Vlsuallzmg and assessing hydrogen

bonds in crystal structures
using Hydrogen Bond Statistics
CCDC Virtual Workshop October 2022

Joanna Stevens, Suzanna Ward, Ilaria Gimondi,
Elna Pidcock, Pablo Martinez-Built

October 2022

CCDC

dvancing structural science



Learning outcomes for today R

* The basics of hydrogen bond visualization in Mercury:
« Changing the definition of donors and acceptors
* How to visualize H-bonds patterns and networks
« Some tips and tricks for visualising and displaying H-bonds effectively
« How to assess hydrogen bonds using the Hydrogen Bond Statistics tool:
« Familiarity with the tool and how the statistics are generated

« When to use the tool and how to interpret the results

« How to perform in depth analysis of hydrogen bonds in structures and what it
can tell us about the system

« What other tools in the CSD Portfolio can complement Hydrogen Bond
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CSD Refcodes s Sy

What is ELOFUJ?
« A CSD Refcode

« A database reference code

w . « Containing 6-8 characters
CSD Refcode -
ELOFUJ

« Used to identify entries in the CSD
Refcode families

« The same substances are assigned the same 6 letter code plus an additional 2 numbers
 Polymorphs

« New determinations or re-refinements of the same substance
« Determinations at different temperatures/pressures
Stereoisomers or different solvates, co-crystals, etc. are assigned different refcode families

Some of our favourite refcodes are: KITTEN, BATMAN, DISNEY, GAUTAM, GLYCIN, What are yours?



Inside the Cambridge Structural Database: = .

The CSD is a database of all the published organic and metal-organic experimental crystal structures |

Organic Additional data
43% 57% Agrochemicals R KSRt >175,000 melting points

At least one transition metal, Pigments L 4 >1 million crystal colours

lanthanide, actinide or any of Al, .
Ga, In, Tl, Ge, Sn, Pb, Sb, Bi, Po Explosives >900,000 crystal shapes

Protein ligands : 3 > 29,000 bioactivity details
>12,000 natural source data

Not Polymeric Metal-Organic > 250,000 oxidation states
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The vision

BERNAL'S VISION: FROM
DATA TO INSIGHT

by Dr Olga Kennard OBE FRS

THE J D BERNAL LECTURE 1995
delivered at
BIRKBECK COLLEGE, LONDON
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We clearly recognised even in those early days, that data banks have three

principal functions.
and make it readily available to the scientific community.

Firstly they must gather together existing knowiedge|

Secondly they

can be used to reduce a large number of observations to a small set of
constants and rules, and in this way transform a data base to a knowledge

base.

Such a knowledge base may obviate the need for further individual

experiments in specific areas.

Thirdly, they facilitate the comparison and
collective analysis of individual results to gain insight into new or as yet

unexplained phenomena.
of the Cambridge Crystallographic Data Centre and the

I'hese ideas have been at the heart of the work

driving force for

improving methods of data collection, storage and dissemination. Most
importantly they influenced development of computer programs and
methodologies which are needed for the analysis and transformation of the

accumulated information. (5)
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Exploring the CSD

> 1 million structures
« >94M 3D coordinates

> 28 million bond lengths
« >2M unique distributions
> 40 million valence angles
« >3M unique distributions
> 14 million torsion angles
« > 800K unigque distributions
> 2 million rings
« > 400K unigue distributions
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Chemistry in the CSD

Number of structures containing certain chemical groups

Carboxyl 226

Hydroxyl 203

in

Cyano 55
Nitro 52
MOF 41

Amide 33

h 4
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Images and graphics created using the CSD Python APl and Flourish ‘ < l N



Software to gain new insights
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Search, visualise, analyse and commmunicate structural data

Core. Insights into molecular and crystal shape and interactions
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Theory. :

Design of new molecules | Assessment of solid form Anticipate particle Insights from predicted

stability and properties | properties and behaviour structure landscapes .

Medicinal & Computational Chemists 4 Crystallographers & Structural Biologists ¢ Solid Form & Crystallisation Scientists
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Exploring hydrogen bonds through Mercury

