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Why do we need crystal
structure predictions of
small organic molecules?

= To understand solid state phenomena: phase
transitions, solid-state reactions, crystal
disorder, crystal growth, etc.

= To help X-ray structure determinations with
powder and electron diffraction methods

= To assist solution of polymorphism problems
in drug design and food industry

= To elaborate and verify the force fields for
bhiomolecules




Structure seeker :
the first crystal structure

prediction tool (1946)
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Historical overview:
use of packin% GptimiZﬂtiDH 1n

(single-crystal) structure
determination
Method or
function
Author(s), year minimized Compound(s)
Burke, et al. 1963 Manual Dibenzotetraaza-
search penthalene
Williams, 1966 DF, R Dibenzoylmethane
Zugenmaier, Sarco, (DF+R) Carbohydrates
1972
Hass, et al., 1975 Visual Spirodienone
search,
(DF+R)
Dzyabchenko et DF Aromatic quinones
al., 1980

DF: distance function of quadratic type;
R: R-factor function




Progress in theoretical methods and tools for
X-ray energy minimization

Autor(s) Year NMethod or tool
Kitaigorodskii 1946  Structure seeker
Kitaigorodskii 1957  The AAP method
Williams 1964 PACK2
Rabinovich & Hirshfeld 1966 SEARCH
Gel’ftand =t /. 1966  “Method of valleys®
Hirshteld 1968  Cheshire groups
Williams 1969 PCK2

Williams 1971  Acc. convergence
Williams 1972  PCKS6

Huler & Warshel 1974 MCA

Scheraga et al. 1975  EPEN/2
Dzyabchenko 1979 PMC

Busing 1981 WMIN
Dzyabchenko 1994 CRYCOM

van E1jck & Kroon 1997  Structure clustering




Early examples of crystal structure solution

by global energy minimization
(Dzyabchenko et al, 1979-1984)
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The Atom-Atom Potential Method

1. Empirical atom-atom potentials:

V,qu = -Are + Bexpiar)
View =g 17

FPotential energy

| Interatomic distance I

2. Rigid-body approximation
3. Fop=min{E(a, b,... ¥, X Y0 Z,: 9,0, ) +

tpVia b, .., yi}




Where do the crystal force
fields come from?

= Empirical FF:

Calibration by modeling of known
crystal structures and their
physical properties (Mirskaya
and Kitaigorodskii; Williams;
Scheraga et al)

= Ab initio guantum chemical FF

- calculation of dimers, trimers,
etc. (Moolj, van Eijck, Kroon)




Typical organic crystal structural
classes (Belsky, Zorky, 1977, 1995)

%o of total no. of structures

Site %0 within
Space orop £ symmeiry named type 1977 1905
A: Chiral
Phy 4 1 500 16.0 14.2
£y 2 1 28.5 7.0 6.8
B: Racemdc
Ple 4 1 54.9 28.6 30.3
Al 2 1 16.6 5.5 01
Fhea 3 1 1.6 4.1 4.2
e 3 1 5.4 2.7 3.0
e 4 2 3.4 2.6 1.9
Frnaly 4 1 3.4 2.1 1.9
C: Achiral
P 2 -1 42.0 6.2 4.2
Fl 1 -1 13.6 1.9 1.4
Frizmm 4 m 12.2 1.0 1.2
Bisysicmic
e ] 1,1 - 2.5 3.0
Fl 4 1,1 - - 2.0
13 4 1,1 - 1.3 1.5




A supramolecular solid 1n terms of
rigid molecular fragments
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A supramolecular {organic or inorganic) solid is described
as a system of N rigid fragments of various shapes and
dimensions.

Fragments inveolved into a flexible molecule are connected
by virtue of link (bond variation) potentials

Atoms of different fragments interact via van der Waals
and electrostatic forces {unless they are not invelved into
a link connection). Link potentials are scaled to preserve
standard geometry about flexible bonds. (They work as
soft geometric constraints rather than as true potentials.)

