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Supplemental Methods 

Single crystal X-ray diffraction experiments 

Single crystal X-ray diffraction measurements were conducted on a Rigaku Oxford Diffraction 

XtaLAB Synergy-R diffractometer using Cu-Kα X-ray radiation (λ = 1.54184 Å), equipped with 

a HyPix-6000HE (M1 gemfibrozil, M2 gemfibrozil, M3 gemfibrozil and M4 gemfibrozil) or HyPix-

Arc 150° (gemfibrozil) Hybrid Photon Counting (HPC) detector (Rigaku, Tokyo, Japan) at a 

temperature of 100 K using a Cryostream 800 nitrogen stream (Oxford Cryostreams, UK). The 

software CrysAlisPro ver. 171.39.46 (M1 gemfibrozil, M2 gemfibrozil, M3 gemfibrozil and M4 

gemfibrozil) and ver. 171.41.48a (gemfibrozil) was used for calculation of measurement 

strategy and data reduction (data integration, empirical and numerical absorption corrections 

and scaling). The software ShelXle was used to generate the electron density maps Fo to verify 

the position of metabolism (Hübschle et al., 2011). Isocontour levels are described as σ 

(square root of the average variance of the density). 

 

Crystal structure analysis 

All crystal structures were modeled using OLEX2 (Dolomanov et al., 2009), solved with 

SHELXT ver. 2014/5 and refined using SHELXL ver. 2018/1 (Sheldrick, 2015). Figures of 

framework and analyte were created using OLEX2. Non-hydrogen atoms were refined 

anisotropically. Hydrogen atoms were fixed using the riding model. Populations of the guests 

in the crystal were modelled by least-square refinement of a guest/solvent disorder model 

under the constraint that the sum of them should equal to 100%. When a reasonable 

guest/solvent disorder model could not be built due to severe disorder of the solvent molecules, 

the guest populations were set to 100% (s.o.f. = 1). In this case, overestimation is unavoidable 

if the actual occupancy is less than 100% leading to high large displacement parameters 

compared to the framework (Hoshino et al., 2016). Number of restraints was tried to minimize 

and applied without changing the standard deviation. Solvent cyclohexane molecules in the 

pores were found in the difference electron density map and refined using the restraints (DFIX, 



DANG, SIMU and ISOR). These molecules are expected to be severely disordered due their 

high thermal motion. Due to their averaged structure of various geometry and orientation, some 

cyclohexane molecules are distorted to energetically-unfavorable (boat-shaped or twisted) 

structures. Some “Alert A” notifications were found in the validation program CheckCIF. Those 

alerts are derived from short intermolecular contacts of hydrogen atoms between solvent 

molecule (cyclohexane) and the crystalline sponge framework, guest molecule, and other 

solvent molecules, and are unavoidable due to severe disorder. The comments for the alerts 

are described in the CIFs using the validation response form (vrf). 

The present crystal structures are not used for exact structure analysis. They are used to 

confirm structure proposals derived from information obtained from mass spectrometry and 

knowledge of the parent structure. Therefore, details of the crystals structure (bond lengths, 

angles, etc.) will not be discussed. 

 

 

 

 

 

 

 

 

 

 

 

 



Crystallographic data for gemfibrozil 

Crystal size: 131 × 83 × 59 µm3, refined formula: C55H55Cl6N12O3Zn3, formula weight (Mr) = 

1344.24 g/mol, yellow needle, crystal system: Monoclinic, space group C2/c, Z = 8, 14170 

unique reflections merged from recorded 47910 ones (2.695° < θ < 71.380°) were used for 

structural analysis (Rint = 0.0181). Lattice parameters, R-factor on F2 > 2σ (F2), weighted R-

factor, and goodness-of-fit are follows: a = 33.6364(5) Å, b = 14.36600(10) Å, c = 32.0319(4) 

Å, β = 102.8500(10)°, V = 15090.8(3) Å3, R = 0.1125, wR2 = 0.3255, S = 1.102. Calculated 

density is 1.183 gcm-3. Linear absorption coefficient (µ) is 3.409 mm-1. Residual electron 

density (max/min) is 0.865/-0.471 eÅ−3. CCDC number 1983846. The ORTEP diagram of the 

asymmetric unit of the framework and gemfibrozil is shown in Supplemental Figure 1.  

The framework is refined without using restraints. One ZnCl2 moiety is disordered and refined 

using disorder model. Two guest molecules (A, B) were found in the asymmetric unit. Two 

additional cyclohexane molecules (C, D) can be found in the asymmetric unit. Both analytes 

are located very close to the symmetry centers (inversion and C2 axis, respectively) and are 

refined using PART -1 command to avoid calculation of bonds between symmetry related 

atoms. The analyte occupancy is 100%. The geometry of both molecules is related by SAME 

command. The benzene ring was fixed using AFIX 66. Two C-C single bonds were restrained 

using SADI command. No other geometrical restrains were used in the refinement of the 

analyte molecules. SIMU was applied for all analyte molecules. Applied restraints can be taken 

from Supplemental Fig. 1. Supplemental Fig. 2 shows the electron density map of the aromatic 

part of one gemfibrozil molecule taken from the crystal structure. 



