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Crystals?

Why do crystals form?

How do crystals form?




Intermolecular Interactions

Well known, understood and utilised...

Hydrogen-bonding (HB)

Intermolecular Interactions

Well known, understood and utilised...

Valence bond theary pi
fundarmental nature of H =

Intermolecular Interactions

Well known, understood and utilised...

Alloxan
Neutron diffraction: 45 K

2-fold symmetry
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Bifurcated: N-O = 3.15 & 3.22 A
cf. ZvdW = 3.07 A

Alloxan
Phase change < 35 K:
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M) Check for updates Relative orientation of the carbonyl groups
determines the nature of orbital interactions
. in carbonyl-carbonyl short contactst
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Alloxan
Neutron diffraction: 45 K

Alloxan
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Alloxan: Is it really a problem structure?

Jack D. Dunitz* and W. Bernd Schweizer*

DOI: 10.1039/b700475¢

For more than forty years the crystal structure of alloxan with its remarkable
stability and unusually high melting point but its absence of “conventional”
hydrogen bonds has been regarded as problematic. Now that intermolecular
cohesive energies can be calculated with reasonable accuracy, the stability of the
alloxan structure is seen to fit in well with that of other isostructural compounds,
The problem can be regarded as solved or rather as non-existent.

Alloxan
Neutron diffraction : 45 K
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Neutron diffraction: 45 K
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The importance of global molecular packing




Cambridge Structural Database

E Chartical Sochely Reviws

How malepopbes sTck togqether IR onganie crystaly
weak intermmolecular imleractions

F‘F' '; ...most organic molecules feature
= " hydrogen atoms at the periphery and so
| that C—H--X interactions are inevitable t'l'

. Chem. Soc. Rev., 2009,38, 2622-2633
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P2,/c 279041
P1 198014
67434 8.4
58438 7.2
P2, 41791 5.2

Pbca 26951 3.3

Six close-packing S6's account for >83% of structures
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Designer crystals: intermolecular interactions, network
structures and supramolecular synthons

Frank H. Allen,** W. D. Samuel Motherwell,* Paul R. Raithby,* Gregory P. Shields** and
Robin Taylor*

370114V 3

“ Cambridge Crystallographic Data Centre, 12 Union Road, Cambridge, UK CB2 1EZ.
E-mail: allen@cede.cam.ac.uk

. ridgert R
Gautam R. Desiraju

School of Chemistry, University of Hyderabad, Hyderabad 500 046, India
School of Chemistry, L ty of Hyderabad, Hyderabad 500 046, Indi Received {in Cambridge, UK) I5th September 1998, Accepted 5th November 1998

i Jatis e predicti e crystal structure. lecular structuze of

tructures of a given organi cule ‘may be more  structure?” The molecular b

ainfully reversed so that re

crystal network lead:
precursors. Crystal

sis of a target  such a question s

o he identification” of molecular  made and is continui

olid state first well-d

A methodology has been developed for charaterising hydrogen-bonded ring motifs formed betwieen two organic
molecules without any prior knowledge of the topology or chemical constitution of the motifs. The method has

been implenented by modiing the curtnt Cambridge Stctural Databose (CSD)System progras. Al

intermolecular ring motifs comprising <20 atoms formed with N—H: - N, N—H: -0, O—H. -

nthons, units formed by tion, established m 1951 by the arcat chemical erystalographe hydrogen bonds in organic structures in the CSD have been classified. The
J. Monteath Robertson, be Structures in the CSD are described in terms of their graph sets and chemical functionalitcs. Motifs a ranked
may be used to focus efforts in such logic-driven retro-  planar fused-rin according to their Irequency of occurrence and according to their probabilities of formation, ke. their (requency
synthesis. as revealed by the crystallographic short axis relative to the number of possible motifs which could have formed. These probabilities provide insights into the
divided such hydrocarbons inio o faher broad but relative robustness of known and potential supramolecular synthons.

