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1. Mass Spectrometry and Infrared Spectroscopy 

1.1 Experimental Setup 

The precursors were dissolved in a 9:1 (V:V) mixture of  acetonitrile and water to yield 0.1 mM 

solutions. Pd/Pt coated glass capillaries (Sputter Coater HR 208, Cressington) for nano electrospray 

ionization (nESI) are pulled to a tip with an inner diameter of  1–2 µm using a micropipette puller 

(Model P-1000, Sutter Instrument). 

Glycosyl cations were generated and probed using a custom-built helium droplet instrument 

(Figure S1). Glycosyl cations are formed after nESI (Z-spray) with a voltage of  1.1 kV to the tip 

of  the capillary of  the precursors, followed by in-source fragmentation of  the generated ions. 

Commonly, nESI of  the precursor leads to sodiated and protonated ions, whereas in-source 

fragmentation can lead to the cleavage of  labile leaving groups, such as SEt. 

After passing through two ring-electrode ion guides, the ions of  interest are mass-to-charge 

selected by a quadrupole mass filter. Then, the ions enter a quadrupole bender. If  no voltage is 

applied, the ions directly pass through the bender to get to a time-of-flight detector to record mass 

spectra (Figures S3-S5) and to monitor the ion signal. If  ±33 V are applied to rods of  the 

quadrupole bender, the ions are bent and enter a hexapole ion trap that is cooled to 90 K by liquid 

nitrogen in this experiment. The ions of  interest are subsequently accumulated in the ion trap and 

thermalized by collisions with helium buffer gas. 

Expansion of  pressurized helium into the vacuum by a pulsed Even-Lavie valve leads to the 

formation of  a beam of  superfluid helium nanodroplets (0.4 K) that is traversing the ion trap, 

picking up ions, rapidly cooling them to their equilibrium temperature, and guiding them to the 

detection region. Here, an infrared (IR) beam generated by the Fritz Haber Institute free-electron 

laser (FHI FEL1) overlaps with the ion beam. Upon the absorption of  resonant photons, 

vibrational modes of  the molecular ions are excited. The ions dissipate the energy to the helium 

matrix to get back to their ground state. After the absorption of  multiple photons, the probed ions 

are released from the helium nanodroplets and detected by a time-of-flight detector. The ion yield 

can be plotted as a function of  the IR wavenumber, leading to an IR spectrum (Figures 2, 3 and 

S2). Due to the multiphoton absorption process, the intensities in the obtained IR spectrum do 

not scale linearly. As a first-order correction, the ion signal is divided by the energy of  the IR 

macropulse. 
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Figure S1. Schematic drawing of  the custom-built helium droplet instrument combining mass 

spectrometry and infrared spectroscopy in helium droplets to probe mass-to-charge selected ions.  
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1.2 Infrared Spectra 

 

Figure S2. Cryogenic infrared spectra of  glycosyl cations (m/z = 431) generated from Man-SEt 

and Gal-SEt precursors individually. The experimental cryogenic IR spectrum is shown as a gray 

trace, whereas computed spectra of  the lowest-energy 1,6-anhydro cation (blue), 1,4-anhydro 

cation (red) and oxocarbenium ion (green) for (a) mannosyl and (b) galactosyl cations are shown 

in the inverted traces below.  
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1.3 Mass Spectra 

 

Figure S3. Mass spectra of  precursors of  (a) Ethyl 2,3-di-O-benzyl-4,6-O-benzylidene-D-

thioglucopyramoside (Glc-SEt) recorded on the helium droplet instrument. (b) In-source 

fragmentation of  precursor ions [M+H]+ (m/z = 493) and [M+Na]+ (m/z = 514) leads to galactosyl 

cations (m/z = 431). 