Torsional potentials can optionally be defined in addition
to link potentials.




| Lattice-energy landscapes:

Symmetry

Acta Crysi. (1983). A39, 941-946

Symmeiry of the Lattice-Energy Functional of a Molecular Crystal

By A. V. DZ¥YABCHENKD
Karpop Institure of Phisical Chemistry, ul. Obukha 10, Moscow 107120, USSR

{ Received T April 198.3; accepead 4 Julp [583)

Abstract

In calculating the lattice-energy hypersurface by the
systematic - variaton - of . the  molecular  rigid-body
parameters and the lattice constants, the ranges to be
scanned depend on the molecular symmietry and on the
space group. A generalization of Hirshfeld's approach
|Hirshfeld (1968). Acta Cryst. A24, 301-311] applic-
able to the case of variable |attice constants s
suggested.  The symmetry of the  multidimensional
parameter space is defined by the direct product of
the molecular point group and & normadizer N, (F) of
the space group F. The normalizer N, (F) is a group of
affine transformations of the crysial axes that leave
invariant the ¢oordinales of equivalent positions. An
asymmetric unil of the parameter space is obtained
through  keeping the laltice constants within such
ranges that satisly the Miggli reduced-cell conditions.

solutions of the phase problem. They were  also
emploved in structureé determinations by molecular-
packing - analysis  when the cell - dimensions - were
available from experiment (Williams, 1969; Dzyab-
chenko, Zavodnik & Belsky, 1979).

I lattice-energy calculations with variable lattice
constants & mone general approach is called for, This is
the - subject of the present work. It concerns only
triclinic, monochinic and orthorhombic crystals while
those of higher symmetry are treated in terms of
Hirshfeld's original theory. The resulis can be directly
applied in calculations of the global lattice energy
minimum, and may also be useful whenever a com-
parison - of erystal structures is made, say, when
COMPAring isomorphous structures.

Inwariant transfiormations of the undt-cell anes




Flexible molecule as a system

of rigid fragments

Red filled circles are auxiliary force centers.

Drotted red lines show the next-neighbor interactions
under the control of link potentials to hold the bond
angles at standard values




Program PMC

(‘ Packing of Molecules in Crysrals’)

Minimizes lattice energy E or a penalty function:
F=w,E+wR
of a system of molecules composed of rigid fragments
which interact with non-bonded potentials of the ‘6-exp-1’
and 6-12-1" type and connected with each other via
quadratic fink {bond variation) and forsional potentials

Fast calculation due to:

- convergence acecaleration for the lattice sums
- contact symmetry taken into account

- analytical derivatives

- supporting pair lists of atoms

Global minimization strategies:

- systematic grid search

- method of valiays

Supplementary program PMCDAT:

- preparation, testing and transformation of input
data to PMC (and CRYCOM)

Links to other programs {such as for structure
visualization):

- via lists of atomic coordinates in SYBYL or PDB
format




Structure prediction and PD
study of a metastable

polymorph of Piracetam

Acta Cryst, (1995). BS1, 182-187

Structure of a Metastable Phase of Piracetam From X-ray Powder Diffraction Using the
Atom-Atom Potential Method

By D. LouvEr anp M. Louer

Laboratoire de Crisiallochimie, CSIM (URA CHNES 1495), Universiléd de Kennes 1, Avenue du (réndral Leclerc,
35042 Rennes CEDEX, France
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(Receivend [T April 1993; avorpmied 9 Jufy 1994)




Prediction of benzene structures

Dzyabchenko (1984)

Dzyabchenko,
Bazilevskii (1985)

Dzyabchenko (1985)
Dzyabchenko (1986)

Dzyabchenko (1987
ahd 1589)

Shoda et al. (1994,
1995)

Tajima et al. (1995)

Gibson, Scheraga
(1995)

Chaka et al. (1996)
Williams (1996)
Leusen {1996)