@ AABHTZ (P-1) - Mercury — O X
File Edit Selection Display Calculate CSD-Community CSD-Core CSD-Materials CSD-Theory CSD-Particle CSD-Discovery CSD Python APl Help
Picking Mode: | Pick Atoms ~ | Clear Measurements @p @ |:| Show Labels for | All atoms with | Atom Label
Style: |Balland Stick ™ Colour: | by Element or Suppression ™ Manage Styles... |Work v || © Atom selections: ~
D Animate... Default view: |b v | a b c a® b® | % x+ y- y+ z- z+  x90 x490 y-80 y+90 z90 z+480 & - L T zoom- zoom+ | Selectby SMARTS:[d]
Structure Navigator & X
AABHTZ e
Crystal Structures Spacegroup N
AABHTZ P-1
AACANITO0 P21/c
AACANIT1 P21/c
AACFAZ Pbcn
AACFAZ10 Pbcn
AACMAL P21/c
AACMHX10 Pbca
AACRHA Pncm
AACRHC P-1
AACRUB Cc
AACRUBO1 C2/c
AADAMC P21/c
AADMPY P-1
AADMPY10  P-1
AADRIB P21
AAGAGGT10  P212121
Display Options g X AAGGAG10 P21 v
Display Options
<< ==
[] pacns [_] Short Contact < (sum of vdW radii) Contacts... Showhycrogens || pepth cue _
|:| Asymmetric Unit l:‘ H-Bond Default definition |:| Show cell axes |:| 7 Clipping TrERlED
[ ] Autocentre CEETT [ ] Label atoms Stereo [ ] muitle Structures
Reset Powder... Structures...

Press the left mouse button and move the mouse to rotate the structure




Reminder: Basic navigation in Mercury

R ° | ot mouse button and move —
- rotate molecules

&' ° Middle Mouse wheel — move

mMolecules up and down g
Learn more M

e ‘ * Right mouse button and move up

Molecules course

shitt A8 Bl . ot - | oft mouse button and move
- rotate in the plane molecules

gmm ° Ctrl + Left mouse button and move -
cul g - translate molecules

. in this CSDU
and down —zoom in and out of on-demand

Visualisation 101 - Visualising
structural chemistry data with
Mercury

Begin module
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From visualisation to deeper understanding .

o
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By exploring 3D structures, we can gain a deeper understanding of: " .

« Chemistry: PN
* The geometry of molecules o_¢ ..
* The geometry around metals

« Solid forms:
« How molecules pack together
* What voids and channels exist within a structure
« What interactions help to stabilise the structure | e
- How solid forms including polymorphic structures compare 33
* The symmetry within a structure and different space groups

« Data validation:
» Validate a structural model compared to 1.1 million structures in the CSD

D




Characteristics that influence stability

Molecular
Conformation

Hydrogen Bond
Donor/Acceptor |

Pairing ey
~. 55:.

Hydrogen Bond
GCeometry, Symmetry

and Motif ‘Non-Hydrogen Bond'

Intermolecular
INnteractions

D



Hydrogen bonds

« Common in organic crystal structures and known for around a century.'
« What defines a hydrogen bond?

 Where is the dividing line between hydrogen bond and van der Waals contact?

e How can the CSD be used?

 Theoretical calculations tend to correlate very well with experimental database
statistics and this is true in particular for interactions.

» Exploring hydrogen bond energies — hydrogen bond energies are more
sensitive to angle than distance.

* To help us understand how changes in hydrogen bond networks impact the
properties of a crystal.

 |f analysing a structure for hydrogen bonds using Mercury we can endeavour to
"look for them and to look at them”.

CCDC



What are they and why are they important?

* Primarily an electrostatic force interaction

* Between an electronegative donor attached to a H-atom and an
electronegative acceptor with a lone pair of electrons.

« Somewhat stronger than a van der Waals interaction, and weaker
than fully covalent or ionic bonds.

* Found in many substances including water, DNA, proteins and wool.

» Key to the design of drugs:

« Lipinski's rule of five — states that orally active drugs in general have no more
than one violation of a number of criteria including:

* No more 5 hydrogen bond donors
 No more than 10 hydrogen bond acceptors

Definition of the hydrogen bond (IUPAC Recommendations 2011), Pure Appl. Chem., 83, 8, 1637-1641, 2011 ‘ ‘ I N



What do we mean by a hydrogen bond?

* A hydrogen bond is described as D-H---A, where:
 D=donor, H=hydrogen and A = acceptor.
« Our default definition of a hydrogen bond:
- D must be a nitrogen, oxygen or sulphur covalently bound to = one hydrogen. “-
* Note: H-bonds will still be found even if the 3D coords for the H were not determined.

« A must be a nitrogen, oxygen, sulphur or halogen with at least one lone pair.

* e.g. pyramidal trigonal nitrogen is regarded as an acceptor but planar trigonal
nitrogen is not.

DA distance must be less than the sum of van der Waals Radii of the D and A
atoms

* The contact may be intermolecular, or intramolecular involving donor and
acceptor atoms separated by at least 3 covalent bonds within the molecule.