 

 

Figure S4. Mass spectra of  precursors of  (a) Ethyl 2,3-di-O-benzyl-4,6-O-benzylidene-D-

thiomannopyramoside (Man-SEt) recorded on the helium droplet instrument. (b) In-source 

fragmentation of  precursor ions [M+H]+ (m/z = 493), and [M+Na]+ (m/z = 514) leads to 

galactosyl cations (m/z = 431). 
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Figure S5. Mass spectra of  precursors of  (a) Ethyl 2,3-di-O-benzyl-4,6-O-benzylidene-D-

thiogalactopyramoside (Gal-SEt) recorded on the helium droplet instrument. (b) In-source 

fragmentation of  precursor ions [M+H]+ (m/z = 493), and [M+Na]+ (m/z = 514) leads to 

galactosyl cations (m/z = 431). 
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2. Computational Methods 

2.1 Method Description 

Initial geometries of glycosyl cations candidates (Glc-oxo, Glc-4B, Glc-6B, Man-oxo, Man-4B, 

Man-6B, Gal-oxo, Gal-4B, Gal-6B) were constructed by chemical intuition using GaussView 6.2 

Conformational search were performed using CREST3 with the semiempirical method GFN2-

xTB4 using default settings. The selected structures are reoptimized and their harmonic frequencies 

are computed at the PBE1PBE/6-311+G(d,p) EmpiricalDispersion=GD3BJ5,6 level of  theory 

using Gaussian 16.2 Relative free energies at 90 K (approximate temperature of the ion trap) were 

extracted from the frequency calculation and are represented with the energy ΔE (including zero-

point vibrational energy) in the tables and figures below.  
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2.2 Energetics of  Intermediates in Vacuum 

Table S1. List of conformations of glucosyl (Glc) cations optimized at PBE1PBE/6-311+G(d,p) 

EmpiricalDispersion=GD3BJ level of theory. Relative energies (ΔE, including zero-point 

vibrational energy), and free energies (ΔF) at 90 K are assigned to each conformer. †The 

lowest-free energy conformer and its simulated IR spectra are showed highlighted in the 

manuscript or SI. 

Glycosyl 

cations/conformer 

ΔE (kJ mol-1) ΔF (kJ mol-1) 

Glc-oxo/conf_1† 72.0883535 72.80242962 

Glc-oxo/conf_2 73.4116055 74.23188162 

Glc-oxo/conf_3 78.4578165 77.58998814 

Glc-oxo/conf_4 81.427257 82.21266148 

Glc-oxo/conf_5 95.316152 93.92049379 

Glc-oxo/conf_6 99.5983425 100.4582455 

Glc-oxo/conf_7 102.5021455 103.2495082 

Glc-oxo/conf_8 104.767952 105.0596057 

Glc-6B/conf_1† 0 0 

Glc-6B/conf_2 5.6894585 5.319343575 

Glc-6B/conf_3 7.0809735 5.968251113 

Glc-6B/conf_4 13.363795 12.04580545 

Glc-6B/conf_5 17.06575 16.85572761 

Glc-4B/conf_1† 28.9461375 27.58852108 

Glc-4B/conf_2 35.9614735 35.44632425 

Glc-4B/conf_3 38.726125 39.257125 

Glc-4B/conf_4 41.79796 40.9887794 

Glc-4B/conf_5 44.565237 43.41447282 

Glc-4B/conf_6 50.840182 49.96046558 

Glc-4B/conf_7 63.657873 63.00402972 
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Table S2. List of conformations of galactosyl (Gal) cations optimized at PBE1PBE/6-

311+G(d,p) EmpiricalDispersion=GD3BJ level of theory. Relative energies (ΔE, including 

zero-point vibrational energy), and free energies (ΔF) at 90 K are assigned to each conformer. 

†The lowest-free energy conformer and its simulated IR spectra are showed highlighted in the 

manuscript or SI. 

