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No hydrogen bonding
RMSD20 = 0.18A

Complex HB network
RMSD20 = 0.18A

Multiple Tautomers
RMSD20 = 0.16A

Multiple Tautomers & 
7-membered ring
RMSD20 = 0.23A

Monohydrate
RMSD40 = 0.47A

OpenEye-GSK blind challenges
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CSP Workflow

FF opt: 1-500x106

• Random packing generation
• IEFF optimization
• IEFF energy filtering

QM opt: 100-1,000 

• HF3c optimization (loose and tight)
• DFT single-point scoring

Vibration: 5-15

• HF3c entropy (Harmonic approximation)
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Conformers: 100-5,000 • Tautomer selection
• Torsion scanning
• Conformer generation (Omega)
• QM conformer optimization
• Multi-level conformer sampling



IEFF and dimer expansion QM

Plane-wave DFT

Force Fields

Otero-De-La-Roza, A., & Johnson, E. R. (2012). The 
Journal of Chemical Physics, 137(5), 054103.

Energy Model MAD (kcal)

TPSS-D3 0.9

PBE-D3 1.1

PBEh-3C 1.3

IEFF+PBE-D3@SR 1.1

FIT  (S. Price) 2.2

IEFF   (OE) 2.5

W99rev  (G.Day) 3.4

DFT

HF3c

IEFF

3-layer hybrid QM/MM

Dimer expansion



Highlights
• QM conformer ensemble

• Tautomer selection
• Torsion scanning and custom OMEGA rules

• IEFF - Custom crystal force field
• Fast optimization of scoring of crystal structures

• Wall clock time of hours
• Fast entropy calculation
• Higher levels of theory

• Parallelization reaching 100K processors
• Solubility prediction



Case study 1: O-acetamidobenzamide

• # heavy atoms = 13
• # HBD = 2
• # HBA = 2
• CCDC ID:
• ACBNZA (Z’ = 1; sg 14)
• ACBNZA01 (Z’ = 1; sg 14)
• ACBNZA02 (Z’ = 1; sg 14)
• ACBNZA03 (Z’= 1; sg 14)

rmsd20 = 0.08 A

rmsd20 = 0.15 A

ACBNZA = Hit1; ACBNZA01 = Hit2



O-acetamidobenzamide
Conformers

IEFF

QM 
rescoring

Entropic 
correction

Hit1 = 10 (0.26A)

Hit1 = 59 (0.25A)
Hit2 = No Hits

Hit1 = 12 (0.26A)

Hit1 ✅
Hit2 ❌



O-acetamidobenzamide: Conformer strain
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Hit1

1.25 kcal/mol

• Bioactive ligand conformations have strain energy under 5 kcal/mol
• Our CSP workflow uses 10 kcal/mol conformer strain cutoff



O-acetamidobenzamide: Hit2 conformer
Q

M
 L

at
tic

e 
En

er
gy

 (k
ca

l/m
ol

) 

B3LYP Strain Energy (kcal/mol)

~5-7 Kcal/mol

~12-13 kcal/mol

4 polymorphs for hit2; <0.5 A RMSD20

• Hit2 conformer has a strain ~12 kcal/mol, outside our conformer 
energy window

• Hit2 polymorphs have lower lattice energy (i.e. more stable)



O-acetamidobenzamide: Lessons learnt
• Intramolecular hydrogen bonds
• Unusually high strain energy
• IEFF force field is not trained on highly strained 

conformers

Solution: 
Estimate the intramolecular hydrogen bond energy and 
expand the conformer energy window.

Increase IEFF energy window



Case study 2: Diflunisal
• # heavy atoms = 18
• # HBD = 2
• # HBA = 5
• CCDC ID:
• FAFWIS (Z’ = 1; sg 15) 
• FAFWIS01 (Z’ = 1; sg 2) 
• FAFWIS02 (Z’ = 2; sg 19) 

FAFWIS = Hit 1; FAFWIS01 = Hit 2

Two alternate locations



Diflunisal
Conformers

IEFF

QM 
rescoring

Entropic 
correction

Hit2 = 20 (0.35A)

Hit1 = No hits
Hit2 = 8 (0.35A)

Hit2 = 19 (0.35A)