CCDC



@ HXACAN (Pcab) - Mercury _
File Edit Selection Display Calculate CSD-Community CSD-Core CSD-Materials CSD-Theory CSD-Particle CSD-Discovery CSD Python APl Help

Picking Mode: Expand Contacts ~ | Clear Measurements {b Q @} I:‘ Show Labels for | All atoms with | Atom Label
Style: Ball and Stick ~ Colour: by Element ~ Manage Styles... |Publication h's Atom selections: h's
|:| Animate. .. Default view: |b »lla b c a* b* c* ¥- X+ y- y+ z- Z+  ¥90 x+90 y-90 y+90 z-90 z+90 < > ) T zoom- =zoom+ | Selectby SMARTS:

Structure Mavigator

HXACAN

Visualising hydrogen bonds

Select options and dick OK or Apply when done

Tick ‘Require

hydrogen atom
to be present’

Require hydrogen atom to be present

DH...Aangle ==

|12|J.0 | degrees

Donar atom types:

Acceptor atom types:

~ [] all donors

v [V] nitrogen

. metal bound N

u

Click on “Default ] imine N

... % aromatic (6-ring) N
d efl N |t ION T_O amide or thioamide N

anar
change default 3 byamidain

[Z] ammaniim bl (NHA. B

b

~[] all acceptors ~
v [¥] nitrogen

metal bound N
terminal N (cyano, etc.)
aromatic (6-ring) N
other 2-coordinate N
3-coordinate N
unclassified N

b

s [l rvunen

H = b O n d d efl n It | O n WARNING: atom types may not be dassified properly for non-Cambridge Structural Database structures

Contact distance range

() Actual distance (@) vdw distance

Display Opti il 8 Minimum = sum of vdW radii | minus |5.D[J : |
DIS|:I|E}' Options Maximum = sum of vdW radii |plus |[J.[J[J :|
Packin +"| Show hydrogens Depth cue
D = Q Short Contact < (surm of wdW radiil Contacts... vireg A
|:| Asymmetric Unitr H-Bond Default definition I I:‘ Show cell axes I:‘ Z-Clipping Intermolecular
|:| Auto centre More Info - I:‘ Labdl atoms Stereo Intramolecular: Donor and Acceptor separated by > bonds
Powder. .. Default Cancel Apply QK
Reset
Click on a red contact to see the whole molecule



Colouring hydrogen bonds by distance

1

@ HXACAN (Pcab) - Mercury — O X e g x 3 .

File Edit Selection Display Calculate CSD-Community CSD-Core CSD-Materials CSD-Theory CSD-Particle CSD-Discovery CSD Python APl Help “ y

Picking Mode: Expand Styles » | |Clear Measurements @Q @@ [_] show Labels for Stereacentres with |Stereochemistry 3 ¢ o »
Style: Capped Sticks Labels 4 v Manage Styles... Cards ~ | Atom selections: v - Select by SMARTSZ‘[C] i o ®

(1| Animate... = cliColours M Atoms. Xx-90 x+90 y-90 y+90 2-90 7490 ¢ > L 1 zoom- zoom+ g

Show/Hide 4 Bonds...

More Information  * Centroids... a
Planes... ‘ .
Symmetry Elements...
Contacts...

Voids...

Voids (Experimental)... Element colours...

Symmetry Equivalence colours...
Labels...

Display

Display Options...
O Contact Colours X [S--

> Colours > Contacts
> Colour by distance

Background settings...

Contact Colours 4

() By expanded/hanging
() colour

select colour: [
(® Colour by distance

short: mid: long:
- [

Apply to:

CSD Refcode:
HXACAN

CCDC

All Contacts

Expanded Contacts

Hanging Contacts

Close



Hydrogen bond style Display > Styles > Contacts

Display > Styles > Contact settings

«  Change contact style to stick (from default wireframe)

»
. . . . . i
«  Change radius of stick to vary thickness / number of segments ; . {; \
o o W L]
' ks
@ Contact Styles X< @ ContactStyles X "
Display Calculate CSD-Community CSD-Core CSD-Mat Style Style g
Styles v Wireframe | I @ Wireframe I () wireframe ; - 3
Labels v Stick
Stick @ stick
Colours D Ball and stick O I I ®
Show/Hide ’ Spacefill Apply to: Apply to e
More Information ’ Ellipsoid | All Contacts | | All Contacts ‘
Polyhedral
) try El ts... : :
e S @ Contact Display Opt.. X @ Contact Display Opt.. X
Voids... ; )
Voids (Experimental)... frllre am e Contact Radius (Angstroms) I: Contact Radius (Angstroms)
Spacefill settings...
Dis‘play Options." E"ips{]id SE'ttiHQS... TR IR AR R O i nnm g UIUE LTI T TLRTLL R EE TR T TLR TR I nllE
Manage Styles.. Polyhedral settings...
View along » Contact settings... | Defaults ‘ | Close | Defaults | | Cloze
Dial box... Measurement settings...
~*  Splash screen Selected atoms...
Toolbars v Bonds...