Glycosyl 

cations/conformer 

ΔE (kJ mol-1) ΔF (kJ mol-1) 

Gal-oxo/conf_1† 29.5500025 28.78361892 

Gal-oxo/conf_2 32.367164 32.04380878 

Gal-oxo/conf_3 42.065761 41.62590279 

Gal-oxo/conf_4 43.1605945 43.60837808 

Gal-oxo/conf_5 57.7163665 58.55724859 

Gal-6B/conf_1† 0 0 

Gal-6B/conf_2 4.0353935 2.554933799 

Gal-6B/conf_3 6.3248295 6.169492187 

Gal-6B/conf_4 14.266967 12.05341028 

Gal-6B/conf_5 19.554724 14.37152997 

Gal-6B/conf_6 20.352876 17.75969391 

Gal-6B/conf_7 21.098518 19.28440009 

Gal-6B/conf_8 28.6783365 28.45563351 

Gal-6B/conf_9 34.168257 33.52550924 

Gal-4B/conf_1† 9.4911825 7.822098918 

Gal-4B/conf_2 11.3762915 8.907537769 

Gal-4B/conf_3 12.261085 10.4897641 

Gal-4B/conf_4 15.936785 12.68975963 

Gal-4B/conf_5 23.403707 22.19270998 

Gal-4B/conf_6 26.3889005 24.36079751 
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Table S3. List of conformations of mannosyl (Man) cations optimized at PBE1PBE/6-

311+G(d,p) EmpiricalDispersion=GD3BJ level of theory. Relative energies (ΔE, including 

zero-point vibrational energy), and free energies (ΔF) at 90 K are assigned to each conformer. 

†The lowest-free energy conformer and its simulated IR spectra are showed highlighted in the 

manuscript or SI. 

Glycosyl 

cations/conformer 

ΔE (kJ mol-1) ΔF (kJ mol-1) 

Man-oxo/conf_1† 72.353529 72.99548422 

Man-oxo/conf_2 79.2087095 78.10311995 

Man-oxo/conf_3 86.9434325 86.08352951 

Man-oxo/conf_4 93.268262 94.11865454 

Man-oxo/conf_5 100.7220565 100.5564162 

Man-6B/conf_1† 13.153755 12.32238336 

Man-6B/conf_2 24.264871 24.03820533 

Man-4B/conf_1† 0 0 

Man-4B/conf_2 5.7472195 7.799098604 

Man-4B/conf_3 7.283137 9.08536685 

Man-4B/conf_4 12.051045 12.90223007 

Man-4B/conf_5 15.2279 15.65587015 

Man-4B/conf_6 19.959051 20.04226742 

Man-4B/conf_7 27.893312 29.13284036 

Man-4B/conf_8 34.005476 35.23390884 

 

 

 

 

 

 



10 
 

2.3 Energy Hierarchies of  Intermediates in Vacuum 

 

Figure S6. Energy hierarchies of  the reoptimized structures for glucosyl cations. 

 

Figure S7. Energy hierarchies of  the reoptimized structures for galactosyl cations. 
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Figure S8. Energy hierarchies of  the reoptimized structures for mannosyl cations. 
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2.4 3D Structures of Intermediates in Vacuum 

 

Figure S9. Reoptimized geometries of  glucosyl (Glc) cations. The structures correspond to those 

that are highlighted with a dagger (†) in Tables S1. a) Glc-oxo, b) Glc-6B, and c) Glc-4B. 
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Figure S10. Reoptimized geometries of  galactosyl (Gal) cations. The structures correspond to 

those that are highlighted with a dagger (†) in Tables S2. a) Gal-oxo, b) Gal-6B, and c) Gal-4B. 
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Figure S11. Reoptimized geometries of  mannosyl (Man) cations. The structures correspond to 

those that are highlighted with a dagger (†) in Tables S3. a) Man-oxo, b) Man-6B, and c) Man-

4B. 
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2.5 Energetics of  Intermediates Using a Solvent Model 

Table S4. List of  the most stable conformer of glycosyl cations (Glc-4B and Glc-6B) optimized 

at the PBE0+D3/6-311+G(d,p) level of  theory using the COSMO solvation model7,8 for various 

solvents with distinct relative permittivities (εr). Relative free energies (ΔF) at 298 K are assigned 

to each conformer and compared to the most stable structure of  Glc-oxo (ΔF = 0) in the 

corresponding solvent system. The corresponding structures of  are shown in the SI. 

