split into two lines. The ring protons 1, 1’, 4 and 4’ exhibit negative 
hyperfine interactions. In fact, they give rise to all the three lines at positive ∆νRF: Those of the down conformation are split up into those around 
5.8 (H1) and 8.4 MHz (H4), while those of the up conformation (H1’, H4’) are very similar contributing to the line around 7.3 MHz. The out-
of-plane methoxy protons 5 and 6 on the one side and 5’ and 6’ on the other also differ for the two conformations, constituting the lines at -1.4 
(down) and -2.1 MHz (up).The protons 7 and 7’, lying in the respective ring planes, both have comparatively small Azz values (0.2 and 0.6 MHz, 
respectively) such that their resonances are superimposed by the  mS = 0 line at 0 MHz, with 7’ forming the shoulder on its left.  

This assignment is also consistent with the 2H Mims ENDOR spectra at z+1 of the two deuterated isotopologues T-1b-d4 and T-1b-d6. So do 
the calculated spectra using the 1H A tensors rescaled for 2H nuclei and the 2H NQI tensors computed by density functional theory (DFT) for 
the respective hydrogens of the ud-T-1b model serve to explain the experimental 2H ENDOR line patterns (Figure S2B). Of the three charac-
teristic peaks of T-1b-d6 at negative  ∆νRF, the two outer ones originate from the out-of-plane methyl hydrogens, while predominantly, the in-
plane hydrogens contribute to the inner one. The additional intensity in the center of the mS = 0 line in the experimental spectrum c results 
mainly from matrix, i.e. solvent deuterons, detected with the employed τ of 700 ns (not for τ = 300 ns as in trace a), but not considered in the 
simulations. 

The computed Mulliken spin populations at the hydrogen atoms, listed in Table S1, reflect the relative strength of the 1H isotropic hyperfine 
couplings to a large extent. With regard to the ring protons, the difference between the methoxy group up and down conformations for the 
protons 1 and 4 and 1’ and 4’ and the similarity of the hyperfine couplings 2 and 2’ and 3 and 3’, respectively, can be rationalized by their 
respective spin populations. Thus, this phenomenology can be understood based on these electronic structure properties. However, they do 
not provide a structural explanation for why only the protons 1, 1’, 4 and 4’, spatially more remote from the methoxy groups, are affected by the 
methoxy group conformation, while the closer protons 2, 2’, 3 and 3’ are not. Moreover, the sensitivity of the hyperfine couplings of the out-of-
plane methyl hydrogens to the methoxy group conformation cannot be rationalized on the basis of their spin populations only. This has thus to 
arise from dipolar contributions to the hyperfine couplings due to interactions with the spin density on neighboring atoms. 

In comparison, it is seen that the DFT calculations systematically overestimate the magnitude of the hyperfine couplings, especially those in the 
2, 2’, 3, 3’positions and of the methoxy protons 5, 5’, 6 and 6’ with (large) positive Azz values, showing deviations of the computed spin density 
in these regions. The 2H ENDOR spectrum shows very good matching of the splittings due to NQI (better than the hyperfine splittings), 
indicating well reproduced electronic field gradients with e2Qq/h ≈ 0.2 MHz for all deuterons. 
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Figure S3. (A) The ud conformation of T-1b as calculated by DFT with green arrows indicating the rotation of the methyl groups around the O-Cmethyl 
axes by angle ϕ for a relaxed surface scan. (B) Computed Azz hyperfine tensor component of the methyl protons and (C) relative free energies as a 
function of ϕ, the difference to the original, fully relaxed position. 

We also performed a relaxed surface scan for the rotation of the two methyl groups in the ud-T-1b model around the O-Cmethyl axes (Figure 
S3A). The resulting Azz hyperfine tensor components, as well as the relative free energies of these conformations as a function of the torsion 
angle (relative to the initial orientation in ud-T-1b) are shown in panels B and C, respectively, of Figure S3. The Azz components change signif-
icantly during the rotation until the pattern at the angle of 0° is reached again after a 120° rotation, at which approximately the initial positions 
are occupied again (by other protons). This variation in Azz can be attributed almost entirely to a change in the isotropic component of a, while 
its dipolar component is hardly affected by the rotation (not shown). Only at a rotational angle of 60°, a comparable pattern of four similar, 
larger Azz components and two very small values is found. However, this conformation can be excluded on basis of its significantly larger free 
energy. The effect of methyl group rotations on the ring proton hyperfine couplings is negligibly small (not shown). In conclusion, only those 
rotational geometries of the methyl groups in the calculated models are consistent with the ENDOR data and thus present in solution at the 
low temperatures at which the triplet state is stable. In other words, the methyl groups are locked in the trans conformation. 
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3. Experiments in matrices 

 

 

Figure S4. a) X-Band CW EPR experimental spectrum of T-1b in an argon matrix at 5 K. b) Simulated EPR spectrum with the zfs parameters D = 
0.4096 cm-1, E = -0.0190 cm-1. 

 

 

Figure S5. Plot of the signal intensity vs. the inverse temperature of T-1b isolated in argon matrix measured at the z+1 canonical position of its X-band 
CW EPR signal at 5 K, showing loss of triplet signal intensity after annealing for 10 min at 8, 15, 20, 25 and 30 K. The loss of the T-1b signal intensity 
in percentage is given in parentheses. The loss of the T-1b signal at the z+1 canonical position after cooling back from 8, 15, 20, 25 and 30 K to 5 K is 
shown in the insert. 

The plot shown in Figure 2 and in Figure S5 was obtained by plotting the integrated signal of the z+1 canonical position of T-1b versus 1/T. 
Practically, an argon matrix containing the diazoprecursor 2b was irradiated with λ > 530 nm at 5 K for 3 hours to ensure an almost complete 
conversion of 2b to the carbene 1b. After irradiating, the EPR spectrum was recorded at the z+1 canonical position at 5 K. Afterwards, the matrix 
was slowly warmed up to higher temperatures. At each temperature point reached by the warming step, the matrix was annealed for 10 min 
before an EPR spectrum was recorded. After measuring the spectrum at certain temperatures (8, 15, 20, 25 and 30 K), the matrix was cooled 
back to 5 K and another EPR spectrum was recorded. After cooling back, the matrix was re-annealed to continue recording the EPR spectra at 
higher temperatures. The warming and cooling steps of the matrix were carried out much faster compared to the annealing process.  
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The fact that the plot in Figure S5 is linear, suggesting Curie-Weiss behavior, despite the conversion from triplet to singlet state is presumably 
based on the complex interplay of the dynamics between the various conformational states (with two energetic minimum conformations, Figure 
5) and their corresponding triplet-singlet spin state energetics. An additional factor could be that a strict annealing protocol was applied at all 
temperatures with limited annealing time that prevents the system from reaching its equilibrium state. An equilibrium distribution between 
states is however a critical requirement for an analysis based on the Curie-Weiss law. The various factors influencing the temperature behavior 
thus seem to lead to a linear plot nevertheless. 

 

 

Figure S6. X-Band CW EPR spectra showing the recovery of the T-1b signal after irradiation with λ = 365 nm at 5 K. a) EPR spectrum from Figure 2-
b. b) EPR spectrum after 10 min of irradiation with λ = 365nm at 5 K. c) Simulated EPR spectrum with the zfs parameters D = 0.4053 cm-1, E = -0.0173 
cm-1. d) Simulated EPR spectrum with the zfs parameters D = 0.4096 cm-1, E = -0.0190 cm-1. 

 

 
Figure S7. X-Band CW EPR spectra showing the loss of the T-1b signal with D = 0.4053 cm-1 and E= -0.0173 cm-1 after irradiation with λ = 450 nm at 
5 K. a) EPR spectrum from Figure S6-b. b) EPR spectrum after 10 min of irradiation with λ = 450 nm at 5 K. The T-1b signals at the z+1 and x+1 canonical 
positions of T-1b are shown in the inserts.  
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Figure S8. IR spectra showing the photolysis of 2b isolated in argon matrix with λ > 530 nm at 3 K. a) IR spectrum of 2b isolated in argon matrix at 3 
K. b) Difference IR spectrum after-minus-before photolysis with λ > 530 nm over the same matrix. Bands pointing downwards are disappearing at 3 K 
and assigned to 2b. c) IR spectrum of uu-T-1b calculated at the B3LYP-D3/def2-TZVP level of theory. d) IR spectrum of ud-T-1b calculated at the 
B3LYP-D3/def2-TZVP level of theory. e) IR spectrum of dd-T-1b calculated at the B3LYP-D3/def2-TZVP level of theory.  

 

 

 

 

Figure S9. IR spectra showing the photolysis of 2b isolated in neon matrix with λ > 530 nm at 3 K. a) IR spectrum of 2b isolated in neon matrix at 3 K. 
b) Difference IR spectrum after-minus-before photolysis with λ > 530 nm over the same matrix. Bands pointing downwards disappear during photolysis 
and are assigned to 2b. c) Difference IR spectrum from Figure S8-b. 
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Figure S10. IR spectra showing the thermal and photochemical interconversion between S-1b and T-1b. a) IR spectrum obtained after photolysis with 
λ > 530 nm of 2b isolated in argon matrix at 3 K. b) Difference IR spectrum of the same matrix showing changes after annealing for 10 min at 25 K. 
Bands pointing downwards, assigned to T-1b, are disappearing, and bands pointing upwards, assigned to S-1b, are appearing. c) Difference IR spectrum 
of the same matrix showing changes after 10 min irradiation with λ = 365 nm. Bands pointing downwards are assigned to S-1b, bands pointing upwards 
are assigned to T-1b. d) Difference IR spectrum of the same matrix showing changes after 10 min irradiation with λ = 450 nm. Bands pointing down-
wards are assigned to T-1b, bands pointing upwards are assigned to S-1b. These bands can presumably be assigned to specific conformers of T-1b and 
S-1b, respectively. 
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Table S2. IR spectroscopic data of T-1b conformers. 

 uu-T-1b ud-T-1b dd-T-1b  

Mode Calcd. gas phasea Exp. Argonb Assignment 

ν/cm-1 (Ιrel) ν/cm-1 (Ιrel) ν/cm-1 (Ιrel) ν/cm-1 (Ιrel) 

21 526.7 (6) 527.9 (11) 527.4 (13) 511.2 (5) C-H def. (out-of-plane) 

22 543.4 (12) 541.8 (7) 550.0 (7) 533.4 (5) Skel. Vibr. 

29 777.4 (6) 771.1 (8) 776.3 (9) 765.2 (11) Skel. Vibr. 

33 837.7 (18) 839.0 (19) 839.9 (19) 816.0 (27) C-H def. (out-of-plane) 

34 844.5 (3) 843.7 (4) 843.6 (4) 823.0 (8) C-H def. (out-of-plane) 

42-43 1059.2-1061.2 (37) 1059.0-1061.4 (37) 1059.1-1061.5 (35) 1046.8 (32) C-O str. 