Co-crystals: Non-covalent derivatisation

{C(=0)OH..N(py)}
heterosynthon

Reliable

98% formation in the
absence of competition

Fig. 475 Hebonded ring moifs occurring in > 12 sructures in the CSD,
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research communications

A 1:1:1 co-crystal solvate comprisi dithiodi-
benzoic acid, 2-chlorobenzoic acid dnd N,N-di-
methylformamide: crystal structure, Hirshfeld
surface analysis and computational study

M) Check for updates. Co-crystallization of anti-inflammatory
pharmaceutical contaminants and rare carboxylic
acid-pyridine supramolecular synthon
breakdown
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Fig. 4 X-ray crystal structure of 2d showing four-component hydro-
gen-bonded assembly. Hydrogen bonds shown with green dashed
lines,




-73.2 kJ/mol -45.9 kJ/mol

450 structures with RCO,H and DMF

200 have hydrogen bonding between RCO,H and DMF
40% probability

Intermolecular Interactions
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The Halogen Bond
Halogen-bonding (HB)

Gabriella Cavallo," Pierangelo Metrangolo,*"* Roberto Milani,* Tullio Pilati," Arri Priimagi,’
Giuseppe Resnati," and Giancarlo Terraneo’
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*VTT-Technical Rescarch Centre of Finland, Biologinkuja 7, 02150 Espoo, Finland
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ABSTRACT: The halogen bond occurs when there is evidence of a net attractive
interaction between an_electrophilic region associated with a halogen atom in a
molecular entity and a nucleophilic region in another, or the same, molecular entity. In
this fairly extensive review, after a brief history of the interaction, we will provide the
reader with a snapshot of where the research on the halogen bond is now, and, perhaps,
where it is going. The specific advantages brought up by a design based on the use of the
halogen bond will be demonstrated in quite different fields spanning from material
sciences to biomolecular recogition and drug design.

Intermolecular Interactions

Halogen-bonding

Well known... Halogen-bond acceptor Nucleophilic
Hydrogen-bonding (HB) : ()
Halogen-bonding (HB)

A T
Electrophilic
“..for their contributions to the : ! 5 P
development of the concept - ; -
conformation and its application

Halogen-bond donor
in chemistry."

Anisotropic




Halogen-bonding

Halogen-bond acceptor Nucleophilic

5

8" Electrophilic

Halogen-bond donor

Anisotropic

Polar cap, o-hole

Hydrogen Bonding versus Halogen Bonding

Hydrogen Bonding versus Halogen Bonding

Clark, T.; Hennemann, M.; Murray, J. S.; Politzer, P.
Halogen Bonding: The Sigma-Hole J. Mol. Model. 2007, 13, 291- 296

Hydrogen Bonding versus Halogen Bonding

Hydrogen Bonding versus Halogen Bonding




Intermolecular Interactions

Well known...

Hydrogen-bonding (HB)
Halogen-bonding (HB)

3 5 &
D—H-A D—X-A

(HB)2: Similar in energy = 5 - 15 kcal/mol

G C-1 oxidative

addition

LA e

N" PPha [ No halogen-bond product
/ interaction!

1

R CH), 2,1 /
[Rh{acac)CHay), 2 e
Haloger-bond rj \\ L)
N ppn, \

7 o 0
6(61% yield) A

8(32% yield)

7 PhaPy
2P i PP

Scheme 4 Reactivity of 2-iodo-3,4,5,6-tetraflucrophenyldiphenylphos-
phine 2 and [Rhiacac)(CzHa)z] with 2-pyridyldiphenylphosphine 1 and
3-pyridyldiphenylphosphine 7.

Halogen bonding
Chalcogen bonding
Pnicogen bonding

Tetrel bonding

Aerogen bonding

Clark, T.; Hennemann, M.; Murray, J. S.; Politzer, P.
Halogen Bonding: The Sigma-Hole J. Mol. Model. 2007, 13, 291- 296
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M) Check for updates Halogen bonding effects on the outcome of
reactions at metal centresii

Lucas Carreras, ©° Jordi Benet-Buchholz” Antonio Franconetti,
Antonio Frontera, ®° Piet W. N. M. van Leeuwen @ and Anton Vidal-Ferran ®*
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Molecular packing

Well known...

Hydrogen bonding
Halogen bonding

“Emerging”

Secondary bonding

M-M interactions

M-H interactions

Interactions involving chelate rings

sl CHEFIENE

...favorable noncovalent interaction between a covalently
bonded atom of Group 18 (known as noble gases or
aerogens) and a negative site, for example, a lone pair
of a Lewis base or an anion.




Faraday Discussions SR
Cite this: Faraday Discuss, 2017, 203, 93 RepGC kag i ng :

Tetrel, pnictogen and chalcogen bonds

Intermolecular interactions in molecular
crystals: what's in a name? 0. .
Electrophilic sites from Groups 14, 15 & 16, resp.