Contacts... [:G\




More style options via POV-Ray....

e ﬁ » © 0.
Width (pixels)  [4000 | Height (pixels) 8 7 s ; 5 \
Material Properties ‘Standard Mercury *‘ File Format PNG - o 2 ‘ 1
Background |A5 Mercury v| Custom Color y = --‘s
File Edit Selection D|5p|ay ( [ ] Generate Animation Frames
Open s wmarond  Ox @y Oz File > POV-Ray Image
Number of Frames 30 .
Recent Files >  Resolution (W X H) o
Save As... Ctrl+S Proview | | Render || Gose « Material Properties
POV-Ray Image... Preview « Background
Printin 3D... .
e Press Preview to generate image... * O u t p U t d I re Cto ry
Exit Ctrl+Q
Settings

POV-Ray Executable }ovray—S.7.D.l};’binfpvengine.exe|
Output Directory |C:,’ Users/ ' |

In order to run concurrent rendering or generate preview images
whilst a render is running, it is necessary to enable multiple
instances of POV-Ray. To set this uncheck the "Keep Single
Instance" option in the "Options" menu within the POV-Ray user

e CCDC
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Changing hydrogen bond style in POV-Ray <

Help
Help

T u to r | a | -| -| | n M e rC u ry i Tutorials 4 Tutorial 1: Exploring Nonbonded Interactions
1 e s Tutorfal 2: Ratlor?alls_lng Crystal Morphology
Follow CCDC Tutorial 3: Investigating Pseudosymmetry

CC d C_m a C ro_ove r r | d eS, i n C fl | e Tutorial 4: Looking for Possible Missing Water Molecules

Check for Updates.. Tutorial 5: Investigating Polymorphism

® C rea ted W h e n a DO\/_ R ay I m a g e |S Sa\/ed About Mercury.. Tutorial &: Analysing interactions, planes and ADPs

Tutorial 7: Assessing the Risk of Polymorphism via H-bonding Propensities

&
o

. Tutorial 8: Searching on Hydrogen-Bond Motifs
® CO ﬂ t rO | S Styl e fo r | m a g eS Tutorial 9: Studying Crystal Packing Features
Tutorial 10: Searching on Packing Similarity

Tutorial 11: Generating High Resolution Figures

O pe n a n d ed |t | n a teXt ed |tor Tutorial 12: Using Mercury's Stati§tical Analysis Tools

Save POV-Ray image from Mercury into directory
containing your ccdc_macro_overrides.inc file

Example in
turorialll.inc file
to change H-bond

display type

.01




@ HXACAN (Pcab) - Mercury
File Edit Selection Display Calculate CSD-Community CSD-Core CSD-Materials CSD-Theory CSD-Particle CSD-Discovery CSD Python APl Help

Picking Mode: Expand Contacts VI Clear Measurements {b Q @? I:‘ Show Labels for | All atoms with | Atom Label

o
Style: Ball and Stick ~ Colour: by Element ~ Manage Styles... |Publication h's Atom selections: s @
|:| Animate. .. Default view: |b »lla b c a* b* c* ¥- X+ y- y+ z- Z+  ¥90 x+90 y-90 y+90 z-90 z+90 < > ) T zoom- =zoom+ | Selectby SMARTS:

Expand contacts

Styles
Colours
Labels
Show/Hide

Select ‘Expand

Contacts

Contacts' picking
mode then left click
on atoms at end of

dashed lines
(hanging contacts)
to expand network

Delete this Molecule

Colour changes to
blue for connected
(non-hanging)
hydrogen bonds

Display Options =
Display Options

|:| Packing Show hydrogens D Depth cue

[ ] short Contact < (sum of vdW radii) Contatts...
|:| Asymmetric Unit H-Bond Default definition I:‘ Show cell axes D Z-Clipping
|:| Auto centre More Info hd I:‘ Label atoms Stereo

Poweder...