Structure 
Solvent 

Vacuum Dioxane Toluene Et2O CHCl3 DCM ACN DMSO H2O 

Glc-4B -50.0053  -42.2390  -42.9427  -45.2662  -48.1989  -47.8366  -47.4113  -48.7057  -44.3027  

Glc-6B -74.4539  -69.4707  -69.1583  -70.4159  -70.4842  -65.2463  -62.3162  -64.1646  -59.6802  

 

Table S5. List of  the most stable conformer of mannosyl cations (Man-4B and Man-6B) 

optimized at the PBE0+D3/6-311+G(d,p) level of  theory using the COSMO solvation model7,8 

for various solvents with distinct relative permittivities (εr). Relative free energies (ΔF) at 298 K 

are assigned to each conformer and compared to the most stable structure of  Man-oxo (ΔF = 0) 

in the corresponding solvent system. The corresponding structures of  are shown in the SI. 

Structure 
Solvent 

Vacuum Dioxane Toluene Et2O CHCl3 DCM ACN DMSO H2O 

Man-4B -74.4802  -58.0052  -63.1932  -66.5853  -64.7816  -61.8568  -60.4285  -59.8640  -59.7721  

Man-6B -64.0806  -65.3776  -65.9342  -61.4813  -59.4492  -57.6770  -59.5647  -56.1069  -55.7026  

 

Table S6. List of  the most stable conformer of galactosyl cations (Gal-4B and Gal-6B) optimized 

at the PBE0+D3/6-311+G(d,p) level of  theory using the COSMO solvation model7,8 for various 

solvents with distinct relative permittivities (εr). Relative free energies (ΔF) at 298 K are assigned 

to each conformer and compared to the most stable structure of  Gal-oxo (ΔF = 0) in the 

corresponding solvent system. The corresponding structures of  are shown in the SI. 

Structure 
Solvent 

Vacuum Dioxane Toluene Et2O CHCl3 DCM ACN DMSO H2O 

Gal-4B -23.8185  -19.0585  -23.3381  -22.1251  -20.9856  -24.3961  -19.0086  -22.6318  -21.9781  

Gal-6B -27.8802  -23.9131  -28.9488  -25.9452  -25.1943  -25.8953  -22.6974  -26.8169  -26.0476  
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2.6 Energy Hierarchies of  Intermediates Using a Solvent Model 

 

Figure S12. Relative stabilities of  rearranged galactosyl cations using a solvent model. The free 

energies of  the most stable conformers of  Gal-6B (blue) and Gal-4B (red) were calculated with a 

solvent model for different solvents relative to Gal-oxo (ΔF = 0). Gal-6B and Gal-4B are similarly 

thermodynamically stabilized for different solvents. 

 

Figure S13. Relative stabilities of  rearranged galactosyl cations using a solvent model. The free 

energies of  the most stable conformers of  Man-6B (blue) and Man-4B (red) were calculated with 

a solvent model for different solvents relative to Man-oxo (ΔF = 0). Man-6B and Man-4B are 

similarly thermodynamically stabilized for different solvents. 
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Figure S14. 30 conformers of  Glc-6B (blue) and Glc-4B (red) were optimized with a solvent 

model for different solvents and their relative energies of  each conformer relative to Glc-oxo are 

shown. 
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Figure S15. 30 conformers of  Gal-6B (blue) and Gal-4B (red) were calculated with a solvent 

model for different solvents, and the relative energies of  each conformer against Gal-oxo are 

shown. 
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Figure S16. 30 conformers of  Man-6B (blue) and Man-4B (red) were calculated with a solvent 

model for different solvents and their relative energies of  each conformer against Man-oxo are 

shown. 
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2.7 3D Structures of  Intermediates in Different Solvents 

 

Figure S17. Reoptimized geometries of  Glc-4B using a solvent model with different solvents. 

The structures correspond to those that are highlighted in entry 1, Table S4. A) 1,4-Dioxane. B) 

Toluene. C) Et2O. D) CHCl3. E) DCM. F) ACN. G) DMSO. H) Water.  
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Figure S18. Reoptimized geometries of  Glc-6B within different surrounding medias (solvents). 

The structures correspond to those that are highlighted in entry 1, Error! Reference source not f

ound.. A) 1,4-Dioxane. B) Toluene. C) Et2O. D) CHCl3. E) DCM. F) ACN. G) DMSO. H) Water.  
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Figure S19. Reoptimized geometries of  Man-4B within different surrounding medias (solvents). 