Thiéry, Rérat (1996)

vanh Eijck et al. (1958)

Global search for benzene structures in four
space groups. Assessment of force fields for
hydrocarbons

Prediction of high pressure structures by
constant-volume and enthalpy minimization

Transformation paths and potential barriers
Structural changes at negative pressures

Prediction of structures and space-group
symmetry for Z'=2 and 4, resp. Emergence of
symmetry

MD simulation, then enthalpy minimization for
20 structures from (N=4)

Prediction of structure and symmetry (A=8)

Prediction of structure and symmetry (A=8)

Search in 14 space groups
Monte Carlo search (N=2 and 4)
Monte Carlo search

Search for high-pressure polymorphs.
Assigned to benzene Il a monoclinic structure
predicted by Dzyabchenko (1984)

Search in all groups lower than tetragonal.

Suggested a P4.2.2, Z=4(2) model to the PD
data of Thiéry and Leger (1988) for benzene ||




CRYCOM

Acta Cryst. (1994). BSD, 414425

Method of Crystal-Structure Similarity Searching

By A. V. DZ¥ARCHENKD
Karpov Institute of Physical Chemistry, wl Obulcha 10, Moscow 103064, Rusvie
URwenlvad § Jidy 1993; accepred 2 December 1993)

Abstract

An algorithm is nted which is used to recognize
the similarity o F‘:;!talutmutumbymndun;l
description of one structure against the equivalent
descriptions of a second. Equivalent descriptions are
considered since there are multiple possible ways of
choosing the crystal axes and their origin, the asym-
metric unit and atom aumbering. Another idea used
in the algorithm is to use posilional and rotational
parameters of the molecular fragments 1o descrbe
the principal crystal structure, The two structures are

considered to be similar if in such descriptions the
corresponding cell parameiers and the parameters of
corresponding  fragments differ from each other
within the mils specified. As a result of such simi-
larity searching, the wvpe of structural similarity,
including the transformaton matrin of crvstallo-
graphic axes and the atom correspondences, s
determined. The algorithm has been put 1o practical
use in the CRYCOM program. This program is
compalible with the Cambridge Structural Database
(CSD) through interaction with the GEOMTE pro-
gram of CTSD. The larter program is also used in




Why do we need to compare
crystal structures?

= Torecognize a similarity of
different structures

= To determine the space-group
symmetry

= To find phase transition paths




Fullerene C@: Experimental

discovery and theoretical structure

predictions

Author(s) Year Event

Kroto ef al. 1985 Discovery of fullerene molecule

Eroto, 1988 Fullerene ., obtained as a bulk

Kritschmer ef ¢l. 1990 material

Heiney, ef af. 1991 Room-temperature phase of C,
(fce, space group Fridm, £=4)

uo, Karasawa 1991 The LT structure predicted to he

& Goddard IIT orthorhombhic, Crrce, £2=4

David ef af. 1991 Experimental LT structure of C,
is in fact cubic, Pa3, 2=4 ('P")

David ef af. 1992 LT phase contains P and H packings

Lu, Li & Martin 1992 A ‘hond-bond’ charge model predicts
the structure to he Pa3 ()

Cheng, Klein 1992 A ‘hond-atom’ model predicts the
structure to he Pa3 (P)

Burgos, Halac, 1994 A ‘hond-pentagon’ model predicts

& Bonadeo both P and H in correct order

Pintschovius & 1995 A ‘split-bond charge’ model offered

Chaplot

Dzyahchenko 1995 The bond-hond model venfied with

the list of predicted structures.




Predicted crystal structures of C,

Bond - bond charge model

Structure  Lattice E E. . Density

kcal'mol  kcal/'mol ¢/cm?