 

Supplemental Fig. 1. ORTEP diagram with 50% probability of the asymmetric unit of 

gemfibrozil; restraints and constraints applied in the refinement of gemfibrozil  

  

Supplemental Fig. 2. Electron density map Fo of the benzene core from gemfibrozil (contoured 

at the 0.67σ level) 

 

 

 

 

 



Crystallographic data for M1 gemfibrozil  

Crystal size: 163 × 76 × 54 µm3, refined formula: C62H63Cl6N12O6Zn3, formula weight (Mr) = 

1475.05 g/mol, yellow needle, crystal system: Monoclinic, space group C2/c, Z = 8, 13144 unique 

reflections merged from recorded 42219 ones (2.692° < θ < 67.080°) were used for structural 

analysis (Rint = 0.0218). Lattice parameters, R-factor on F2 > 2σ (F2), weighted R-factor and 

goodness-of-fit are follows: a = 33.5373(8) Å, b = 14.3660(2) Å, c = 31.4546(9) Å, β = 

101.801(3) °, V = 14834.4(6) Å3, R = 0.0758, wR2 = 0.2571, S = 1.056. Calculated density is 

1.321 gcm-3. Linear absorption coefficient (µ) is 3.547. Residual electron density (max/min) is 

0.703/-0.622 eÅ−3. CCDC number 1983847. The ORTEP diagram of the asymmetric unit of 

the framework and M1 gemfibrozil is shown in Supplemental Fig. 3.  

The framework is refined without using restraints. One ZnCl2 moiety is disordered and refined 

using disorder model. Two guest molecules were found in the asymmetric unit. One molecule 

(A) is ordered at general position with modeled occupancy of 100% because solvent disorder 

models could not be built due to high disorder. The other molecule (B) is disordered at special 

position (C2 axis) and refined using PART -1 command and s.o.f. = 0.5. One cyclohexane 

molecule (C) is disordered on special position (C2 axis) and refined using PART -1 command 

and s.o.f. = 0.5. Some restraints were applied for refinement of the analyte and solvent 

molecules. Both guest molecules were refined with applying SIMU (for complete molecules). 

The restraints used for the refinement are summarized in Supplemental Fig. 3. The benzene 

part of both molecules could be refined with minor restraints and the presence of oxidation at 

the 5'-methyl carbon is clearly visible from electron density maps (Supplemental Fig. 4). The 

positions of carbon atoms in the alkyl chains had to be restrained to their theoretical values 

applying DFIX and DANG commands due to high mobility and not resolved disorder with 

solvent molecules of these parts. In the present study, the task of the crystalline sponge 

method was the determination of positions of oxidation during metabolization and the position 

could be determined without any doubts. The combination of knowledge of the parent structure, 

information from mass spectrometry and crystalline sponge analysis leads to a successful 

structure elucidation. For a full structural analysis of this compound without any prior 



knowledge of the composition, soaking conditions should be optimized for higher occupancy 

leading to improved data. 

 

Supplemental Fig. 3. ORTEP diagram with 50% probability of the asymmetric unit of M1 

gemfibrozil; restraints and constraints applied in the refinement of M1 gemfibrozil  

 

Supplemental Fig. 4. Electron density map Fo of the benzene core from M1 gemfibrozil 

(contoured at the 0.73σ level) 

 

 

 



Crystallographic data for M2 gemfibrozil 

Crystal size: 295 × 144 × 120 µm3, refined formula: C52H53Cl6N12O1Zn3, formula weight (Mr) = 

1262.43 g/mol, light yellow needle, crystal system: Monoclinic, space group C2/c, Z = 8, 12268 

unique reflections merged from recorded 38793 ones (3.373° < θ < 67.076°) were used for 

structural analysis (Rint = 0.0209). Lattice parameters, R-factor on F2 > 2σ(F2), weighted R-

factor, and goodness-of-fit are follows: a = 31.8982(5) Å, b = 14.4063(2) Å, c = 30.4802(6) Å, 

β = 98.783(2)°,V = 13842.5(4) Å3, R = 0.0756, wR2 = 0.2381, S = 1.084. Calculated density is 

1.212 gcm-3. Linear absorption coefficient (µ) is 3.658 mm-1. Residual electron density 

(max/min) is 0.644/-0.610 eÅ−3. CCDC number 1983848. The ORTEP diagram of the 

asymmetric unit of the framework and M2 gemfibrozil is shown in Supplemental Fig. 5.  