Hit1 ✅
Hit2 ✅



Diflunisal: Literature

FAFWIS02 (Z’2)

FAFWIS01 (Z’1, ALT1)

FAFWIS01 (Z’1, ALT2)

~0.5 kcal/mol



Diflunisal: 10x more sampling
Conformers

IEFF

QM 
rescoring

Entropic 
correction

Hit2 = 20 (0.35A)

Hit1 = 438 (0.58A)
Hit2 = 8 (0.35A)

Hit2 = 19 (0.35A)

Hit1 ✅
Hit2 ✅



Diflunisal: Hit1 is consistently high in energy
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Hit2_ALT1; rmsd20 = 0.55 A

Hit2_ALT2; rmsd20 = 0.35 A

Hit1_ALT2; rmsd20 = 0.53 A

Hit1_ALT1; rmsd20 = 0.58 A

~4-5 kcal/mol

• Hit1 is ~5 kcal/mol higher in energy than Hit2 in IEFF landscape
• Hit1 is ~4 kcal/mol higher in energy than Hit2 in QM landscape



Diflunisal: Questionable experimental data

Cross, Wendy I., et al. "A whole output strategy for polymorph 
screening: Combining crystal structure prediction, graph set 
analysis, and targeted crystallization experiments in the case of 
diflunisal." Crystal growth & design 3.2 (2003): 151-158.



Diflunisal: Lessons learnt
• Some conformers are difficult to pack
• Higher energy of experimental structure
• Inconsistency between experiments

Solution: 
Increased sampling
Conformer-specific sampling convergence, e.g. Bayesian 
Bandits



Case study 3: Venlafaxine

Venlafaxine

• # heavy atoms = 20
• # HBD = 1
• # HBA = 3
• CCDC ID:
• WOBMUV (Z’ = 1; sg 29) 
• WOBMUV01 (Z’ = 1; sg 14) 
• WOBMUV02 (Z’ = 2; sg 14) 

WOBMUV = Hit 1; WOBMUV01 = Hit 2



Venlafaxine

Venlafaxine hits with IEFF energy were >25 kcal/mol 
above global minima

Conformers

IEFF

QM 
rescoring

Hit1 = 2 (0.28A)
Hit2 = 8 (0.39A)

Hit1 ❌
Hit2 ❌

Hit1 ✅
Hit2 ✅



Venlafaxine: Anions need large basis sets

Experimental B3LYP-D3/6-31G*

Dimer closest to experimental structure has a strain energy ~10kcal/mol



Venlafaxine: Hydroxyl orientation

Experimental

Closest dimer
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5-6 kcal/mol



Venlafaxine: Hydroxyl orientation

Enhanced hydroxyl sampling

RMSD40
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Best packing has same energy as experimental structure



Venlafaxine: Lessons learnt
• Anions need large basis sets
• Subtle changes in Salt/Hydroxyl geometry affects the 

energetics significantly
• Ions are not a significantly part of FF development

Solution: 
Larger basis sets for salts
Multi-stage hydroxyl sampling



Lessons learnt
• O-acetamidobenzamide

• Unusually high strain energy
• Intramolecular hydrogen bonds

• Diflunisal
• Some conformers are difficult to pack
• Higher energy of experimental structure
• Inconsistency between experiments

• Venlafaxine
• Ion placement and strain energy can add more noise to the total energies
• Hydroxyl orientation can have a significant impact

• Multi-level hydroxyl sampling



CSP Capabilities: Now and Future
• Crystal forms
• Z’ = 1 (pure)
• Monohydrate
• Salts

• Properties
• Solubility

• Growth potential
• Z’=2
• Di-, tri-, and poly-hydrates
• Solvent screening
• Cocrystal screening

• Crystal growth and kinetics
• Properties
• Morphology
• Hygroscopicity (water absorption)
• Compressibility



Orion Suites
Released in Jan 2022

Crystal Math Floes 2.7.1



CSP Posters
• “Crystal structure prediction: Road-map, road-ways, and 

road-bumps” by Varsha Jain, OpenEye

• “OpenEye’s Orion Formulations Suite” by Hari Muddana, 
OpenEye

Poster Session, CUP Day 2
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Thank You

The End