Alison J. Edwards, ©9° Campbell F. Mackenzie,

Peter R. Spackman, ° Dylan Jayatilaka " and Mark A. Spackman @ *®

isosurfaces of the
deformation electron density

SECONDARY BONDING TO NONMETALLIC
ELEMENTS

N. W. Alcock

I Introduction .

Oxygen
€. Todine with Halogens
IV GrowpVL . . .
A With Oxygen and Sulfur
B. With Halogeus -

V. Group .
A. With Oxygen and Sulfur

Bonding . . .
E! Theoretical Caloulations
F. Significance

TX. Appondix
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4@ On the Design of Radical-Radical Cocrystals
N\ Mitchell A. Nascimento, Elodie Heyer, Joshua J. Clarke, Hugh J. Cowley, Antonio Alberola,
Nadia Stephaniuk, and Jeremy M. Rawson*
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1 Chalcogen Bonding

Non-Classical Synth lecular Rec ition by S--O
Chalcogen Bonding in Molecular Complexes of Riluzole

Sajesh P. Thomas,*® Vijith Kumar,* Khidhir Alhameed, and T. N. Guru Row"*

Dedicated to Dr. Kuppuswan he occasion of his 88t b

chalcogen bonding non-ck

eport the ubiquity of

synthon obsesed in 2 sres of supramalecuar compleses
of the amyotrophic latera scieosis drug riluzole. Although

2 of higher chal
form robus ora chakcogen bonded mois s
Known, intermolecular sulfur chalcogen bonding is consid-  lyzed, shos Y
red 10 be wesk owig o the ower polrizabity of S molecues devoid of tong hydrogen bond donor groups RRNiC (5-F) Vel - C‘)
Figure 2. Representative examples of the -0 chalcogen bonded motifs in
the sals (RSAC, ROPAY, a cocrystal (RSUC), and an ionic cocrystal of (RCIT) ri
luzole. Analogous R(5) motifs formed by S~F and S--Cl ChBs in RNIC and
RHCL are also given. Atom colors: C~gray, H-brown, S-yellow, O-red, F-light
green, N-blue, P-orange, Cl-green; the arrows highlight the §--O/F/Cl Chs.
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o DOI: 10.1002/chem.201805112 Full Paper
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Dehal ion of Hal d Nucl and Nucl
Organoselenium Compounds

Santanu Mondal and Govindasamy Mugesh**
i
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- P 2K k Mok Mo
genated nucieosdes, such a 5-0do 2-deoy. _ that of the debromination for both nudeosides. Futher- ) ML hANATR PRt

e incorporated into  more, the deiodination of iodo-cytidines was found to be 1

ating cls o lacitate DNA siglestand _fastr than that o odo ridines. The il tes f the del-

his work, it is shown that the naphthyk-based orga-  the nature of the sugar moiety influences the Kinetics of the.
nof  delodination. For both the nucleobs nucleosides, the

eite e [ )
d nucleosides, such as X2 delodination and debromination reactions follow a halogen
The

TP, X = Mo
" BrdUMP, X = Br Figure 4. A) Chemical stuctures of compound 9 and the halogen bonded
deoryuridine and 5-X-2-deoxycytidine (X 0. The bond-mediated and addition/elimination pathway, respec- v e (bl and 40t e of corm
of deiodinaton was found to be significantly higher than  tivel.

1 halogen bonding interacton.
ethylsulfoice with 9/C ratios of
101,612, 15, and

Figure 1. A) Intrastrand crosslink formation by 5-halo-uridine {left) and 5-
- piin (1ght) with quanine. B Thymicylae symthace edited rch
Ylation of 2" deoxyuridine 5" monophosphate (dUMP) to 2" deoxythymidine.
5-monophosphate (¢TMP), and the dehalogenation of 5-bromo and -ode-
2"deoxy-5"monophosphate (BrdUMP and IdUMP) to cUMP.