Reset

Click on a red contact to see the whole molecule

Right click on a
molecule or

Structure Mavigator

HXACAN hanging contact to

see more advanced

options including
delete hanging
contacts or expand
contacts

Expand All

Expand Contact
Expand Contacts from this Atom

Expand Contacts from this Maolecule

Find Contacts from this Atom

Find Contacts fram this Molecule

Delete Hanging Contacts

Delete Contact

Delete Contacts from this Atom
Delete Contacts from this Molecule

Delete this Molecule

Reset Contacts




Building a hydrogen bonded network

By clicking on
atoms at the end
of dashed lines

To expand all hanging contacts:

« Rightclick on a hanging
contact > Expand All

To expand hanging contacts for
a specific molecule:

« Rightclick on a molecule
> Contacts > Expand Contacts
from this Molecule

« Hanging
CSD Refcode: HXACAN « Non-hanging




Graph Sets

Calculate  C5D-Community

Centroids...

Planes...

Packing/Slicing...
Contacts...
Maolecular Shell...

Graph Sets...
Powder Pattern...

Structure Overlay...

Molecule Overlay...

Graph Sets describe the
H-bond pattern

Learn more in the
Glossary on the handout

@ HXACAN (Pcab) - Mercury

Picking Mode: Expand Contacts
Style: Ball and Stick ~ Colour: by Element
I:‘ Animate. .. Default view: b v | a

Display Options
Display

Packi
|:| aeing I:' Short Contact < (sum of vdW ra
[ ] Asymmetric rit H-Bond Default definition

l:' Auto cenfre

Reset

- O
File Edit Selection Display Calculate CSD-Community CSD-Core CSD-Materials CSD-Theory CSD-Particle CSD-Discovery CSD Python APl Help

~ | Clear Measurements @ Q @? |:| Show Labels for | All atoms

A Manage Styles... |Publication

b ¢ a* b* * ¥- N+ y- v+ - I+ x-90

Graph Sets

b Atom selections: b

3
®+30  y-90  y+90 Select by SMARTS:

»

_ A
descriptor

C1,1(7) a
C1,1(9) b
C2,2(6) »a>b
€2,2(16) »a<b

R4 4(22) »a»b<a>b

R6.6(30) »a=a=h<a
R66(40) »a=b>b=<a

<

C4.4(22) »a»b=a<b

level  pericd #rolecules

1
1
2
2
2
2

<a=h 2
*h=>b 2

=T = T N S R
(= T = TN S I, T K I K (N 8

Click through the
graph set descriptors
to see the different
H-bond patterns

dii) Contacts...
Maore Info -

Powder...

Click on a red contact to see the whole molecule

Options

Show hydrogens |:| Depth cue
|:| Show cell axes |:| Z-Clipping

|:| Label atoms Stereo




Hydrogen Bond Statistics

« Automatic statistical assessment of geometry of hydrogen bonding
Intermolecular interactions in context of > 1.1 million structures in CSD

« Determine whether any given hydrogen bond interaction is unusual or

Energy

f
~# -30.1
Ve

kJ mol?

Geometry

not unusual — hydrogen bond geometry can influence stability
Provides a check when analysing newly solved crystal structures

Frequency of occurrence




Similar to Mogul geometry analysis

Intramolecular geometry (Mogul):

* Bond lengths, Valence angles, Torsion angles

@

Build query

Results Navigator

All hits: 105
Accepted hits: 105

Exclude: None

Results and analysis

File Searches Databases Help

R-factor: Any Heaviest Element: Any

1.00

Relevance Number Contribution

105 100.0%

View diagrams...

More hits...

s CCDC Mogul 2020.1.1: VUSDIX (P27\c) - Mercury

View structures

Total
Selected :
Mean :
Standard deviation :
Minimum :
Lower quartile
Median
Upper quartile :
Maximum :
| z-score | :

All fragments...

Statistics

105
105

1.4634
0.0154
1.4204
1.450A

: 1.466A

1.4738
1.4914
2.076

View query...

Number of hits

Magul search - Bond length - C2 C1

20 Value in query: 1.431R

16

1.42 143 1.44 1.45 1.46
Bond length / &
Click to (de)select bars; click and drag to (de)select a range
Histogram display

Select | all hits in histogram
Displayed hits: 105

Deselect | all hits in histogram

Selected hits: 105

Histogram: click in bar to deselect, click again to reselect. Right-click for options.

1.47 1.48 1.49

Data libraries

CSD 5.41 [ ]
CSD Mar20 update

CSD May20 update |

Filters...