49 1191.2 (32) 1192.2 (29) 1192.3 (26) 1158.6 (15) C-H def. (in plane) 

50 1206.4 (5) 1206.4-1206.7 (6) 1206.3 (4) 1167.8 (5) C-H def. (O-CH3 group) 

52 1223.8 (0) 1224.6 (0) 1225.2 (1) 1183.5 (8) C-H def. (in plane) 

53 1266.3 (70) 1273.2 (100) 1268.2-1275.7 (68) 1240.7-1244.5 (100) C-H def. (in plane) 

55 1300.2 (100) 1301.8 (16) 1297.2 (100) 1274.0 (31) C-H def. (in plane) 

56 1312.7 (0) 1307.9 (70) 1308.3 (20) 1283.2 (18) C-H def. (in plane) 

57 1328.8 (13) 1332.1 (7) 1329.0 (11) 1297.0 (36) C-H def. (in plane) 

61 1458.0 (32) 1462.3 (28) 1463.5 (28) 1421.7-1432.8 (31) C-C-C def. 

carbene center 

64 1496.3 (1) 1496.4 (2) 1496.4 (3) 1457.6 (3) C-H def. (O-CH3 group) 

66 1506.4 (18) 1506.6 (12) 1506.6 (17) 1469.8 (12) C-H def. (O-CH3 group) 

69 1516.6 (26) 1516.5 (29) 1516.5 (34) 1480.9 (44) C=C str. Ring 

73 1620.2 (60) 1620.6 (62) 1620.8 (60) / C=C str. Ring 

74 3001.4 (30) 3001.3 (24) 3001.3 (32) 2839.2 (31) C-H str. (O-CH3 group) 

77 3057.5 (15) 3057.3 (16) 3057.1 (17) 2913.8 (17) C-H str. (O-CH3 group) 

78 3129.9 (10) 3129.8 (12) 3129.8 (12) 2942.4 (18) C-H str. (O-CH3 group) 
a Calculated at the B3LYP-D3/def2-TZVP level of theory. b In argon matrix at 3K. 
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Table S3. IR spectroscopic data of S-1b conformers. 

 uu-S-1b ud-S-1b dd-S-1b  

Mode Calcd gas phasea Exp. Argonb Assignment 

ν/cm-1 (Ιrel) ν/cm-1 (Ιrel) ν/cm-1 (Ιrel) ν/cm-1(Irel) 

20 531.4 (13) 532.2 (14) 536.7 (18) 517.6-521.4 (12) C-H def. (out-of-plane) 

27 750.0 (6) 750.0 (6) 750.1 (6) 728.0 (3) C-H def. (out-of-plane) 

29 782.2 (1) 781.7 (3) 780.6 (4) 772.5 (2) Skel. Vibr 

30 823.1 (1) 820.0 (3) 819.3 (6) 801.8 (2) C-H def. (out-of-plane) 

33 856.4 (19) 857.3 (18) 858.2 (17) 831.2 (17) C-H def. (out-of-plane) 

43 1056.0 (29) 1055.4-1056.4 (29) 1055.6-1056.6 (28) 1034.8 (12) C-O str. 

49 1192.1 (60) 1195.3 (57) 1196.9 (60) 1156.0-1162.7 (40) C-H def. (in plane) 

51 1207.4 (1) 1206.7 (3) 1206.8 (4) 1171.2 (2) C-H def. (O-CH3 group) 

53-54 1286.2-1290.4 
(85+4) 

1284.8-1289.0 
(94+18) 

1282.9-1289.1 
(93+22) 

1253.6-1260.2 
(100) 

C-H def. (in plane) 

56 / 1319.8 (27) 1317.4 (5) 1291.5 (16) C-H def. (in plane) 

58 1334.6 (9) 1338.4 (7) 1338.1 (24) 1302.5 (27) C-H def. (in plane) 

59 1372.3 (45) 1372.1 (45) 1372.1 (44) 1331.3 (42) C-C-C def. 

carbene center 

61 / 1453.1 (8) 1452.1 (19) 1414.6 (4) C=C str. Ring 

63 1479.8 (2) 1479.5 (1) 1479.2 (3) 1443.0 (4) C-H def. (O-CH3 group) 

66 1505.8 (12) 1505.7 (10) 1505.6 (9) 1466.7 (5) C-H def. (O-CH3 group) 

69 1529.7 (7) 1529.2 (11) 1528.9 (14) 1494.2 (5) C=C str. Ring 

71 1573.0 (3) 1571.6 (4) 1569.5 (8) 1548.2 (4) C=C str. Ring 

72 1624.6 (100) 1624.8 (100) 1625.2 (100) 1580.4 (59) C=C str. Ring 

74-75 3009.2 (22) 3008.2-3009.6 (22) 3008.1-3008.5 (22) 2848.9 (18) C-H str. (O-CH3 group) 

77 3069.0 (6) 3069.2 (5) 3067.4 (8) 2950.4 (9) C-H str. (O-CH3 group) 
a Calculated at the B3LYP-D3/def2-TZVP level of theory. b In argon matrix at 3K. 

  



S14 

 

 

 
Figure S11. IR spectra showing the comparison of S-1b with the complex between S-1b and H2O. a) Difference IR spectrum showing changes after 
annealing of S-1b for 10 min at 25 K (Figure S10-b). b) Difference IR spectrum showing the disappearance of the complex between S-2 and H2O after 
15 h at 3 K (Figure 6-c). c) Overall IR theoretical spectra of S-1b in all the conformers calculated at the B3LYP-D3/def2-TZVP level of theory. d) 
Overall IR theoretical spectra of the complexes of S-1b with H2O in all the conformers calculated at the B3LYP-D3/def2-TZVP level of theory  
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Table S4. IR spectroscopic data of S-1b---H2O for all S-1b conformers. 

 uu-S-1b---H2O ud-S-1b---H2O dd-S-1b---H2O  

Mode          Calcd gas phasea Argond Assignment 

ν/cm-1 (shift)b ν/cm-1 (shift)b ν/cm-1 (shift)b ν/ cm-1 ( shift)c 

25 535.9 (+4.5) 539.1 (+6.9) 544.4 (+7.7) 523.7  

(+6.1, +2.3) 

C-H def. (out-of-plane) 

32 754.6 (+4.6) 754.6 (+4.6) 754.0 (+3.9) 730.2 (+2.2) C-H def. (out-of-plane) 

34 786.5 (+4.1) 786.5 (+4.8) 783.8 (+3.2) 772.5 (+0.0) Skel. Vibr 

35 826.6 (+3.5) 822.8 (+2.8) 821.6 (+2.3) 804.6 (+2.8) C-H def. (out-of-plane) 

38 861.1 (+4.7) 862.2 (+4.9) 864.7 (+6.5) 837.6 (+6.4) C-H def. (out-of-plane) 

48 1053.0 (-3.0) 1052.7 (-3.7) 1053.7 (-2.9) 1037.4 (+2.6) C-O str. 

55 1198.9 (+6.8) 1200.8 (+5.5) 1200.0 (+3.1) 1162.1  

(+6.1, -0.6) 

C-H def. (in plane) 

59+60 1292.8,1297.9 

(+6.6 ,+7.5) 

1290.7, 1298.0 
(+5.9, +9.0) 

1288.5+1296.1 
(+5.6, +7.0) 

1262.0  

(+8.4, +1.8) 

C-H def. (in plane) 

63 1337.3 (+2.7) 1340.3 (+1.9) 1340.2 (+2.1) 1307.2 (+4.7) C-H def. (in plane) 

65 1386.6 (+14.3) 1384.8 (+12.7) 1384.4 (+12.3) 1339.0 (+7.7) C-C-C def. 

carbene center 

66 / 1455.8 (+2.7) 1455.3 (+2.2) 1415.6 (+1.0) C=C str. Ring 

68 1479.3 (-0.5) 1479.1 (-0.4) 1478.9 (-0.3) 1441.2 (-1.8) C-H def. (O-CH3 group) 

72 1505.4 (-0.4) 1505.4 (-0.3) 1505.2 (-0.4) 1466.7 (+0.0) C-H def. (O-CH3 group) 

75 1535.6 (+6.3) 1535.1 (+5.9) 1534.7 (+5.8) 1494.2 (+0.0) C=C str. Ring 

77 1574.6 (+1.6) 1573.2 (+1.6) 1570.1 (+0.6) 1550.9 (+2.7) C=C str. Ring 

78 1625.1 (+0.5) 1625.4 (+0.6) 1625.7 (+0.5) 1580.4 (+0.0) C=C str. Ring 

81 3013.2 (+4.0) 3011.4 (+1.8) 3010.9 (+2.4) 2852.5 (+3.6) C-H str. (O-CH3 group) 

84 3074.8 (+5.8) 3075.2 (+6.0) 3072.1 (+4.7) 2951.6 (+1.2) C-H str. (O-CH3 group) 
a Calculated at the B3LYP-D3/def2-TZVP level of theory. b Frequency shift relative to uu-S-1b, ud-S-1b and dd-S-1b.c Frequency shift relative to ex-
perimental IR bands of 1b in argon matrix (see Table S3) d In argon matrix doped with 1 % of water at 3K. 

 

Table S5. Reaction rate k for the rearrangement of the complex between S-1b and HOH to 3 at 3 K. k is obtained by fitting the decrease of the integrated 
intensities of the signal assigned to the asym. C=C str. aromatic ring vibration of the carbene S-1b to the equation: y = g + a exp(-kt)c. 

T (K) Species g[a] StdErr g A StdErr a k (s-1) StdErr k c[b] StdErr c 

 

3 

Complex 

S-1b + H2O 

 

1.09 x 10-1 

 

1.9 x 10-1 

 

8.91 x 10-1 

 

1.93 x 10-1 

 

6.87 x 10-6 

 

2.81 x 10-6 

 

7.38 x 10-1 

 

2.91 x 10-2 
a g = y intercept. b c = parameter for superposition of exponential decays.13  



S16 

 

 
Figure S12. A) UV-vis spectra of bis(p-methoxyphenyl)diazomethane 2b isolated in an argon matrix at 10 K. The weak band of its n-π* transition is 
shown in the insert (intensity multiplied by 20). B) UV-vis spectra showing the thermal interconversion between S-1b and T-1b. a) UV-vis spectrum 
after irradiation with λ > 530 nm over the matrix of panel A at 10 K. b) UV-vis spectrum after 10 min annealing at 15 K. c) UV-vis spectrum after 10 
min annealing at 20 K. d) UV-vis spectrum after 10 min annealing at 25 K. The band with λmax = 384 nm is assigned to S-1b and increases during 
annealing. The weak band with λmax = 483 nm and the band with λmax = 316 nm are assigned to T-1b and decrease during annealing. The weak band of 
T-1b is shown in the insert (intensity multiplied by 20). e) Spectral transitions of ud-S-1b calculated by TD-DFT at the B3LYP-D3/def2-TZVP level 
of theory. f) Spectral transitions of ud-T-1b calculated by TD-DFT at the B3LYP-D3/def2-TZVP level of theory 

 

Table S6. UV and visible transitions of ud-S-1b calculated by TD-DFT at the B3LYP-D3/def2-TZVP level of theory. 

ud-S-1b 
Electronic transitons Oscillator strength 

 387.34 0.0063 
353.5 0.0044 

335.79 0.6202 
330.15 0.0115 
302.81 0.0232 
295.68 0.0117 
276.43 0.0856 
247.34 0.0766 
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Table S7. UV and visible transitions of ud-T-1b calculated by TD-DFT at the B3LYP-D3/def2-TZVP level of theory. 

ud-T-1b 
Electronic transitions Oscillator strength 

 440.93 0.0021 
430.97 0.0091 
413.17 0.0058 
383.54 0.0038 
332.42 0.1746 
331.57 0.1944 
319.03 0.3225 
313.31 0.0019 
311.12 0.2292 
300.29 0.0224 
297.66 0.0125 
291.05 0.0017 
287.75 0.003 

283 0.0095 
263.35 0.001 
259.6 0.001 

253.72 0.0257 

 

 

 

Figure S13. UV-vis spectra showing the photochemical interconversion between S-1b and T-1b upon irradiation at λ = 450 nm. a) UV-vis spectrum 
from Figure 4-d. b) UV-vis spectrum after 10 min irradiation with λ = 450 nm. The band of S-1b increases while the bands of T-1b decrease after 
irradiation. c) UV-vis spectrum from Figure S12B, trace a (dashed line). The weak band of T-1b is shown in the insert (intensity multiplied by 20). 
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Table S8. Ratios between S-1b and T-1b determined by IR spectroscopy.  

Experiment 

 

Ratio S-1b/T-1ba % S-1b % T-1b 

Photolysis of 2b: λ > 530 nm, 3 K 1.1 52.0 48.0 

Annealing: 25 K, 10 min 2.9 74.7 25.3 

Irradiation: λ = 365 nm, 10 min 1.6 61.1 38.1 

Irradiation: λ = 450 nm, 10 min 2.8 74.0 26.0 
a The ratio was determined by analysis of the bands at 831.2 cm-1 (S-1b) and 816 cm-1 (T-1b). 