Pu3-P cubic -44 .4 4.2 1.79
Pa3-H cubic -43.7 -1.8 1.81
Fl,fe, Z=2 tonocl -43.2 -2.9 1.79
Fliin, Z=1 monocl -42.9 -3.2 1.78
Fbea, Z=8 orthorh -42.8 -1.8 1.80
E-3 rhomb -42.7 2.7 1.79
Canca orthorh -42.5 0.2 1.82

P-1 triclinic -42.5 -2.3 1.79




s, Structure prediction of
the 1:1 CGD toluene
solvate confirmed by X-

jsge)

ray powder diffraction

= Computational details:

Searched space group Clel
No. of independent molecules  two (one €., and one tolane)

Type of atom-atom potential  LJ + Coulomb (6-12-1)
No. of starting structures ~250
Program PMC-2000

Comparison of the predicted and final PD structures

s Preficeed e,
ace grou m ~Cm
zF‘ group i 4 1
Cell parameters (A)
a 10.33 10.37
b 31.02 31.67
c 9 88 10.13
C., parameters:
i 0.000 0.000
v 0.141 0.142
W 0.250 0.250
P (deg) 227 228
Tolane parameters

u 0.500 0.500
v 0.064 0.058
w 0.195 0.206
p (deg) 227 14.7
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Topochemical Polymerization of
C,, Controlled by Monomer
Crystal Packing

Alexander V. Soldatov,’! Georg Roth,?
Alexander Dzyabchenko,* Dan Johnels,® Sergei Lebedkin,®
Christoph Meingast,” Bertil Sundqvist,® Miro Haluska,”
Hans Kuzmany’

Polymeric forms of C_, are now well known, but numenous attempts to obiain
C,, ina polymeric state have yielded only dimers. Polymeric C,, has now been
synthesized by treatment of hexagonally packed C,, single crystals under
moderate lydrostatic pressure (2 gigapascals) at elevated temperature [ 300%C),
which confirms predictions from our modeling of palymeric structures of C_
Single-crystal x-ray diffraction shows that the molecules are bridged into
polymeric zigzag chains that extend along the ¢ axis of the parent structure.
Solid-state nuclear magnetic resonance and Raman data provide evidence for
covalent chemical bonding between the C,, cages.

Table 1. Predicted and observed crystal packings of C,, polymer and dimer {26} The observed monomer
structure is from {27), Z is the number of fullerenes per unit cell, and the van der Waals lathice energy
[ per one C, ) was minimized with the Lennard-Jones 6-12 atom-atom potential with parametersr, = 3.7
A, £ = —0072 kcal'mol for carbons using the program PMC {22). ND. not determined.

Monoclinic  Trigonal Orthorhombic  Hexagonal Observed  Observed

dimer dimer polymer polymer  polymer  monomer

Space group C2/m P3, Cemm Po/mem  Comm Pnam
z 4 6 4 6 4 4
Crystal packing HP CP HP HP HP HF
Lattice energy (kcal/mol) -433 -42.8 -60.90 -51.64 ND ND
Density (g/cm?) 1.844 1.835 1.916 1.736 1.804 1733
Lattice parameters

a (A) 16.93 9.97 16.95 18.13 17.30 1735

b (A) 10.06 9.97 10.13 1813 999 0.84

c (A) 17.86 53.01 16.57 16.97 17.92 1834

o (degrees) 90 0 90 90 90 90

i (degrees) B4.3 0 80 90 80 90

+ (degrees) o0 120 a0 120 1] 90




| Pressure-polymenized C,,

| oG
Cheasi-hop (ASAE ) %ﬁﬁi Chriasi-foe (ABCARC )

‘@.5

w

Polymerizes

Does not
polymerize!