L5

Cluster

S

Intermolecular geometry (HBondStats):
* Hydrogen bond DA distance, DHA angle
2.8 2.9 3.1 D___,i.%istar?c.g (,&]3.4 3.5 3.6 3.7 Jeoo _‘ - ,

120 130 140 150 160 170 180

D-H...A Angle (%)




0 AMBNACO6 (P21/n) - Mercury
File Edit Selection Display Calculate CSD-Commu

I n p u t Pick Undo: Not Available Ctrl+Z o @

Styls Redo: Not Available Ctrl+Y ‘ s/ -
Dl Copy Image to Clipboard Ctrl+C v § g 3
. Edit Structure... v o o «
» Uses a crystal structure loaded into Auto Edit Structure.. ® ot svucre
1 1 N Edit Bond Distance Limits...
Mercury visualizer (e.g. Refcode, cif, mol2) e e T L
« For a cif, ensure bond tying is applied rolymer Bxpansion.. Leny polymeric bonds
Transform Molecules... Guess bond types
Change Spacegroup Setting... O Al

Invert Structure (® Only bonds with unknown types

Change Spacegroup to Subgroup...

Standardise to Cambridge Structural Database
conventions

Aromatic bonds
Delocalised Bonds

Add missing H atoms

v o Apply | ‘ Close




Unusual vs.

C5D-Materials  C5D-Theory CSD-

Search b }

Calculations v ’

Polymorph Assessment Yoo
Co-Crystal Design r

Full Interaction Maps...
Hydrogen Bond Statistics... [:E'

Hydrate Analyser...
Solvate Analyser...
Aromatics Analyser...

Conformer Generation...

DASH has moved

Not unusual

0 Hydrogen Bond Statistics ... VUSDIX it

Hydrogen Bond Definition

Edit

Quantile settings

Classify as unusual if:

Distance < [0.05 or distance > |0.95 |5

[4[]] [[o]¥]

Angle < |0.05

Reset

quantiles

Search Cancel

Classification of whether
specific hydrogen bond
distance or angle is unusual
based on guantiles

Unusual if below 5 % of
distribution and / or above
95 % (i.e. 5th and 95th

percentiles)

Upper angle quantile removed in next CSD

release (end 2022) — so no H-bond angle

classed as unusual due to an upper bound



Interactions and statistics

O1
1 KINGEW

0 Hydrogen Bond Statistics ... KINGEW

s

(o]

i

Hover to view
donor and
acceptor
functional

groups

Check enough
# hits for

welalilel=lalel=XIa
classification

Classification as Not

Donar Acceptor Distance Distance Distance fDistance Distance Distance Distance Distance l| Angle Angle Angle
P D-A classification threshold hits mean  std. dev. min. max. D-H..A classification threshold
1 N1 (amide_carbonyl) N4 (ar_N_2) 2.93 Not Unusual (293, 3.33) 218 3.08 0.13 2.86 3.67 145.18 Unusual (146.51, 179.23)
2 N3 (pyrazoline_1) 01 (amide_carbonyl) 2.83 Not Unusual (2.73, 2.93) 45 2.83 0.14 2.71 3.54 16292 Mot Unusual (147.16, 179.32)

N3
- .
N1§ s
N4 :
v - (' -
o g g ¥
° -
> *
L S
- o
Angle Angle Angle Angle Angle o

hits  mean std.dev. min. max

218 170.81 10,70 127.88 17949

45 169.10 1124 13225 179.32 Ta b|e can be
exported as

CSV file using
Export button

Unusual / Unusual

(value outside
quantile threshold)

Export...

 Row highlighted in red if
Distance and / or Angle
classed as Unusual

« Row in black if both Distance
and Angle are Not Unusual

Uses Hydrogen Bond Propensity functional group definitions to automatically identify donor/acceptor fragments



Histograms and heat map

: s Click on row
0 Hydrogen Bond Statistics ... KINGEW e tO Vl eW

° 0
histograms,
Donor Acceptor Distance Distance Distance Distance Distance Distance Distance Distance Angle Angle Angle Angle Angle Angle Angle Angle
P D-A  classification threshold hits mean  std. dev. min. max. D-H..A classification threshold hits mean std.dev. min. max heat ma p a nd
1 N1 (amide_carbonyl) N4 (ar_N_2) 2.93 Not Unusual (2.93,3.33) 218 3.08 0.13 2.86 3.67 145.18 Unusual (146.51,179.23) 218 170.81 10,70 127.88 17949 h |g h | |g ht

2 N3 (pyrazoline_1) 01 (amide_carbonyl) 2.83 NotUnusual (2.73,2.93) 45 283 0.14 271 3.54 16292 NotUnusual (147.16, 179.32) 45 169.10 11.24 13225 179.32

INnteraction in
3D viewer of

Export...
Mercury
Results and analysis View structures
100
Reset view
Q0
Show grid
Show colour scale &0
oo » Right click in
o Grid and colour scale &0 h | f
g 7 g3 Grid width [o.00 :] eat e ot ror
g g Z ) - 50 .
@ o =] | Show colour bar | [N w d |
: —n | i
tg tg f= l:‘ Show as percenta .
w w
. options/colours
20
_ 10
I = mmEm V]
2.7 2.8 2.9 3 3.1 32 33 34 35 36 130 135 140 145 150 155 160 165 170 175 180 L T A
D...A Distance (&) D-H...A Angle (%) 10 10 = o e e