 

Table S9. Ratios between S-1b and T-1b determined by UV-vis spectroscopy. 

Experiment 

 

Ratio S-1b/T-1ba % S-1b % T-1b 

Photolysis of 2b: λ > 530 nm, 8 K 1.3 57.7 42.3 

Annealing: 15 K, 10 mins 2.1 67.8 32.2 

Annealing: 20 K, 10 min 3.2 76.3 23.7 

Annealing: 25 K, 10 min 5.6 84.9 15.1 

Irradiation: λ = 365 nm, 10 min 0.7 40.8 59.2 

Irradiation: λ = 450 nm, 10 min 1.8 64.5 35.4 
a The ratio was determined by analysis of the bands at 384 nm (S-1b) and 483 nm (T-1b). 

 

 

 
Figure S14. Conversion of 2b to S-1b and T-1b as a function of photolysis time using green light (530 nm LED) monitored by the intensity of the IR 
bands at 831.2 cm-1 (S-1b) and 816 cm-1 (T-1b). 
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Figure S15. Conversion of 2b to S-1b and T-1b as a function of photolysis time using UV light (365 nm LED) monitored by the intensity of the IR 
bands at 831.2 cm-1 (S-1b) and 816 cm-1 (T-1b). 
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4. Computational details 

 

Single point calculations at the CCSD(T)/cc-pVDZ level of theory were performed for 1b and the 1:1 1b -water complexes using the geome-
tries obtained at the B3LYP-D3/def2-TZVP level (Table S10). The energies thus computed were used to correct the DFT values. The labels 
wb and wc are used for the complexes where water interacts with one of the oxygen atoms of the carbene. 

 
Table S10 Relative energies (kcal/mol) of the different conformers of 1b and 1b-water complexes computed at the CCSD(T)/cc-pVDZ//B3LYP-
D3/def2-TZVP level of theory. 

Singlet Triplet 

1ba 

 Er (kcal/mol)  Er(kcal/mol) 

uu-S-1b 0.00 uu-T-1b 0.29 

ud-S-1b 0.03 ud-T-1b 0.33 

dd-S-1b 0.05 dd-T-1b 0.36 

1:1 1b -water complexesb 

O as H-bond acceptor 
uu-S-1b…wb 4.73 uu-T-1b…wb 4.69 

ud-S-1b …wb 4.80 ud-T-1b …wb 4.68 

ud-S-1b…wc 4.71 ud-T-1b…wc 4.65 

dd-S-1b …wb 4.91 dd-T-1b …wb 4.71 

1:1 1b -water complexesb 

C as H-bond acceptor 
uu-S-1b…HOH 0.00 uu-T-1b…HOH 5.64 

ud-S-1b…HOH 0.32 ud-T-1b…HOH 5.70 

dd-S-1b…HOH 0.41 dd-T-1b…HOH 5.80 
a Energies relative to the most stable conformer uu S-1b. b Energies rela-
tive to the most stable complex uu S-1b…HOH. 

 

All possible conformer’s combinations were taken into consideration to compute the singlet-triplet gap of 1b (Table S11). The computed gap 
showed only small variations amongst the different conformer’s combinations, as indicated by the small standard deviation. The averaged value 
is -0.30 kcal/mol. These results indicate near degeneracy between the spin states. 
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Table S11. Singlet-triplet gaps for every conformer combination of 1b computed at the CCSD(T)/cc-pVDZ//B3LYP-D3/def2-TZVP level of theory 

Combination ΔES-T Average ΔES-T 

uu S-1b - uu T-1b -0.29 

-0.30 ± 0.04 

uu S-1b - ud T-1b -0.33 

uu S-1b - dd T-1b -0.36 

ud S-1b - uu T-1b -0.26 

ud S-1b - ud T-1b -0.30 

ud S-1b - dd T-1b -0.33 

dd S-1b - uu T-1b -0.24 

dd S-1b - ud T-1b -0.28 

dd S-1b - dd T-1b -0.31 

 

Energy barriers for rotations around the O-Phe bonds 

To explore the rotational barriers for interconversions between the conformers around the O-Phe bond, two (semi-)relaxed scans were per-
formed scanning the dihedral angle around one of the O-Phe bonds, while the second group was kept either in 180° or 0°. During the scans, the 
second dihedral angle remained in the initial configuration(Figure S16). 

The computed barriers are slightly higher for the singlet state than for the triplet. This results in a lowering of the S-T gap with a minimum value 
when the OCH3 groups are perpendicular to the phenyl ring.  The fluctuation of the S-T gap with this rotation is of about 1 kcal/mol. 

 

 

 

Figure S16. Energy profiles of the scans performed on the dihedral angles around the O-Phe bond(indicated by blue arrows) while keeping the second 
dihedral at 0° (a) or 180° (b); and of the corresponding S-T gap as a function of the dihedrals (c,d). The green curves correspond to the triplet multi-
plicity while the red ones correspond to the singlet. The scans were performed at the B3LYP-D3/def2-TZVP level of theory with the energies CCSD(T) 
corrected. ZPE corrections are not included. 
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Energy barriers for rotations around the O-CH3 bonds 

Another possible conformational change in these carbenes is associated with the rotation of the methyl groups. To explore this rotation, two 
(semi-)relaxed scans were performed on the dihedral angle around one of the O-CH3 bonds while keeping the second one frozen in eclipsed or 
alternate conformation (Figure S17). The computed barriers for conformer interconversion are smaller than for the rotation about the O-Phe 
bonds, amounting to 3.07 kcal/mol and 3.13 kcal/mol for the triplet and singlet respectively. In this case, the energy profiles are symmetrical 
and there is only a small difference between the barriers for the different multiplicities. This in turns leads to only a small variation in the S-T 
gap associated with the rotation; in this case the fluctuation is of only 0.1 kcal/mol. Such small variations suggest that rotation about this bond 
is not likely linked to singlet-triplet interconversion. 

 

 
Figure S17. Energy profiles of the scans performed on the dihedral angles around one of the O-CH3 bonds (indicated with blue arrows) while 
keeping the second dihedral at 0° (a) or 180° (b); and the corresponding S-T gap as a function of the dihedrals (c, d). The green curves corre-
spond to triplet multiplicity while the red ones correspond to singlet. The scans were performed at the B3LYP-D3/def2-TZVP level of theory 
with the energies CCSD(T) corrected. ZPE corrections are not included. 

 

 

Water complexes 

Three 1:1 complexes were considered according to the different H-bond possibilities and a third 3:1 complex describing the simultaneous 
interaction with three water molecules was also studied. When the oxygen atoms act as donors the labels wb and wc are used to identify the 
complexes. The results for the 1:1 complexes between water and 1b are presented in Table S12 and Figure S18. The results for the 3:1 complexes 
are reported in Table S13 and Figure S19. 
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Table S12. Stabilization energies (ΔEs) and average singlet-triplet gaps (ΔES-T) computed at the B3LYP-D3/def2-TZVP level of theory for the 1:1 
1b…HOH complexes. 

Complex 
ΔEs (kcal/mol) 

ΔES-T (kcal/mol) 
Singlet Triplet 

O as H-bond acceptor 

uu-1b…wb -4.14 -4.42 

0.42 ± 0.05 
ud-1b…wb -4.15 -4.43 

ud-1b…wc -4.12 -4.43 

dd-1b…wb -4.08 -4.41 

C as H-bond acceptor 

uu-1b…HOH -10.90 -4.76 

-5.9 ± 0.2 ud-1b…HOH -10.64 -4.67 

dd-1b…HOH -10.53 -4.61 

 

Table S13. Stabilization energies (ΔEs) and average singlet-triplet gaps (ΔES-T) computed at the B3LYP-D3/def2-TZVP level of theory for the 3:1 
H2O…1b complexes 

3:1 Complexes 
ΔEs (kcal/mol) 

ΔES-T (kcal/mol) 
Singlet Triplet 

uu-1b…3HOH -18.71 -13.27 

-5.2 ± 0.3 ud-1b…3HOH -18.43 -13.13 

dd-1b…3HOH -18.19 -13.00 
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Figure S18. Relevant geometric parameters and stabilization energies (ΔEs, in kcal/mol) of the 1:1 H2O…1b complexes. (a) Singlet complexes. (b)  
Triplet complexes. 

 

 
Figure S19. Relevant geometric parameters and stabilization energies (ΔEs in kcal/mol) of the 3:1 H2O…1b complexes. (a) Singlet complexes. (b)  
Triplet complexes. 
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Conversion of S-1b…HOH into 3 

To explore the reaction of S-1b…HOH to yield alcohol 3, IRC calculations were performed for all three conformers. The predicted transition 
states (TSs) were very similar to the ones previously reported for S-1a…HOH, involving a proton transfer from the water molecule to the 
carbene center followed by barrier-less recombination to yield the corresponding alcohol. The average computed activation energy was of 6.3 
kcal/mol; too high to be overcome at the temperature of the experiments, suggesting that the reaction proceeds via quantum mechanical tun-
neling. Table S14 summarizes the results and Figure S20 shows the computed IRC for the uu conformer. 

 

Table S14. Activation energies and relevant geometrical parameters of the TSs for the conversion of S-1b…HOH into 3. Values were computed at the 
B3LYP-D3/def2-TZVP level of theory, ZPE corrections are included. 

TS dO-H (Å) dC-H (Å) Ea (kcal/mol) Eaavg. (kcal/mol) 

uu-S-1b…HOH‡ 1.36 1.23 6.1 

6.3 ud-S-1b…HOH‡ 1.35 1.23 6.3 

dd-S-1b…HOH‡ 1.34 1.23 6.4 

 

 

 

Figure S20. Calculated IRC for the interconversion of S-1b…HOH to the corresponding alcohol. Computed for the uu conformer at the B3LYP-
D3/def2-TZVP level of theory. Energies corrected for ZPE. 
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5. Cartesian coordinates of optimized structures 

 
Table S15. Cartesian coordinates of uu-S-1b calculated at the B3LYP-D3/def2-TZVP level of theory 

Atomic Symbol x y z 

C 

C 

C 

C 

C 

C 

H 

H 

H 

H 

C 

C 

C 

C 

C 

H 

C 

H 

C 

H 

H 

O 

O 

C 

H 

H 

H 

C 

H 

H 

H 

-2.632 

-1.398 

-1.228 

-2.391 

-3.620 

-3.750 

-2.767 

-0.543 

-2.288 

-4.474 

 0.000 

 1.228 

 2.391 

 1.398 

 3.620 

 2.288 

 2.632 

 0.543 

 3.750 

 4.474 

 2.767 

 4.913 

-4.913 

-6.096 

-5.997 

-6.885 

-6.350 

 6.096 

 5.998 

 6.885 

 6.349 

-1.013 

-0.409 

 0.853 

 1.456 

 0.823 

-0.415 

-1.956 

-0.883 

 2.438 

 1.307 

 1.572 

 0.853 

 1.456 

-0.409 

 0.823 

 2.438 

-1.013 

-0.883 

-0.415 

 1.307 

-1.956 

-1.099 

-1.099 

-0.551 

-0.422 

-1.270 

 0.407 

-0.551 

-0.422 

-1.270 

 0.407 

 0.787 

 0.702 

 0.069 

-0.460 

-0.450 

 0.189 

 1.299 

 1.164 

-0.903 

-0.902 

-0.000 

-0.069 

 0.460 

-0.702 

 0.450 

 0.903 

-0.787 

-1.164 

-0.189 

 0.902 

-1.299 

-0.303 

 0.303 

-0.262 

-1.343 

-0.054 

 0.197 

 0.262 

 1.343 

 0.054 

-0.197 

E=-730.6490653, ZPE=0.2497167 
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Table S16. Cartesian coordinates of ud-S-1b calculated at the B3LYP-D3/def2-TZVP level of theory 