This polymer has
heen actually
synthesized
(Soldatov et al.
2001) soon after
its structure and
the formation
conditions were
predicted
theoretically




Crystal structure prediction of

small organic molecules:

a second blind test (CSP’-2001)
Participant Affiliation Country
Ammon Univ. Maryland USA

Dunitz ETH-Zurich Switzerland
Dzyabchenko EKarpov Institute Russia

Erk BANF AG Germany
(zavezzottl Univ. Milano Italy

Hofmann GMD-SCAT (Germany
Leusen Accelrys Ltd. UK

Lommerse The Netherlands
Moog Astex Techn. Ltd. UK

Mothervwell CCDC UK

Price Univ. College London UK

scheraga Cornell Univ. USA

schmidt Clariant GmbH Germany
Schweizer ETH-Zurich Switzerland

van Eijck Univ. Utrecht The MNetherlands
Verwer Univ. Nijmegen The MNetherlands
Williams Univ. Louisville USA




CSP2001: The test molecules

3-Aazabicyclo(3.3.1)nona-2,4-dione (I}

0 NH )
"--.._____-i
\I J-Bromocamphoryl sulfonimide (ll)
| Br
5
Df %D
§/_\>_ NH,
~— N
f/ \\\\ / N iso-Sulfapyridine (lll)

O=tn=pn
=
L




Structural classes explored

Molecule I and 111 I1
Space P2 /e, (P2,/n), Pbeca, C2/c, F2, and
groups (I2/e, C2/#), P-1, Pra2,, £1,2,2,

P2,2.2, Ce, (Cn, Io), C2, and
PEI




CSPO1: Ab inrtio results

Structure  Space group Energy, Density,
kcal‘'mol g/cm?
Il Pl.lc 0.00 1.371
12 Pllle 0.19 1.340
L3 £-1 0.29 1.312
131 Pllle 1.45 1.368
Liexp P2le 1.338
Il P2,2.2, 0.00 1.716
112 P2,2.2, 0.09 1.722
I3 P2,2.2, 0.43 1.691
ITis P2,2.2, 0.58 1.702
IlYexp F1,2.2, 1.608
Tl Phea 0.00 1.526
11,2 Phea 0.85 1.461
IT/3 Phea 1.48 1.494
Ti4s5* Pllle 4.00 1.431
liexp Pl 1.492

* Ranked among the minima found in P2,/¢




| CSP01 Powder Step: Molecule 1
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Top: powder pattern of compound 1.
Bottom: superimpositions of the experimental anrangement

of molecule with the energy-minimized one {right pair) and of
the experimental with the molecule from the model refined

with PD data (left pair).




| CSP01 Powder Step: Molecule 11

Br
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Top: Powder pattern of compound Il.

Bottom: superimpositions of the experimental arrangement of
molecule Il in the unit cell with the energy-minimized one (lower
right pairj and of the experimental with that after refinement with a
combined ‘Energy + X-ray PD pattem’ function (upper left).




|CSP01 Powder Step: Molecule 111
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Top: Powder pattern of compound Il.

Bottom: superimpositions of the experimental arrangement of
molecule lll in the unit cell with the energy-minimized one (center of
the unit cell) and that after refinement with PD data {upper left).




Weissbuch 1., LL.ahav M., Leiserowitz L.
(2003):

Stereochemical control and
Monitoring of Crystal Nucleation

= Supersaturated solutions contain molecular
clusters of various arrangements and shapes,
some of which resemble the crystals into
which they develop.

m Control of crystal nucleation may be achieved
employing taillor-made additives which are
either nucleation inhibitors or promoters in
achieving kinetic resolution of enantiomers
and induced precipitation of particular crystal

polymorphs. .




| Structure predictions
confirmed experimentally

Substance or polymorph

A high-pressure monoclinic
phase of henzene

etastable polymorph of
piracetany

A high-pressure orhorhombic
Cmca) phase of C,

Packing of the chain polymer
in the O phase of C,,

Packing of the layer polymer
in the T phase of C_,

Packing of the layer polymer
in the R phase of C,,

Polymerized C.,

When
predicted

1985

1995

1958

1956

1957

1957

2001

Experimental
confirmation

Thiéry, Rérat, (1996)

Louer et al. (1996)

Moret et al. (1997)

Moret et al. (2000);
Narimbetov et al.
(2003)

Chen (2002)

Soldatoy et al. (2001)
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