Steric Effects and Secondary Bonding Steric Effects and Secondary Bonding

"Hg(S,CNR;),"
Sum of the van der Waals radii for Hg and S = 3.35 A

increasing size of R




Cy3Sn(0,CR’),

Me;Sn(O,CR")
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Tetrel Bonding: Energy

THE JOURNAL OF
PHYSICAL CHEMISTRY

Systematic Elucidation of Factors That Influence the Strength of
Tetrel
Steve Sch

Departs

(HB)?: Similar in energy = 5 - 15 kcal/mol

T=C, Si,Ge & Sn

n=0 0.9 kcal/mol
n=1* 6 — 9 kcal/mol
SnF, 25.5 kcal/mol

Systematic analysis of R3Sn(O,CR’)

R 17gn
solution solid-state

-8.5 237

148.1

R55n(0,CR")

Gold Chemistry
Competition between

i) Au-Au and hydrogen-bonding

Comparable in energy to HB

Schmidbaur, Nature 413 (2001) 31.




Intermolecular Au-n(arene) interactions
Polymorphs of (dppm)(AucCl),

CrystEngComm
Schmidbaur et al. Chem. Ber. 110 (1977) 1748;
Healy, Acta Crystallogr. E 59 (2003) m1112. X
Y, ystallog (2003) ”"“‘ﬁ
- CrystEngComm 11 (2009) 1176; Gold Bull. 46 (2013) 81.

PLATON output: Intermolecular Au-n(arene) interactions

i
Ring-wetal Interactions with Cg-Me < 4.0 Ang.

cg(1) Res(1) Me(3) [ ARU(I] Cg(I)-Me()) Mel_perp  Beta
[ 1s55.01]) 3.263 3.010  22.72
> Au t 3675.01] 3263 -3010 22.72

1555] = X,v.2
36751 = 1°X,2-v,-2
The Cg(1) refer to the Ring Centre-of-Gravity numbers given in () in the Ring-analysis above
x y z xo Yo z0

0.5000(3) 1.00000(15) 0.00000(8) 3.4422(18) 11.6056(18) 0.0000(14)

cf. sum of the van de Waals radii
=166+185=3514

CrystEngComm

i
e

RSC Advances 5 (2015) 41401.

Gold Chemistry
Competition between
i) Au-Auand hydrogen bonding

ii) Au-Auand Au-r(arene)

(HB)2: Similar in energy = 5 - 15 kcal/mol




Intermolecular M(lp)-r(arene) interactions Intermolecular M(Ip)-n(arene) interactions

Tin Chemistry: Fundamentals, Frontiers and Applications (2008) Chp. 3 Chem. Commun. 47 (2011) 7608.
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On the nature of the stabilisation of the E- - -
pnicogen bond in the SbCls- - -toluene complexi

Rabindranath Lo, Petr Svec,” Zdefika Ruzickova,” Ales Ruzicka® and
Pavel Hobza*

CeHg 7.7 kcal/mol
SbCl, + CgHsMe 9.6 kcal/mol
CsMeg 15.5 kecal/mol

n-Systems in Supramolecular Chemistry n-Systems in Supramolecular Chemistry

Classic n-systems/interactions TM Chelate n-systems/interactions

/--: ;q-[ll

face-to-face edge-to-face Snezana Zari¢

face-to-face edge-to-face

Cryst. Growth Des., 2010, 10, 3901; Inorg. Chem., 2006, 45, 4755.



TM n(chelate)-n(chelate) interactions

Acta Cryst. C, 1983, 39, 591.

TM arene-H-n(chelate) interactions

C—H--n(chelate) interactions:

PA(NO3), + 2KS,COR P S
o B TP AT

et ML
N 5\ . PSS ‘
>— [P RPN A
%), TR
R . :
K

P N
et A
n-Pent H H

(12)

n(chelate)-n(chelate) interactions
Coordination Chemistry Reviews

journal homepage: www.elsevier.com/locate/ccr

1
3
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Review

Noncovalent bonding: Stacking interactions of chelate rings of transition @MMM
metal complexes

Dusan P. : ji¢", Vesna B. Medakovi¢ ', Michael B. Hall , SneZana D. Zari¢

n(chelate)-n(arene) ~ 6 kcal/mol

n(chelate)-n(chelate) ~ 9 keal/mol

Main group arene-H--n(chelate) interactions

C—H--n(chelate) interactions:

16 kcal/mol
C-H-mi(chelate) 15 kcal/mol




Family of Intermolecular Interactions

| | | | 6-15 kcal/mol
— . -

6-15 kcal/mol up to 12 kcal/mol

up to15 kcal/mol up to 15 kcal/mol  up to 9 kcal/mol

www.asca2019.org

“Where are we..."

More to supramolecular life than (HB)
“Emerging" interactions are competitive

Global molecular packing