Atomic Symbol x y z 

C 

C 

C 

C 

C 

C 

H 

H 

H 

H 

C 

C 

C 

C 

C 

H 

C 

H 

C 

H 

H 

O 

O 

C 

H 

H 

H 

C 

H 

H 

H 

-2.550 

-1.347 

-1.217 

-2.385 

-3.578 

-3.671 

-2.658 

-0.489 

-2.315 

-4.436 

-0.026 

 1.239 

 2.354 

 1.495 

 3.604 

 2.186 

 2.767 

 0.681 

 3.826 

 4.445 

 2.926 

 5.101 

-4.799 

-5.985 

-5.849 

-6.743 

-6.307 

 5.411 

 5.208 

 6.475 

 4.850 

-0.911 

-0.253 

 0.921 

 1.379 

 0.683 

-0.464 

-1.784 

-0.609 

 2.298 

 1.052 

 1.694 

 1.042 

 1.768 

-0.264 

 1.205 

 2.786 

-0.813 

-0.834 

-0.089 

 1.749 

-1.797 

-0.537 

-1.194 

-0.795 

-0.805 

-1.523 

 0.201 

-1.835 

-1.915 

-1.973 

-2.606 

 0.909 

 0.789 

-0.001 

-0.652 

-0.601 

 0.195 

 1.540 

 1.342 

-1.220 

-1.144 

-0.121 

-0.045 

 0.449 

-0.523 

 0.536 

 0.778 

-0.516 

-0.952 

 0.040 

 0.944 

-0.932 

 0.124 

 0.359 

-0.315 

-1.400 

-0.040 

 0.001 

-0.364 

-1.436 

-0.187 

 0.170 

E=-730.6490315, ZPE=0.2496898 
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Table S17. Cartesian coordinates of dd-S-1b calculated at the B3LYP-D3/def2-TZVP level of theory 

Atomic Symbol x y z 

C 

C 

C 

C 

C 

C 

H 

H 

H 

H 

C 

C 

C 

C 

C 

H 

C 

H 

C 

H 

H 

O 

O 

C 

H 

H 

H 

C 

H 

H 

H 

-0.464 

 0.000 

-0.509 

-1.531 

-2.054 

-1.515 

-0.014 

 0.811 

-1.903 

-2.854 

 0.000 

 0.509 

 1.531 

 0.000 

 2.054 

 1.903 

 0.464 

-0.811 

 1.515 

 2.854 

 0.014 

 2.063 

-2.063 

-1.564 

-0.508 

-2.151 

-1.692 

 1.564 

 0.508 

 2.151 

 1.692 

 2.721 

 1.567 

 1.118 

 1.908 

 3.008 

 3.434 

 3.053 

 1.020 

 1.604 

 3.589 

 0.000 

-1.118 

-1.908 

-1.567 

-3.008 

-1.604 

-2.721 

-1.020 

-3.434 

-3.589 

-3.053 

-4.557 

 4.557 

 5.063 

 5.336 

 5.953 

 4.339 

-5.063 

-5.336 

-5.953 

-4.339 

0.757 

 0.147 

-1.094 

-1.686 

-1.051 

 0.173 

 1.682 

 0.608 

-2.656 

-1.489 

-1.813 

-1.094 

-1.686 

 0.147 

-1.051 

-2.656 

 0.757 

 0.608 

 0.173 

-1.489 

 1.682 

 0.693 

 0.693 

 1.924 

 1.844 

 2.140 

 2.734 

 1.924 

 1.844 

 2.140 

 2.734 

E=-730.6490004, ZPE=0.2497061 
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Table S18. Cartesian coordinates of uu-T-1b calculated at the B3LYP-D3/def2-TZVP level of theory 

Atomic Symbol x y z 

C 

C 

C 

C 

C 

C 

H 

H 

H 

H 

C 

C 

C 

C 

C 

H 

C 

H 

C 

H 

H 

O 

O 

C 

H 

H 

H 

C 

H 

H 

H 

2.934 

 1.637 

 1.313 

 2.393 

 3.700 

 3.983 

 3.174 

 0.840 

 2.184 

 4.490 

-0.000 

-1.313 

-2.393 

-1.637 

-3.700 

-2.184 

-2.934 

-0.840 

-3.983 

-4.490 

-3.174 

-5.227 

 5.227 

-6.334 

-6.247 

-7.211 

-6.444 

 6.334 

 6.247 

 7.211 

 6.444 

-1.130 

-0.678 

 0.588 

 1.360 

 0.907 

-0.345 

-2.094 

-1.287 

 2.330 

 1.532 

 1.056 

 0.588 

 1.360 

-0.678 

 0.907 

 2.330 

-1.130 

-1.287 

-0.345 

 1.532 

-2.094 

-0.887 

-0.887 

-0.144 

 0.054 

-0.761 

 0.804 

-0.144 

 0.054 

-0.761 

 0.804 

-0.653 

-0.606 

-0.036 

 0.454 

 0.398 

-0.152 

-1.083 

-1.011 

 0.886 

 0.788 

-0.000 

 0.036 

-0.454 

 0.606 

-0.398 

-0.886 

 0.653 

 1.011 

 0.152 

-0.788 

 1.083 

 0.251 

-0.251 

-0.230 

-1.303 

-0.049 

 0.303 

 0.231 

 1.303 

 0.050 

-0.303 

E=-730.6512532, ZPE=0.2483964 
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Table S19. Cartesian coordinates of ud-T-1b calculated at the B3LYP-D3/def2-TZVP level of theory 

Atomic Symbol x y z 

C 

C 

C 

C 

C 

C 

H 

H 

H 

H 

C 

C 

C 

C 

C 

H 

C 

H 

C 

H 

H 

O 

O 

C 

H 

H 

H 

C 

H 

H 

H 

-3.063 

-1.733 

-1.318 

-2.339 

-3.660 

-4.040 

-3.330 

-0.987 

-2.059 

-4.432 

 0.020 

 1.305 

 2.413 

 1.572 

 3.693 

 2.247 

 2.843 

 0.754 

 3.920 

 4.506 

 3.039 

 5.133 

-5.371 

 6.267 

 6.162 

 7.113 

 6.444 

-5.825 

-5.595 

-6.904 

-5.388 

-0.861 

-0.477 

 0.803 

 1.683 

 1.303 

 0.026 

-1.849 

-1.167 

 2.671 

 1.977 

 1.192 

 0.651 

 1.317 

-0.582 

 0.793 

 2.260 

-1.104 

-1.109 

-0.426 

 1.338 

-2.043 

-1.030 

-0.247 

-0.394 

-0.277 

-1.045 

 0.586 

-1.521 

-1.694 

-1.517 

-2.325 

0.425 

 0.446 

-0.003 

-0.457 

-0.469 

-0.033 

 0.774 

 0.819 

-0.799 

-0.819 

 0.028 

-0.014 

 0.563 

-0.677 

 0.501 

 1.067 

-0.730 

-1.150 

-0.142 

 0.959 

-1.232 

-0.256 

-0.092 

 0.309 

 1.392 

 0.098 

-0.143 

 0.336 

 1.392 

 0.199 

-0.264 

E=-730.6512266, ZPE=0.2484154 
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Table S20. Cartesian coordinates of dd-T-1b calculated at the B3LYP-D3/def2-TZVP level of theory 

Atomic Symbol x y z 

C 

C 

C 

C 

C 

C 

H 

H 

H 

H 

C 

C 

C 

C 

C 

H 

C 

H 

C 

H 

H 

O 

O 

C 

H 

H 

H 

C 

H 

H 

H 

2.981 

 1.675 

 1.314 

 2.364 

 3.661 

 3.988 

 3.207 

 0.906 

 2.125 

 4.455 

 0.000 

-1.314 

-2.364 

-1.675 

-3.661 

-2.125 

-2.981 

-0.906 

-3.988 

-4.455 

-3.207 

-5.299 

 5.299 

-5.700 

-5.497 

-6.772 

-5.202 

 5.700 

 5.497 

 6.772 

 5.202 

-0.864 

-0.405 

 0.854 

 1.636 

 1.183 

-0.073 

-1.832 

-1.018 

 2.606 

 1.781 

 1.320 

 0.854 

 1.636 

-0.405 

 1.183 

 2.606 

-0.864 

-1.018 

-0.073 

 1.781 

-1.832 

-0.425 

-0.425 

-1.680 

-1.748 

-1.747 

-2.507 

-1.680 

-1.748 

-1.747 

-2.507 

-0.474 

-0.502 

 0.040 

 0.597 

 0.618 

 0.086 

-0.897 

-0.954 

 1.013 

 1.045 

-0.000 

-0.040 

-0.597 

 0.502 

-0.618 

-1.013 

 0.474 

 0.954 

-0.086 

-1.045 

 0.897 

-0.162 

 0.162 

 0.363 

 1.436 

 0.195 

-0.151 

-0.363 

-1.436 

-0.195 

 0.151 

E=-730.651156, ZPE=0.2484137 
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Table S21. Cartesian coordinates of uu-S-1b…HOH calculated at the B3LYP-D3/def2-TZVP level of theory 

Atomic Symbol x y z 

C 

C 

C 

C 

C 

C 

H 

H 

H 

H 

C 

C 

C 

C 

C 

H 

C 

H 

C 

H 

H 

O 

O 

C 

H 

H 

H 

C 

H 

H 

H 

O 

H 

H 

2.600 

 1.367 

 1.209 

 2.384 

 3.619 

 3.735 

 2.729 

 0.504 

 2.289 

 4.485 

-0.016 

-1.268 

-2.405 

-1.484 

-3.658 

-2.266 

-2.738 

-0.651 

-3.834 

-4.492 

-2.910 

-5.017 

 4.895 

 6.099 

 6.047 

 6.883 

 6.321 

-6.181 

-6.074 

-6.994 

-6.403 

 0.574 

 0.271 

 0.076 

-1.485 

-0.880 

 0.451 

 1.132 

 0.511 

-0.804 

-2.485 

-1.411 

 2.166 

 1.058 

 1.175 

 0.500 

 1.132 

-0.732 

 0.548 

 2.095 

-1.289 

-1.217 

-0.668 

 1.051 

-2.209 

-1.308 

-1.491 

-0.865 

-0.587 

-1.605 

 0.021 

-0.736 

-0.640 

-1.423 

 0.243 

 4.002 

 3.055 

 4.331 

-0.623 

-0.578 

-0.103 

 0.297 

 0.314 

-0.155 

-1.015 

-0.958 

 0.603 

 0.655 

-0.072 

 0.031 

-0.517 

 0.706 

-0.489 

-0.991 

 0.802 

 1.196 

 0.183 

-0.955 

 1.345 

 0.311 

-0.219 

 0.210 

 1.266 

 0.069 

-0.391 

-0.275 

-1.359 

-0.051 

 0.158 

 0.066 

-0.041 

 0.821 

E=-807.1326756, ZPE=0.2741232 
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Table S22. Cartesian coordinates of uu-S-1b…wb calculated at the B3LYP-D3/def2-TZVP level of theory 