The framework exhibits disorder of two ZnCl2 parts. In one case, displacement parameters of 

respective atoms were restrained using the DELU command. One guest molecule (A) can be 

found in the asymmetric unit disordered with two cyclohexane (B, C) molecules. Two additional 

cyclohexane molecules, one disordered with a second cyclohexane (D, E) and one without 

disorder (F) can be found in the asymmetric unit. The analyte and cyclohexane molecules lie 

near the center of symmetry (C2 axis). Therefore, the analyte is refined using PART -1 with 

s.o.f. = 0.5x(FVAR#4) and the disordered cyclohexane molecules are refined using PART -2 

with s.o.f. = 0.5x(1-FVAR#4). This leads to an analyte occupancy of 44%. AFIX 66 was applied 

to the benzene ring, and DFIX and DANG were used for some bonds and angles of the guest 

(see Supplemental Fig. 5). Due to missing hydrogen bond acceptors near phenyl and 

carboxylic acid alcohol function and low occupancy, a stable refinement for the respective 

hydrogen atom was not possible. SIMU was applied for both analyte molecules. The oxidation 

of the benzene ring in 4-position during metabolization is clearly visible from electron density 

maps (Supplemental Fig. 6). 



 

Supplemental Fig. 5. ORTEP diagram with 50% probability of the asymmetric unit of M2 

gemfibrozil; restraints and constraints applied in the refinement of M2 gemfibrozil  

  

Supplemental Fig. 6. Electron density map Fo of the benzene core from M2 gemfibrozil 

(contoured at the 0.95σ level) 

 

 

 

 

 

 



Crystallographic data for M3 gemfibrozil 

The framework can be refined without using restraints. One disordered ZnCl2 moiety is 

modeled using the disorder model. Applying solvent masking implemented in OLEX2 after 

complete framework refinement, one void with V= 969 Å3 and 264 electrons per asymmetric 

unit can be found. This is consistent with the presence of 1.5 molecules of M3 and one 

cyclohexane molecule (273 electrons). Electron density assignable to a benzene core can be 

found. Careful investigation of the electron density map around the benzene core revealed 

electron density assignable to a carboxylic acid function in 5 position (Supplemental Fig. 7). 

Due to low occupancy and high disorder, the complete analyte molecule could not be modeled. 

Information obtained from MS indicated a two-fold oxidation, presumably to a carboxylic acid 

and the structure obtained from the crystalline sponge method confirmed the position of 

oxidation. 

 

Supplemental Fig. 7. Electron density map Fo of the benzene core from M3 gemfibrozil 

(contoured at the 1.00σ level) 

 

 

 

 



Crystallographic data for M4 gemfibrozil 

Crystal size: 200 × 97 × 26 µm3, refined formula: C47H39Cl6N12O5Zn3, formula weight (Mr) = 

1246.70 g/mol, colourless needle, crystal system: Monoclinic, space group C2/c, Z = 8, 12853 

unique reflections merged from recorded 39917 ones (2.742° < θ < 67.079°) were used for 

structural analysis (Rint = 0.0187). Lattice parameters, R-factor on F2 > 2σ(F2), weighted R-

factor, and goodness-of-fit are follows: a = 32.8136(6) Å, b = 14.42330(10) Å, c = 31.0646(5) 

Å, β = 100.840(2)°,V = 14439.9(4) Å3, R = 0.0699, wR2 = 0.2481, S = 1.026. Calculated density 

is 1.147 gcm-3. Linear absorption coefficient (µ) is 3.544 mm-1. Residual electron density 

(max/min) is 0.724/-0.460 eÅ−3. CCDC number 1983849. The ORTEP diagram of the 

asymmetric unit of the framework and M4 gemfibrozil is shown in Supplemental Fig. 8.  

The framework exhibits disorder of one ZnCl2 part refined using the disorder model. One guest 

molecule (A) can be found in the asymmetric unit near the center of symmetry (C2 axis) and 

refined using PART -1 command with s.o.f. = 0.5. The analyte occupancy was modeled to 

100% as no disordered solvent molecules could be assigned. AFIX 66 was applied to the 

benzene ring, and DFIX and DANG were used for some bonds and angles of the guest (see 

Supplemental Fig. 8). The guest molecule was refined with applying SIMU. Additional electron 

density was found that could not be assigned due to disorder. Contribution of this electron 

density was removed using solvent masking algorithm implemented in OLEX2. A solvent mask 

was calculated and 648 electrons were found in a volume of 2548 A3 in one void per unit cell. 

This is consistent with the presence of 1.5 cyclohexane molecules per asymmetric unit which 

account for 576 electrons per unit cell. The analyte was used as enantiopure material. Although 

it is in general possible to determine absolute structures with the crystalline sponge method, 

we were not able to determine the absolute structure of gemfibrozil glucuronide. Due to 

disorder, conformation of the glucuronide, i. e. oxane and substituents cannot be determined. 

The presence of aliphatic rings in unfavorable conformations is often observed in the crystalline 

sponge method especially for cyclohexane molecules. Nevertheless, the position of 

glucuronidation at the carboxylic acid function of gemfibrozil can be confirmed. 



Material obtained from incubation was used for a soaking experiment. The crystal structure 

shows electron density assignable to gemfibrozil glucuronide. Due to high disorder and low 

analyte occupancy, a stable model could not be obtained. Therefore, the structure obtained 

from reference material is presented.   

 

Supplemental Fig. 8. ORTEP diagram with 50% probability of the asymmetric unit of M4 

gemfibrozil; restraints and constraints applied in the refinement of M4 gemfibrozil 
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