The structures correspond to those that are highlighted in entry 1, Table S5. A) 1,4-Dioxane. B) 

Toluene. C) Et2O. D) CHCl3. E) DCM. F) ACN. G) DMSO. H) Water.  
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Figure S20. Reoptimized geometries of  Man-6B within different surrounding medias (solvents). 

The structures correspond to those that are highlighted in entry 1, Error! Reference source not f

ound.. A) 1,4-Dioxane. B) Toluene. C) Et2O. D) CHCl3. E) DCM. F) ACN. G) DMSO. H) Water.  
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Figure S21. Reoptimized geometries of  Gal-4B within different surrounding medias (solvents). 

The structures correspond to those that are highlighted in entry 1, Error! Reference source not f

ound.. A) 1,4-Dioxane. B) Toluene. C) Et2O. D) CHCl3. E) DCM. F) ACN. G) DMSO. H) Water. 



25 
 

 

Figure S22. Reoptimized geometries of  Gal-6B within different surrounding medias (solvents). 

The structures correspond to those that are highlighted in entry 1, Error! Reference source not f

ound.. A) 1,4-Dioxane. B) Toluene. C) Et2O. D) CHCl3. E) DCM. F) ACN. G) DMSO. H) Water. 
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2.8 xyz-Coordinates of Reoptimized Structures 

xyz-Coordinates of all reoptimized geometries at the PBE0+D3/6-311+G(d,p) level of theory can 

be found in a separate document “SI_Coordinates_gas phase.pdf” and “SI_Coordinates_within 

solvents.pdf”. 
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3. Experimental Details 

3.1 Materials 

Ethyl thioglycoside donors were selected as the precursor for mass spectrometry and cryogenic IR 

experiments. Synthesis and spectroscopic data of  Glc-SEt9, Gal-SEt10, Man-SEt11 can be found in 

the cited references. 
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3.2 Probing the Stereoselectivity of  4,6-O-Benzylidene-Directed Glycosylation Reaction 

Table S7. Glycosylation Reaction in NIS/TfOH promotor System.  

 

Entry Donor Acceptor Product Yielda (/)b 
-ratio 

(%) 

1 

 

MeOH 
 

79% (1/4) 25% 

2 

   

70% (1/1) 50% 

3 

   

60% (1/1) 50% 

4 

   
44% (1/1) 50% 

5 

 

MeOH 
 

70% (1/5) 17% 

6 

   

66% (1/2) 33% 

7 

   

58% (1/1.4) 42% 

8 

   

45%(1/1.7) 37% 

9 

 

MeOH 

 

53% (1/4) 20% 
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10 

 
 

 

85% (1/1.5) 40% 

11 

 
 

 

64% (4/1) 80% 

12 

 
 

 

73% (1/0) 100% 

aIsolated yield. b Determined by HPLC. The examples of  glycosylation reaction in condensed 

phase (showed below) is obtained from the report by Wang et al..12,13 
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Figure S23. Hypothetical SN1-mechanism of  4,6-benzylidene-mediated glycosylation of  the gas-

phase intermediates.  A) Activation of  glycosyl donors leads to oxocarbenium ions, which 

subsequently undergoes a ring opening reaction of  the benzylidene acetal at O4 and O6.14 Next, 

remote participation15 of  the ether at O6 or O4 occurs to give the energetically more stable 1,6-

anhydro or 1,4-anhydro cations, as confirmed by cryogenic IR spectroscopy. B) For 

mannosylations, both Man-6B and Man-4B can be generated and have inverse selectivities, 

potentially explaining the mixed ratios observed in its SN1-type glycosylations. Man-4B promotes 

the attack of  the acceptor from the β-face, whereas Man-6B blocks the upper side, resulting in -

nucleophilic addition. C) The inverse selectivities of  the anhydro cations correlates well with the 

mixed anomer ratios that are often observed when benzylidene-protected donors are used under 

conditions that favor an SN1-type glycosylation reaction. 
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