Atomic Symbol x y z 

C 

C 

C 

C 

C 

C 

H 

H 

H 

H 

C 

C 

C 

C 

C 

H 

C 

H 

C 

H 

H 

O 

O 

C 

H 

H 

H 

C 

H 

H 

H 

O 

H 

H 

-2.358 

-1.065 

-0.742 

-1.812 

-3.099 

-3.378 

-2.606 

-0.283 

-1.593 

-3.880 

 0.558 

 1.705 

 2.916 

 1.753 

 4.074 

 2.907 

 2.918 

 0.860 

 4.085 

 4.967 

 2.964 

 5.170 

-4.619 

-5.723 

-5.574 

-6.587 

-5.886 

 6.397 

 6.296 

 7.108 

 6.755 

-4.767 

-4.307 

-4.784 

0.571 

 0.096 

-1.216 

-2.010 

-1.516 

-0.223 

 1.557 

 0.718 

-3.028 

-2.146 

-1.801 

-0.979 

-1.373 

 0.186 

-0.626 

-2.282 

 0.895 

 0.495 

 0.511 

-0.946 

 1.761 

 1.286 

 0.340 

-0.411 

-0.688 

 0.244 

-1.310 

 0.958 

 0.983 

 1.717 

-0.028 

 3.220 

 3.547 

 2.258 

-0.583 

-0.617 

-0.176 

 0.293 

 0.407 

-0.047 

-0.956 

-1.030 

 0.587 

 0.806 

-0.251 

-0.067 

-0.680 

 0.749 

-0.572 

-1.267 

 0.925 

 1.276 

 0.247 

-1.090 

 1.573 

 0.464 

-0.026 

 0.470 

 1.517 

 0.387 

-0.129 

-0.177 

-1.265 

 0.139 

 0.134 

-0.460 

 0.320 

-0.355 

E=-807.1211964, ZPE=0.2734147 
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Table S23. Cartesian coordinates of uu-S-1b…3HOH calculated at the B3LYP-D3/def2-TZVP level of theory 

Atomic Symbol x y z 

C 

C 

C 

C 

C 

C 

H 

H 

H 

H 

C 

C 

C 

C 

C 

H 

C 

H 

C 

H 

H 

O 

O 

C 

H 

H 

H 

C 

H 

H 

H 

O 

H 

H 

O 

H 

H 

O 

H 

H 

2.674 

 1.435 

 1.230 

 2.364 

 3.600 

 3.759 

 2.838 

 0.608 

 2.236 

 4.435 

-0.004 

-1.249 

-2.349 

-1.496 

-3.590 

-2.190 

-2.745 

-0.695 

-3.793 

-4.394 

-2.938 

-4.984 

 4.938 

 6.112 

 5.996 

 6.911 

 6.350 

-6.103 

-5.891 

-6.916 

-6.385 

 0.589 

 0.277 

 0.015 

 4.812 

 4.440 

 4.946 

-5.141 

-5.246 

-5.168 

-0.895 

-0.300 

 0.990 

 1.645 

 1.031 

-0.242 

-1.861 

-0.803 

 2.652 

 1.553 

 1.701 

 1.008 

 1.658 

-0.263 

 1.057 

 2.649 

-0.842 

-0.768 

-0.195 

 1.574 

-1.798 

-0.851 

-0.915 

-0.306 

-0.099 

-1.028 

 0.617 

-0.276 

-0.135 

-0.988 

 0.679 

 4.503 

 3.580 

 4.800 

-3.692 

-4.143 

-2.777 

-3.185 

-2.773 

-2.453 

-0.599 

-0.597 

-0.034 

 0.503 

 0.562 

 0.004 

-1.060 

-1.079 

 0.880 

 1.005 

-0.041 

-0.080 

-0.682 

 0.503 

-0.786 

-1.089 

 0.469 

 1.025 

-0.198 

-1.289 

 0.939 

-0.203 

-0.022 

 0.513 

 1.579 

 0.366 

-0.020 

-0.875 

-1.937 

-0.757 

-0.425 

 0.381 

 0.170 

 1.093 

-0.949 

-0.185 

-0.663 

 1.558 

 2.422 

 0.925 

E=-960.076137, ZPE=0.3214697 
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Table S24. Cartesian coordinates of ud-S-1b…HOH calculated at the B3LYP-D3/def2-TZVP level of theory 

Atomic Symbol x y z 

C 

C 

C 

C 

C 

C 

H 

H 

H 

H 

C 

C 

C 

C 

C 

H 

C 

H 

C 

H 

H 

O 

O 

C 

H 

H 

H 

C 

H 

H 

H 

O 

H 

H 

2.763 

 1.489 

 1.236 

 2.359 

 3.618 

 3.834 

 2.920 

 0.670 

 2.192 

 4.469 

-0.033 

-1.241 

-2.400 

-1.397 

-3.612 

-2.309 

-2.615 

-0.549 

-3.729 

-4.463 

-2.744 

-4.872 

 5.111 

 5.420 

 5.185 

 6.490 

 4.885 

-6.053 

-5.923 

-6.826 

-6.349 

 0.334 

 0.118 

-0.186 

-1.208 

-0.671 

 0.656 

 1.425 

 0.879 

-0.442 

-2.211 

-1.265 

 2.460 

 1.455 

 1.298 

 0.549 

 1.076 

-0.659 

 0.412 

 2.022 

-1.293 

-1.061 

-0.778 

 0.835 

-2.194 

-1.486 

-0.875 

-2.198 

-2.341 

-2.315 

-2.941 

-1.021 

-0.971 

-1.747 

-0.038 

 4.170 

 3.198 

 4.480 

-0.453 

-0.451 

-0.025 

 0.384 

 0.449 

 0.025 

-0.823 

-0.835 

 0.653 

 0.786 

-0.071 

 0.032 

-0.581 

 0.764 

-0.556 

-1.099 

 0.853 

 1.302 

 0.173 

-1.070 

 1.439 

 0.302 

 0.090 

-0.334 

-1.393 

-0.182 

 0.263 

-0.339 

-1.424 

-0.101 

 0.038 

-0.058 

-0.128 

 0.690 

E=-807.1321777, ZPE=0.274044 
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Table S25. Cartesian coordinates of ud-S-1b…wb calculated at the B3LYP-D3/def2-TZVP level of theory 

Atomic Symbol x y z 

C 

C 

C 

C 

C 

C 

H 

H 

H 

H 

C 

C 

C 

C 

C 

H 

C 

H 

C 

H 

H 

O 

O 

C 

H 

H 

H 

C 

H 

H 

H 

O 

H 

H 

-2.174 

-0.927 

-0.735 

-1.881 

-3.104 

-3.261 

-2.286 

-0.087 

-1.763 

-3.967 

 0.500 

 1.724 

 2.886 

 1.890 

 4.112 

 2.784 

 3.120 

 1.035 

 4.238 

 4.965 

 3.255 

 5.395 

-4.521 

-4.773 

-4.558 

-5.831 

-4.182 

 6.582 

 6.481 

 7.366 

 6.841 

-6.700 

-6.010 

-6.603 

1.047 

 0.440 

-0.887 

-1.569 

-0.949 

 0.361 

 2.047 

 0.981 

-2.599 

-1.464 

-1.595 

-0.892 

-1.392 

 0.251 

-0.763 

-2.287 

 0.841 

 0.635 

 0.355 

-1.160 

 1.688 

 1.018 

 0.874 

 2.198 

 2.295 

 2.376 

 2.926 

 0.577 

 0.627 

 1.258 

-0.443 

-1.025 

-0.353 

-1.595 

-0.583 

-0.600 

-0.151 

 0.332 

 0.433 

-0.041 

-0.977 

-1.015 

 0.643 

 0.838 

-0.249 

-0.066 

-0.697 

 0.765 

-0.589 

-1.297 

 0.940 

 1.305 

 0.246 

-1.118 

 1.601 

 0.465 

 0.047 

-0.411 

-1.478 

-0.235 

 0.150 

-0.185 

-1.273 

 0.137 

 0.111 

 0.451 

 0.353 

-0.318 

E=-807.1211621, ZPE=0.2733727 
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Table S26. Cartesian coordinates of ud-S-1b…wc calculated at the B3LYP-D3/def2-TZVP level of theory 

Atomic Symbol x y z 

C 

C 

C 

C 

C 

C 

H 

H 

H 

H 

C 

C 

C 

C 

C 

H 

C 

H 

C 

H 

H 

O 

O 

C 

H 

H 

H 

C 

H 

H 

H 

O 

H 

H 

3.053 

 1.849 

 1.724 

 2.898 

 4.078 

 4.171 

 3.115 

 0.989 

 2.831 

 4.963 

 0.539 

-0.733 

-1.810 

-1.025 

-3.070 

-1.617 

-2.295 

-0.238 

-3.319 

-3.856 

-2.522 

-4.536 

 5.385 

 5.567 

 5.384 

 6.605 

 4.913 

-5.646 

-5.464 

-6.488 

-5.867 

-4.586 

-4.093 

-4.641 

0.745 

 0.067 

-1.154 

-1.652 

-0.949 

 0.253 

 1.651 

 0.457 

-2.605 

-1.315 

-1.942 

-1.300 

-1.993 

-0.028 

-1.436 

-2.984 

 0.504 

 0.513 

-0.186 

-1.987 

 1.456 

 0.429 

 0.846 

 2.064 

 1.931 

 2.347 

 2.851 

-0.222 

-0.397 

 0.456 

-1.170 

 3.255 

 3.634 

 2.309 

0.652 

 0.566 

-0.140 

-0.764 

-0.752 

-0.032 

 1.238 

 1.095 

-1.273 

-1.256 

-0.185 

-0.118 

 0.477 

-0.681 

 0.589 

 0.868 

-0.645 

-1.191 

 0.014 

 1.085 

-1.109 

 0.026 

-0.039 

 0.672 

 1.742 

 0.515 

 0.285 

 0.637 

 1.700 

 0.519 

 0.140 

-0.692 

 0.042 

-0.492 

E=-807.1211185, ZPE=0.2733761 
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Table S27. Cartesian coordinates of ud-S-1b…3HOH calculated at the B3LYP-D3/def2-TZVP level of theory 

Atomic Symbol x y z 

C 

C 

C 

C 

C 

C 

H 

H 

H 

H 

C 

C 

C 

C 

C 

H 

C 

H 

C 

H 

H 

O 

O 

C 

H 

H 

H 

C 

H 

H 

H 

O 

H 

H 

O 

H 

H 

O 

H 

H 

2.451 

 1.265 

 1.185 

 2.385 

 3.553 

 3.595 

 2.483 

 0.388 

 2.353 

 4.458 

 0.020 

-1.282 

-2.330 

-1.629 

-3.620 

-2.091 

-2.924 

-0.867 

-3.923 

-4.385 

-3.192 

-5.167 

 4.800 

 4.942 

 4.727 

 5.981 

 4.289 

-6.242 

-6.038 

-7.112 

-6.431 

 0.850 

 0.467 

 0.360 

 7.150 

 6.400 

 7.147 

-5.456 

-5.572 

-5.447 

-1.283 

-0.576 

 0.688 

 1.210 

 0.485 

-0.763 

-2.225 

-0.977 

 2.200 

 0.869 

 1.505 

 0.926 

 1.693 

-0.341 

 1.207 

 2.681 

-0.808 

-0.932 

-0.046 

 1.812 

-1.762 

-0.594 

-1.387 

-2.662 

-2.604 

-2.947 

-3.401 

 0.104 

 0.271 

-0.539 

 1.059 

 4.247 

 3.352 

 4.548 

 0.200 

-0.364 

 0.908 

-3.082 

-2.763 

-2.287 

-0.744 

-0.674 

-0.040 

 0.515 

 0.510 

-0.128 

-1.271 

-1.163 

 0.951 

 0.963 

-0.004 

-0.043 

-0.598 

 0.497 

-0.700 

-0.969 

 0.464 

 0.985 

-0.156 

-1.165 

 0.900 

-0.162 

-0.122 

-0.744 

-1.814 

-0.597 

-0.274 

-0.786 

-1.846 

-0.681 

-0.290 

 0.444 

 0.233 

 1.216 

 0.632 

 0.396 

-0.019 

 1.355 

 2.255 

 0.804 

E=-960.0756471, ZPE=0.321428 
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Table S28. Cartesian coordinates of dd-S-1b…HOH calculated at the B3LYP-D3/def2-TZVP level of theory 