D-H...A Angle (%)

D



Cone and radial correction L

Distribution inherently biased away from 180° Leads to
‘Effective
Density’ on

* More linear contacts statistically less likely than bent ones —
as 0 deviates from linearity, acceptor group sweeps out possible
cone of approach that gets progressively larger as angle decreases

« Data corrected (normalised) for this — effective density on y axis
rather than frequency

y axis for
Distance &
Angle plots

P === - - - - ==

Effective density
Effective density
o

27 28 28 3 31 32 33 34 35 36 130 135 140 145 150 155 160 165 170 175 180
D...A Distance (&) D-H...A Angle (®)

For more information, see: P. A. Wood, F. H. Allen and E. Pidcock, CrystEngComm, 2009, 11 1563-1571 C C D C



KINGEW

Highlighting unusual

Unusual angle
l G Hydrogen Bond Statistics ... KINGEW e

2 >
Donor Acceptor Distance Distance Distance Distance Distance Distance Distance Distance Angle Angle Angle Angle Angle Angle Angle Angle » a X
P D-A classification threshold hits mean  std. dev. min. max. D-H..A classification threshold hits mean std.dev. min. max | .
1 N1 (amide_carbonyl) N4 (ar_N_2) 2.93 NotUnusual (293, 3.33) 218 3.08 0.13 2.86 3.67 145.18 Unusual (146.51,179.23) 218 170.81 10,70 127.88 17949 “ | ¢ ¢
2 N3 (pyrazoline_1) 01 (amide_carbonyl) 2.83 NotUnusual (273, 2.93) 45 283 0.14 271 354 16292 NotUnusual (147.16, 179.32) 45 169.10 11.24 13225 179.32 |
o
|

Export...
Results and analysis

; Click View

® Structures to
a0 o
1 see the hits
1 70
3.400 —
= 4
C fd %
32 32 & 1 50
é’ é’ 3_3.200—
5] %] : i 40
| 30
3.000 — 20
k B —— 0
2.8 2.9 3 3.1 3.2 3.3 3.4 3.5 3.6 3.7 120 130 140 150 160 170 180 20 130 140

T |
oA Dzt o Adrge 1 oudige T C C D C
e



Viewing hits

m
<
°
|O— ogen Bond 5 c G X pe ® °
i °
{ -3
D A " Distance Distance Distance Distance Distance Distance Distance Distance Angle Angle Angle Angle Angle Angle Angle Angle .
anar ceeptar D-A classification threshold hits mean  std. dew. min. max. D-H..A classification threshold hits mean std.dev. min. max. le ® ®
1 N1 (amide_carbonyl) N4 (ar_N_2) 2.93 Not Unusual (2.93,333) 218 3.08 013 2.86 3.67 145.18 Unusual (146.51,179.23) 218 170.81 10.70 127.88 17949 | 2 »
2 N3 (pyrazoline_1) 01 (amide_carbonyl) 2.83 NotUnusual (2.73, 2.93) 45 2.83 0.14 271 354 16292 Mot Unusual  (147.16, 179.32) 45 169.10 11.24 132.25 179.32 | g .
s
| o
Export... | " @
Results and analysis
p—
e ARAGLV .
; ' ARAGUV A Click through
£ o 0 . : vV BUSPEN .
Click ‘Information BUSPIR the hits to
5 p— Measure EVEZEN . .
g fo r C rySta | \ ______\ Clear Measurements HOKNUT Vl S U a | |Se t h e
. P Packing 5 ICEQAK
el Structure details 7 IMUUL structures
3 ‘NG , | SEEAIET ’ IMUULO1 |
: & ‘Diagram’ for - , Styles | isaner
A - Colours D ISANIC
2D diagram : : Labels || sanwo
Right click |EXEEE » | | rorwuz
R , MAJPOE
ontacts
MESSIM
| fo r eXt ra Picking Mode 4 MIKRIK v
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o o . o )
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Display Options
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Examples



A long hydrogen bond

Donor Accentor Distance Distance Distance  Angle Angle
P D-4 classification threshold D-H..A classification
M2 (imidazole_1) N3 (imidazole_1) 3.30 Unusua (2.82, 3117 16507 Not Unusua o

Effective density

AQINAQ

N =

27 28 29 3 31 32 33 34 35 3.6 37
D...A Distance (&)

« Angle within usual range, long DA distance for l

type of interaction

— Em—
120 130 140 150 160 170 180
D-H...A Angle (%)