Atomic Symbol x y z 

C 

C 

C 

C 

C 

C 

H 

H 

H 

H 

C 

C 

C 

C 

C 

H 

C 

H 

C 

H 

H 

O 

O 

C 

H 

H 

H 

C 

H 

H 

H 

O 

H 

H 

-2.645 

-1.409 

-1.216 

-2.361 

-3.578 

-3.734 

-2.760 

-0.577 

-2.244 

-4.443 

 0.007 

 1.259 

 2.362 

 1.514 

 3.600 

 2.196 

 2.775 

 0.714 

 3.822 

 4.432 

 2.938 

 5.083 

-4.976 

-5.227 

-5.041 

-6.278 

-4.616 

 5.395 

 5.238 

 6.447 

 4.799 

-0.593 

-0.288 

-0.003 

-1.230 

-0.611 

 0.699 

 1.364 

 0.733 

-0.568 

-2.213 

-1.123 

 2.388 

 1.228 

 1.420 

 0.738 

 1.353 

-0.475 

 0.758 

 2.306 

-1.047 

-0.943 

-0.445 

 1.213 

-1.952 

-0.928 

-1.087 

-2.395 

-2.451 

-2.591 

-3.141 

-2.138 

-2.040 

-2.326 

-2.973 

 4.241 

 3.306 

 4.574 

0.509 

 0.534 

 0.032 

-0.488 

-0.577 

-0.073 

 0.941 

 1.000 

-0.821 

-0.997 

 0.102 

 0.105 

 0.752 

-0.575 

 0.790 

 1.238 

-0.605 

-1.133 

 0.102 

 1.312 

-1.173 

 0.162 

-0.172 

 0.329 

 1.405 

 0.133 

-0.187 

-0.518 

-1.596 

-0.322 

-0.137 

-0.158 

 0.006 

-0.841 

E=-807.1319658, ZPE=0.2740528 
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Table S29. Cartesian coordinates of dd-S-1b…wb calculated at the B3LYP-D3/def2-TZVP level of theory 

Atomic Symbol x y z 

C 

C 

C 

C 

C 

C 

H 

H 

H 

H 

C 

C 

C 

C 

C 

H 

C 

H 

C 

H 

H 

O 

O 

C 

H 

H 

H 

C 

H 

H 

H 

O 

H 

H 

2.121 

 0.884 

 0.714 

 1.872 

 3.087 

 3.220 

 2.217 

 0.033 

 1.772 

 3.961 

-0.511 

-1.744 

-2.911 

-1.917 

-4.133 

-2.803 

-3.160 

-1.061 

-4.273 

-5.015 

-3.256 

-5.525 

 4.472 

 4.706 

 4.498 

 5.760 

 4.100 

-5.756 

-5.510 

-6.819 

-5.181 

 6.360 

 5.783 

 5.881 

-0.814 

-0.192 

 1.062 

 1.655 

 1.010 

-0.226 

-1.749 

-0.655 

 2.635 

 1.455 

 1.791 

 1.086 

 1.676 

-0.139 

 1.054 

 2.633 

-0.736 

-0.597 

-0.154 

 1.490 

-1.647 

-0.661 

-0.765 

-2.008 

-1.933 

-2.228 

-2.805 

-1.875 

-1.773 

-2.082 

-2.700 

 0.273 

-0.072 

 0.117 

-0.945 

-0.870 

-0.237 

 0.328 

 0.332 

-0.318 

-1.477 

-1.352 

 0.775 

 0.789 

-0.227 

-0.140 

-0.696 

 0.549 

-0.636 

-1.190 

 0.684 

 1.026 

 0.068 

-1.087 

 1.257 

 0.113 

-0.308 

-0.962 

-2.032 

-0.811 

-0.523 

 0.817 

 1.877 

 0.711 

 0.387 

 1.661 

 0.964 

 2.481 

E=-807.1209767, ZPE=0.2733463 
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Table S30. Cartesian coordinates of dd-S-1b…3HOH calculated at the B3LYP-D3/def2-TZVP level of theory 

Atomic Symbol x y z 

C 

C 

C 

C 

C 

C 

H 

H 

H 

H 

C 

C 

C 

C 

C 

H 

C 

H 

C 

H 

H 

O 

O 

C 

H 

H 

H 

C 

H 

H 

H 

O 

H 

H 

O 

H 

H 

O 

H 

H 

2.599 

 1.364 

 1.205 

 2.376 

 3.595 

 3.716 

 2.689 

 0.505 

 2.280 

 4.481 

-0.021 

-1.269 

-2.406 

-1.480 

-3.643 

-2.270 

-2.737 

-0.648 

-3.818 

-4.500 

-2.866 

-5.084 

 4.966 

 5.192 

 4.939 

 6.254 

 4.616 

-5.354 

-5.137 

-6.415 

-4.775 

 7.216 

 6.498 

 7.170 

 0.675 

 0.315 

 0.114 

-7.191 

-7.291 

-6.541 

-1.309 

-0.691 

 0.609 

 1.260 

 0.627 

-0.659 

-2.283 

-1.192 

 2.276 

 1.110 

 1.331 

 0.646 

 1.253 

-0.567 

 0.654 

 2.202 

-1.142 

-1.031 

-0.544 

 1.102 

-2.046 

-1.038 

-1.185 

-2.487 

-2.524 

-2.679 

-3.239 

-2.261 

-2.175 

-2.450 

-3.083 

 0.590 

-0.029 

 1.255 

 4.137 

 3.221 

 4.517 

 0.665 

 1.340 

 0.043 

-0.659 

-0.599 

-0.058 

 0.415 

 0.423 

-0.125 

-1.118 

-1.025 

 0.780 

 0.815 

-0.050 

 0.011 

-0.581 

 0.707 

-0.552 

-1.083 

 0.808 

 1.220 

 0.157 

-1.039 

 1.385 

 0.177 

-0.118 

-0.655 

-1.717 

-0.526 

-0.111 

 0.856 

 1.924 

 0.714 

 0.427 

 0.507 

 0.313 

-0.187 

 0.190 

 0.042 

 0.873 

-0.934 

-0.255 

-0.578 

E=-960.0751289, ZPE=0.3213481 
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Table S31. Cartesian coordinates of the TS for the conversion of uu-S-1b…HOH into 3 calculated at the B3LYP-D3/def2-TZVP level of theory 

Atomic Symbol x y z 

C 

C 

C 

C 

C 

C 

H 

H 

H 

H 

C 

C 

C 

C 

C 

H 

C 

H 

C 

H 

H 

O 

O 

C 

H 

H 

H 

C 

H 

H 

H 

O 

H 

H 

2.765 

 1.493 

 1.253 

 2.374 

 3.645 

 3.852 

 2.957 

 0.675 

 2.183 

 4.470 

-0.009 

-1.279 

-2.409 

-1.511 

-3.688 

-2.246 

-2.780 

-0.680 

-3.880 

-4.525 

-2.965 

-5.079 

 5.053 

 6.214 

 6.146 

 7.046 

 6.372 

-6.253 

-6.216 

-7.079 

-6.395 

 0.259 

 0.021 

-0.350 

-1.496 

-0.974 

 0.388 

 1.189 

 0.656 

-0.693 

-2.525 

-1.599 

 2.231 

 1.291 

 1.032 

 0.409 

 1.124 

-0.833 

 0.614 

 2.100 

-1.345 

-1.372 

-0.633 

 1.186 

-2.286 

-1.224 

-1.307 

-0.554 

-0.156 

-1.250 

 0.266 

-0.563 

-0.401 

-1.228 

 0.392 

 3.475 

 2.257 

 3.626 

-0.481 

-0.503 

-0.190 

 0.140 

 0.210 

-0.104 

-0.755 

-0.832 

 0.378 

 0.496 

-0.285 

-0.099 

-0.551 

 0.540 

-0.447 

-0.989 

 0.666 

 0.972 

 0.158 

-0.820 

 1.165 

 0.323 

-0.089 

 0.248 

 1.264 

 0.186 

-0.456 

-0.139 

-1.220 

 0.099 

 0.370 

 0.312 

-0.238 

 1.043 

E=-807.1189302, ZPE=0.2701016 
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Table S32. Cartesian coordinates of the TS for the conversion of ud-S-1b…HOH into 3 calculated at the B3LYP-D3/def2-TZVP level of theory 

Atomic Symbol x y z 

C 

C 

C 

C 

C 

C 

H 

H 

H 

H 

C 

C 

C 

C 

C 

H 

C 

H 

C 

H 

H 

O 

O 

C 

H 

H 

H 

C 

H 

H 

H 

O 

H 

H 

2.905 

 1.600 

 1.273 

 2.340 

 3.629 

 3.928 

 3.120 

 0.826 

 2.084 

 4.440 

-0.026 

-1.253 

-2.420 

-1.407 

-3.660 

-2.321 

-2.636 

-0.548 

-3.773 

-4.527 

-2.763 

-4.928 

 5.229 

 5.614 

 5.394 

 6.689 

 5.119 

-6.137 

-6.084 

-6.916 

-6.362 

 0.036 

-0.085 

-0.618 

-1.177 

-0.721 

 0.624 

 1.500 

 1.040 

-0.301 

-2.202 

-1.400 

 2.532 

 1.697 

 1.179 

 0.473 

 1.072 

-0.746 

 0.471 

 2.031 

-1.347 

-1.193 

-0.752 

 0.955 

-2.271 

-1.423 

-0.648 

-1.991 

-2.272 

-2.029 

-2.688 

-0.879 

-0.774 

-1.591 

 0.089 

 3.615 

 2.405 

 3.695 

-0.368 

-0.419 

-0.141 

 0.197 

 0.299 

 0.013 

-0.630 

-0.751 

 0.412 

 0.584 

-0.295 

-0.105 

-0.624 

 0.597 

-0.520 

-1.115 

 0.723 

 1.079 

 0.151 

-0.945 

 1.272 

 0.322 

 0.121 

-0.142 

-1.176 

 0.019 

 0.538 

-0.201 

-1.288 

 0.057 

 0.250 

 0.304 

-0.276 

 1.007 

E=-807.1182625, ZPE=0.2700925 
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Table S33. Cartesian coordinates of the TS for the conversion of dd-S-1b…HOH into 3 calculated at the B3LYP-D3/def2-TZVP level of theory 

Atomic Symbol x y z 

C 

C 

C 

C 

C 

C 

H 

H 

H 

H 

C 

C 

C 

C 

C 

H 

C 

H 

C 

H 

H 

O 

O 

C 

H 

H 

H 

C 

H 

H 

H 

O 

H 

H 

-2.773 

-1.504 

-1.254 

-2.359 

-3.609 

-3.833 

-2.932 

-0.702 

-2.163 

-4.447 

 0.000 

 1.271 

 2.390 

 1.511 

 3.648 

 2.227 

 2.775 

 0.693 

 3.852 

 4.502 

 2.924 

 5.120 

-5.102 

-5.411 

-5.219 

-6.472 

-4.841 

 5.421 

 5.198 

 6.487 

 4.869 

-0.191 

-0.013 

 0.532 

-1.196 

-0.649 

 0.692 

 1.467 

 0.912 

-0.422 

-2.213 

-1.247 

 2.495 

 1.490 

 1.339 

 0.693 

 1.363 

-0.530 

 0.813 

 2.328 

-1.086 

-1.029 

-0.421 

 1.315 

-2.016 

-0.876 

-0.864 

-2.207 

-2.398 

-2.330 

-2.916 

-2.117 

-2.080 

-2.270 

-2.940 

 3.688 

 2.566 

 3.770 

0.432 

 0.503 

 0.141 

-0.305 

-0.425 

-0.053 

 0.760 

 0.914 

-0.588 

-0.792 

 0.312 

 0.211 

 0.763 

-0.446 

 0.725 

 1.226 

-0.511 

-0.948 

 0.091 

 1.161 

-1.039 

 0.094 

-0.188 

 0.159 

 1.219 

-0.042 

-0.447 

-0.537 

-1.607 

-0.395 

-0.075 

-0.504 

 0.205 

-1.136 

E=-807.1177975, ZPE=0.2700748 
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Table S34. Cartesian coordinates of uu-T-1b…HOH calculated at the B3LYP-D3/def2-TZVP level of theory 

Atomic Symbol x y z 

C 

C 

C 

C 

C 

C 

H 

H 

H 

H 

C 

C 

C 

C 

C 

H 

C 

H 

C 

H 

H 

O 

O 

C 

H 

H 

H 

C 

H 

H 

H 

O 

H 

H 

2.963 

 1.664 

 1.327 

 2.395 

 3.705 

 4.001 

 3.215 

 0.875 

 2.176 

 4.487 

 0.009 

-1.305 

-2.387 

-1.624 

-3.693 

-2.183 

-2.920 

-0.824 

-3.973 

-4.486 

-3.158 

-5.214 

 5.248 

 6.348 

 6.251 

 7.230 

 6.454 

-6.326 

-6.243 

-7.200 

-6.434 

-0.111 

-0.003 

-0.642 

-1.471 

-1.026 

 0.274 

 1.090 

 0.644 

-0.644 

-2.461 

-1.668 

 2.090 

 1.302 

 0.730 

 0.269 

 1.002 

-0.947 

 0.556 

 1.938 

-1.394 

-1.523 

-0.650 

 1.150 

-2.321 

-1.181 

-1.181 

-0.396 

-0.121 

-1.019 

 0.511 

-0.480 

-0.370 

-1.083 

 0.508 

 3.761 

 2.829 

 3.716 

-0.588 

-0.588 

-0.108 

 0.338 

 0.325 

-0.133 

-0.947 

-0.958 

 0.691 

 0.673 

-0.117 

-0.038 

-0.584 

 0.636 

-0.481 

-1.087 

 0.725 

 1.083 

 0.169 

-0.913 

 1.230 

 0.318 

-0.182 

 0.253 

 1.308 

 0.123 

-0.349 

-0.218 

-1.303 

 0.017 

 0.240 

 0.101 

-0.157 

 0.904 

E=-807.124037, ZPE=0.2717561 
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Table S35. Cartesian coordinates of uu-T-1b…wb calculated at the B3LYP-D3/def2-TZVP level of theory 

Atomic Symbol x y z 

C  

C  

C  

C  

C  

C  

H  

H  

H  

H  

C  

C  

C  

C  

C  

H  

C  

H  

C  

H  

H  

O  

O  

C  

H  

H  

H  

C  

H  

H  

H  

O  

H  

H 

-2.599 

-1.264 

-0.816 

-1.812 

-3.157 

-3.558 

-2.931 

-0.534 

-1.507 

-3.881 

 0.536 

 1.801 

 2.936 

 2.017 

 4.196 

 2.809 

 3.266 

 1.176 

 4.372 

 5.031 

 3.424 

 5.560 

-4.859 

-5.893 

-5.783 

-6.824 

-5.908 

 6.721 

 6.626 

 7.539 

 6.934 

-5.270 

-4.884 

-5.201 

0.662 

 0.333 

-0.951 

-1.873 

-1.544 

-0.272 

 1.639 

 1.056 

-2.859 

-2.280 

-1.291 

-0.705 

-1.318 

 0.526 

-0.749 

-2.257 

 1.094 

 1.014 

 0.466 

-1.254 

 2.030 

 1.112 

 0.150 

-0.748 

-1.061 

-0.198 

-1.629 

 0.532 

 0.433 

 1.211 

-0.450 

 3.021 

 3.316 

 2.055 

-0.485 

-0.482 

-0.051 

 0.353 

 0.342 

-0.071 

-0.813 

-0.820 

 0.677 

 0.659 

-0.061 

 0.004 

-0.577 

 0.692 

-0.496 

-1.100 

 0.765 

 1.167 

 0.173 

-0.958 

 1.285 

 0.308 

-0.112 

 0.269 

 1.311 

 0.153 

-0.378 

-0.265 

-1.351 

-0.037 

 0.170 

-0.305 

 0.526 

-0.282 

E=-807.1239125, ZPE=0.2721712 
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Table S36. Cartesian coordinates of uu-T-1b…3HOH calculated at the B3LYP-D3/def2-TZVP level of theory 

Atomic Symbol x y z 

C 

C 

C 

C 

C 

C 

H 

H 

H 

H 

C 

C 

C 

C 

C 

H 

C 

H 

C 

H 

H 

O 

O 

C 

H 

H 

H 

C 

H 

H 

H 

O 

H 

H 

O 

H 

H 

O 

H 

H 

3.012 

 1.708 

 1.326 

 2.353 

 3.667 

 4.003 

 3.296 

 0.953 

 2.099 

 4.418 

 0.004 

-1.306 

-2.358 

-1.651 

-3.662 

-2.133 

-2.945 

-0.875 

-3.963 

-4.433 

-3.199 

-5.215 

 5.268 

 6.340 

 6.193 

 7.235 

 6.451 

-6.297 

-6.122 

-7.174 

-6.461 

-0.129 

-0.036 

-0.681 

 5.512 

 5.191 

 5.518 

-5.512 

-5.518 

-5.492 

0.906 

 0.473 

-0.783 

-1.575 

-1.143 

 0.103 

 1.863 

 1.092 

-2.544 

-1.780 

-1.226 

-0.750 

-1.524 

 0.524 

-1.062 

-2.503 

 0.989 

 1.134 

 0.199 

-1.685 

 1.962 

 0.745 

 0.619 

-0.156 

-0.366 

 0.448 

-1.095 

 0.023 

-0.165 

 0.656 

-0.926 

-4.213 

-3.318 

-4.085 

 3.404 

 3.859 

 2.466 

 3.168 

 2.809 

 2.394 

0.565 

 0.608 

 0.053 

-0.516 

-0.549 

-0.015 

 0.986 

 1.075 

-0.928 

-0.992 

 0.108 

 0.155 

 0.702 

-0.383 

 0.726 

 1.106 

-0.347 

-0.825 

 0.206 

 1.154 

-0.747 

 0.189 

-0.008 

-0.533 

-1.596 

-0.403 

 0.015 

 0.767 

 1.829 

 0.650 

 0.249 

-0.460 

-0.090 

-1.239 

 0.805 

 0.020 

 0.566 

-1.401 

-2.293 

-0.819 

E=-960.0687377, ZPE=0.3192386 
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Table S37. Cartesian coordinates of ud-T-1b…HOH calculated at the B3LYP-D3/def2-TZVP level of theory 

Atomic Symbol x y z 

C 

C 

C 

C 

C 

C 

H 

H 

H 

H 

C 

C 

C 

C 

C 

H 

C 

H 

C 

H 

H 

O 

O 

C 

H 

H 

H 

C 

H 

H 

H 

O 

H 

H 

3.112 

 1.778 

 1.346 

 2.351 

 3.675 

 4.074 

 3.394 

 1.043 

 2.058 

 4.436 

 0.001 

-1.281 

-2.395 

-1.535 

-3.671 

-2.241 

-2.801 

-0.711 

-3.885 

-4.489 

-2.989 

-5.091 

 5.406 

 5.882 

 5.663 

 6.959 

 5.451 

-6.234 

-6.130 

-7.072 

-6.420 

-0.367 

-0.147 

-0.899 

-1.147 

-0.779 

 0.495 

 1.391 

 1.027 

-0.247 

-2.131 

-1.476 

 2.378 

 1.711 

 0.863 

 0.317 

 0.970 

-0.912 

 0.438 

 1.913 

-1.444 

-1.428 

-0.779 

 0.972 

-2.380 

-1.391 

-0.505 

-1.771 

-1.942 

-1.751 

-2.583 

-0.772 

-0.665 

-1.430 

 0.211 

 3.885 

 2.955 

 3.840 

-0.430 

-0.464 

-0.012 

 0.450 

 0.471 

 0.039 

-0.777 

-0.844 

 0.783 

 0.824 

-0.053 

-0.002 

-0.583 

 0.677 

-0.509 

-1.091 

 0.738 

 1.151 

 0.147 

-0.968 

 1.248 

 0.270 

 0.109 

-0.321 

-1.379 

-0.175 

 0.273 

-0.302 

-1.386 

-0.083 

 0.142 

-0.044 

-0.229 

 0.758 

E=-807.1238363, ZPE=0.2717516 
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Table S38. Cartesian coordinates of ud-T-1b…wb calculated at the B3LYP-D3/def2-TZVP level of theory 

Atomic Symbol x y z 

C 

C 

C 

C 

C 

C 

H 

H 

H 

H 

C 

C 

C 

C 

C 

H 

C 

H 

C 

H 

H 

O 

O 

C 

H 

H 

H 

C 

H 

H 

H 

O 

H 

H 

-2.443 

-1.139 

-0.813 

-1.893 

-3.189 

-3.476 

-2.644 

-0.346 

-1.679 

-4.003 

 0.500 

 1.817 

 2.880 

 2.160 

 4.191 

 2.656 

 3.460 

 1.375 

 4.493 

 4.968 

 3.715 

 5.741 

-4.794 

-5.165 

-4.906 

-6.245 

-4.689 

 6.835 

 6.726 

 7.719 

 6.948 

-6.724 

-6.130 

-6.554 

1.183 

 0.718 

-0.600 

-1.427 

-0.967 

 0.343 

 2.195 

 1.370 

-2.438 

-1.602 

-1.071 

-0.614 

-1.332 

 0.582 

-0.893 

-2.249 

 1.021 

 1.146 

 0.292 

-1.475 

 1.931 

 0.815 

 0.707 

 2.024 

 2.219 

 2.077 

 2.771 

 0.123 

 0.043 

 0.714 

-0.878 

-1.459 

-0.694 

-1.926 

-0.429 

-0.444 

-0.026 

 0.389 

 0.397 

-0.010 

-0.751 

-0.786 

 0.709 

 0.720 

-0.052 

 0.005 

-0.592 

 0.702 

-0.516 

-1.121 

 0.769 

 1.190 

 0.162 

-0.989 

 1.297 

 0.293 

 0.037 

-0.349 

-1.394 

-0.228 

 0.291 

-0.290 

-1.376 

-0.060 

 0.137 

 0.228 

 0.208 

-0.595 

E=-807.1238789, ZPE=0.2721723 
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Table S39. Cartesian coordinates of ud-T-1b…wc calculated at the B3LYP-D3/def2-TZVP level of theory 

Atomic Symbol x y z 

C 

C 

C 

C 

C 

C 

H 

H 

H 

H 

C 

C 

C 

C 

C 

H 

C 

H 

C 

H 

H 

O 

O 

C 

H 

H 

H 

C 

H 

H 

H 

O 

H 

H 

-3.393 

-2.108 

-1.811 

-2.901 

-4.177 

-4.440 

-3.570 

-1.308 

-2.710 

-5.002 

-0.518 

 0.816 

 1.843 

 1.214 

 3.170 

 1.576 

 2.532 

 0.460 

 3.522 

 3.919 

 2.826 

 4.802 

-5.735 

-6.072 

-5.856 

-7.143 

-5.542 

 5.866 

 5.742 

 6.773 

 5.941 

 5.054 

 4.619 

 5.042 

0.864 

 0.347 

-0.913 

-1.634 

-1.123 

 0.133 

 1.830 

 0.914 

-2.603 

-1.674 

-1.437 

-1.030 

-1.869 

 0.240 

-1.476 

-2.844 

 0.635 

 0.899 

-0.218 

-2.150 

 1.602 

 0.265 

 0.544 

 1.806 

 1.842 

 1.924 

 2.620 

-0.552 

-0.795 

 0.034 

-1.475 

 3.143 

 3.450 

 2.176 

-0.516 

-0.516 

 0.064 

 0.626 

 0.619 

 0.052 

-0.965 

-0.973 

 1.069 

 1.051 

 0.053 

 0.034 

-0.461 

 0.546 

-0.461 

-0.849 

 0.539 

 0.955 

 0.034 

-0.849 

 0.928 

 0.072 

 0.102 

-0.453 

-1.525 

-0.299 

 0.051 

-0.399 

-1.458 

-0.266 

 0.182 

 0.386 

-0.416 

 0.320 

E=-807.1238855, ZPE=0.2721851 
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Table S40. Cartesian coordinates of ud-T-1b…3HOH calculated at the B3LYP-D3/def2-TZVP level of theory 

Atomic Symbol x y z 

C 

C 

C 

C 

C 

C 

H 

H 

H 

H 

C 

C 

C 

C 

C 

H 

C 

H 

C 

H 

H 

O 

O 

C 

H 

H 

H 

C 

H 

H 

H 

O 

H 

H 

O 

H 

H 

O 

H 

H 

2.787 

 1.527 

 1.296 

 2.424 

 3.677 

 3.870 

 2.917 

 0.695 

 2.285 

 4.530 

 0.026 

-1.327 

-2.316 

-1.779 

-3.660 

-2.009 

-3.112 

-1.052 

-4.065 

-4.380 

-3.449 

-5.364 

 5.150 

 5.427 

 5.191 

 6.493 

 4.869 

-6.396 

-6.280 

-7.328 

-6.412 

 0.146 

 0.238 

-0.314 

 7.226 

 6.587 

 7.218 

-5.760 

-5.545 

-5.719 

-1.388 

-0.817 

 0.458 

 1.136 

 0.572 

-0.696 

-2.364 

-1.350 

 2.118 

 1.092 

 1.034 

 0.694 

 1.580 

-0.550 

 1.248 

 2.541 

-0.884 

-1.240 

 0.012 

 1.954 

-1.831 

-0.409 

-1.172 

-2.461 

-2.506 

-2.619 

-3.236 

 0.460 

 0.695 

-0.079 

 1.386 

 4.082 

 3.131 

 4.113 

 0.743 

 0.048 

 1.333 

-3.203 

-3.643 

-2.256 

-0.632 

-0.617 

-0.037 

 0.503 

 0.478 

-0.086 

-1.077 

-1.058 

 0.936 

 0.897 

-0.029 

-0.035 

-0.529 

 0.495 

-0.512 

-0.921 

 0.501 

 0.905 

-0.004 

-0.899 

 0.903 

 0.046 

-0.059 

-0.593 

-1.660 

-0.451 

-0.060 

-0.405 

-1.467 

-0.253 

 0.175 

 0.020 

-0.162 

 0.866 

 0.664 

 0.450 

-0.096 

 0.764 

-0.065 

 0.563 

E=-960.0687377, ZPE=0.3192386 
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Table S41. Cartesian coordinates of dd-T-1b…HOH calculated at the B3LYP-D3/def2-TZVP level of theory 

Atomic Symbol x y z 

C 

C 

C 

C 

C 

C 

H 

H 

H 

H 

C 

C 

C 

C 

C 

H 

C 

H 

C 

H 

H 

O 

O 

C 

H 

H 

H 

C 

H 

H 

H 

O 

H 

H 

 -3.011 

-1.703 

-1.328 

-2.365 

-3.664 

-4.005 

-3.249 

-0.943 

-2.116 

-4.449 

-0.009 

 1.304 

 2.359 

 1.657 

 3.655 

 2.128 

 2.961 

 0.884 

 3.974 

 4.453 

 3.181 

 5.283 

-5.316 

-5.735 

-5.546 

-6.806 

-5.239 

 5.678 

 5.471 

 6.750 

 5.178 

 0.151 

 0.001 

 0.749 

-1.190 

-0.742 

 0.531 

 1.342 

 0.899 

-0.373 

-2.170 

-1.374 

 2.327 

 1.518 

 0.980 

 0.513 

 1.266 

-0.723 

 0.808 

 2.220 

-1.187 

-1.311 

-0.425 

 1.384 

-2.136 

-0.784 

-0.712 

-1.979 

-2.080 

-2.029 

-2.795 

-2.018 

-2.039 

-2.094 

-2.864 

 4.016 

 3.084 

 3.971 

0.461 

 0.521 

 0.018 

-0.524 

-0.572 

-0.086 

 0.850 

 0.962 

-0.898 

-0.985 

 0.087 

 0.103 

 0.691 

-0.502 

 0.681 

 1.147 

-0.499 

-0.977 

 0.093 

 1.131 

-0.965 

 0.147 

-0.189 

 0.295 

 1.368 

 0.112 

-0.239 

-0.433 

-1.508 

-0.272 

 0.048 

-0.093 

 0.141 

-0.847 

E=-807.1236381, ZPE=0.2717181 
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Table S42. Cartesian coordinates of dd-T-1b…wb calculated at the B3LYP-D3/def2-TZVP level of theory 

Atomic Symbol x y z 

C 

C 

C 

C 

C 

C 

H 

H 

H 

H 
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C 

C 

C 

C 

H 

C 

H 

C 

H 

H 

O 

O 

C 

H 

H 

H 

C 

H 

H 

H 

O 

H 

H 

2.360 

 1.081 

 0.805 

 1.910 

 3.182 

 3.418 

 2.522 

 0.268 

 1.736 

 4.016 

-0.481 

-1.821 

-2.831 

-2.245 

-4.152 

-2.542 

-3.575 

-1.507 

-4.542 

-4.915 

-3.850 

-5.871 

 4.715 

 5.036 

 4.799 

 6.107 

 4.506 

-6.337 

-6.126 

-7.413 

-5.891 

 6.743 

 6.112 

 6.628 

1.152 

 0.622 

-0.681 

-1.426 

-0.903 

 0.392 

 2.149 

 1.211 

-2.425 

-1.475 

-1.218 

-0.826 

-1.638 

 0.384 

-1.259 

-2.572 

 0.768 

 1.017 

-0.050 

-1.880 

 1.700 

 0.230 

 0.823 

 2.129 

 2.243 

 2.243 

 2.892 

 1.434 

 1.461 

 1.447 

 2.312 

-1.222 

-0.493 

-1.752 

0.510 

 0.530 

 0.038 

-0.459 

-0.473 

 0.009 

 0.891 

 0.935 

-0.837 

-0.860 

 0.071 

 0.078 

 0.663 

-0.530 

 0.651 

 1.127 

-0.536 

-1.006 

 0.056 

 1.101 

-1.009 

 0.103 

-0.051 

 0.412 

 1.474 

 0.265 

-0.165 

-0.487 

-1.561 

-0.331 

-0.009 

-0.451 

-0.358 

 0.344 

E=-807.1238064, ZPE=0.2721873 

 
 



S54 

 

Table S43. Cartesian coordinates of dd-T-1b…3HOH calculated at the B3LYP-D3/def2-TZVP level of theory 

Atomic Symbol x y z 

C 

C 

C 

C 

C 

C 

H 

H 

H 
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C 

C 

C 

C 

C 

H 
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O 

O 

C 

H 

H 

H 

C 

H 

H 

H 

O 

H 

H 

O 

H 

H 

O 

H 

H 

2.971 

 1.664 

 1.325 

 2.391 

 3.690 

 3.992 

 3.185 

 0.880 

 2.167 

 4.496 

 0.007 

-1.310 

-2.384 

-1.641 

-3.683 

-2.168 

-2.947 

-0.850 

-3.976 

-4.494 

-3.154 

-5.294 

 5.310 

 5.700 

 5.455 

 6.779 

 5.226 

-5.673 

-5.417 

-6.752 

-5.199 

 7.224 

 6.638 

 7.167 

-0.061 

 0.031 

-0.587 

-7.218 

-7.221 

-6.629 

-1.376 

-0.921 

 0.351 

 1.152 

 0.703 

-0.565 

-2.353 

-1.546 

 2.135 

 1.314 

 0.808 

 0.350 

 1.116 

-0.888 

 0.669 

 2.071 

-1.342 

-1.486 

-0.565 

 1.254 

-2.293 

-0.922 

-0.920 

-2.196 

-2.301 

-2.248 

-3.000 

-2.174 

-2.224 

-2.238 

-3.003 

 1.176 

 0.430 

 1.746 

 3.852 

 2.912 

 3.842 

 1.090 

 1.687 

 0.365 

-0.603 

-0.592 

-0.061 

 0.434 

 0.414 

-0.102 

-1.011 

-0.998 

 0.828 

 0.799 

-0.060 

-0.016 

-0.548 

 0.595 

-0.482 

-1.010 

 0.651 

 1.028 

 0.114 

-0.897 

 1.120 

 0.127 

-0.076 

-0.571 

-1.631 

-0.441 

-0.002 

 0.688 

 1.750 

 0.572 

 0.157 

 0.592 

 0.397 

-0.181 

 0.092 

-0.140 

 0.900 

-0.730 

 0.024 

-0.475 

E=-960.0681186, ZPE=0.3191551 

 

  



S55 

 

6. References 

(1) Davis, P. J.; Harris, L.; Karim, A.; Thompson, A. L.; Gilpin, M.; Moloney, M. G.; Pound, M. J.; Thompson, C. Tetrahedron Lett. 2011, 52, 
1553. 
(2) Hahn, E. L. Phys. Rev. 1950, 80, 580. 
(3) Davies, E. R. Phys. Lett. A 1974, A 47, 1. 
(4) Mims, W. B. Proc. R. Soc. Lond. A 1965, 283, 452. 
(5) Stoll, S.; Schweiger, A. J. Magn. Reson. 2006, 178, 42. 
(6) Neese, F. Wiley Interdiscip. Rev.: Comput. Mol. Sci. 2012, 2, 73. 
(7) Staroverov, V. N.; Scuseria, G. E.; Tao, J.; Perdew, J. P. Journal of Chemical Physics 2003, 119, 12129. 
(8) Kossmann, S.; Kirchner, B.; Neese, F. Molecular Physics 2007, 105, 2049. 
(9) Grimme, S.; Antony, J.; Ehrlich, S.; Krieg, H. J. Chem. Phys. 2010, 132, 154104. 
(10) Kutzelnigg, W.; Fleischer, U.; Schindler, M. In Deuterium and Shift Calculation; Springer Berlin Heidelberg: 1991; Vol. 23, p 165. 
(11) Neese, F. J. Comput. Chem. 2003, 24, 1740. 
(12) Neese, F.; Wennmohs, F.; Hansen, A.; Becker, U. Chem. Phys. 2009, 356, 98. 
(13) Sander, W.; Bucher, G.; Reichel, F.; Cremer, D. J. Am. Chem. Soc. 1991, 113, 5311. 

 
 



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /CMYK
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments true
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<

    /BGR <>
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e9ad88d2891cf76845370524d53705237300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc9ad854c18cea76845370524d5370523786557406300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /CZE <>
    /DAN <>
    /DEU <>
    /ESP <>
    /ETI <>
    /FRA <>
    /GRE <>

    /HRV (Za stvaranje Adobe PDF dokumenata najpogodnijih za visokokvalitetni ispis prije tiskanja koristite ove postavke.  Stvoreni PDF dokumenti mogu se otvoriti Acrobat i Adobe Reader 5.0 i kasnijim verzijama.)
    /HUN <>
    /ITA <>
    /JPN <FEFF9ad854c18cea306a30d730ea30d730ec30b951fa529b7528002000410064006f0062006500200050004400460020658766f8306e4f5c6210306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103055308c305f0020005000440046002030d530a130a430eb306f3001004100630072006f0062006100740020304a30883073002000410064006f00620065002000520065006100640065007200200035002e003000204ee5964d3067958b304f30533068304c3067304d307e305930023053306e8a2d5b9a306b306f30d530a930f330c8306e57cb30818fbc307f304c5fc59808306730593002>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020ace0d488c9c80020c2dcd5d80020c778c1c4c5d00020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /LTH <>
    /LVI <>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken die zijn geoptimaliseerd voor prepress-afdrukken van hoge kwaliteit. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /POL <>
    /PTB <>
    /RUM <>
    /RUS <>
    /SKY <>
    /SLV <>
    /SUO <>
    /SVE <>
    /TUR <>
    /UKR <>
    /ENU (Use these settings to create Adobe PDF documents best suited for high-quality prepress printing.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /ConvertToCMYK
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