Salt-cocrystal continuum (SSHBs)

OH

Distance Distance Distance  Angle Angle

Donor Acceptor D-A classification threshold D-H..A classification

2.53 Unusua

04 (ar_cooh_1) N1 {aromatic_nitrogen) (2.54, 272y 177.82 Not Unusua

DINICAITZ

Distance flagged as unusual

* Very short strong H-bond O4---N1, rare case with
H located close to middle of donor and acceptor
(e.g. centre of salt-cocrystal continuum)

Effective density

T m

2.5 2.625 2.75 2.875 3 3.125 3.25 3.375 3.5 3.825 3.75
D...A Distance (&)

— 100
j— 90
2,900 — - 80

2,800 —

Z?DD—

D...A Distance (.ﬁ)

2.600 —

2.500 —

13D 150 160 IBD
D-H...A Angle (%)



Tautomers '

JUGYOB JUGYOBOI

- Automatic recognition of
specific functional groups
allows easy comparison of
statistics for different
tautomeric forms

« No need to sketch in
ConQuest & set Up
distance/angle query

Donor Accentor Distance Distance Distance Distance Distance Distance Distance Distance Angle Angle Angle Angle Angle Angle Angle Angle

P D-A classification threshold hits mean  std. dev. min. max. D-H..A classification threshold hits mean std.dev. min. max

N1 (sec_amine_pl) N2 {cyclic_NsingleN} 2.89 Not Unusual (2.83,343) 362 3.03 0.19 270 374 15117 Not Unusual  (143.14,179.24) 362 169.85 11.55 121.44 179.60
N3 (cyclic_.nhn) N1 (cyclic_n} 2.89 Not Unusual (272, 3.08) 180 2.88 0.1 2.60 348 17865 Not Unusual (137.96, 179.55) 180 167.73 12.89 120,20 179.55

CCDC



JUGCYOB — tautomer #1
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Investigation of acute interaction 7

* Visual inspection of ABIYUF suggests ® rycrogen Bond Sttistics . ABNUF X

acute intramolecular interaction N2-NT

Quantile settings

(DHA 106.29°, separated by >3 bonds)

Distance = or |

Angle <

« Change H-bond definition to allow this:

« DHA angle > 100° -

* Intramolecular donor
and acceptor separated
by > 2 bonds

ABIYUF

&
Edit
=3 sl S
o Define H-bonds
Select options and click OK or Apply when done
ri
Require hydrogen atom to be present
D-H...A angle >= |100.0 +| degrees
Donor atom types: Acceptor atom types:
v [ all donors ~ | v all acceptors
v nitrogen v nitrogen
metal bound N metal bound N
imine N terminal N (cyano, ...

WARNING: atom types may not be classified properly for non-Cambridge Structural
Database structures

Contact distance range

O Actual distance @ Vdw distance

Minimum = sum of vdW radii |minus |5.00

Maximum = sum of vdW radii | plus |0.1U

Intramalecular: Donor and Acceptor separated by > |2 5| bonds

Default Cancel Apply 0K




Ll

Distance & Angle

not unusual for this
type of interaction

D A " Distance Distance Distance Distance Distance Distance Distance Distance Angle Angle Angle Angle Angle Angle Angle Angle
onor cceptor D-A  classification threshold hits mean std.dev. min. max. D-H...A classification threshold hits mean std. dev. min. max. |
Fl\ﬂ (amide_carbonyl) N1 (ar_N_2) 2.71 Not Unusual (2.64, 2.72) 713 2.67 0.08 2.55 347 106.29 Not Unusual (105.47, 148.29) 713 116.20 14.12 100.38 166.97“ |
2 N2 (amide_carbonyl) O1 (amide_carbonyl) 3.06 Not Unusual (2.80, 3.19) 10088 2.94 0.13 2.46 3.79 132.52 Unusual (147.53, 179.38) 10088 167.37 10.55 100.74 179.98| |
3 N4 (imidazole 2) N3 (imidazole_2) 2.80 Not Unusual (2.80, 2.98) 206 2.86 0.07 2.72 3.19 172,57 Not Unusual (156.25,179.51) 206 172.73 10.11 105.06 179.75 ‘
Export...
Results and analysis View structures
. 100
3.400 90
: 80
3.200 70
b 8 3.000 50
E [ 4
= <
s a 7 40
LL i
2.800 - 30
- 20
) ———— T "
25 26 2.7 28 DZ.:-QA Dis?fanceB(}\) 3.2 33 34 35 100 110 120 D-II'E.[!A Angjlg({") 150 160 170 100 110 120 D%S_D__A,qngé‘%(uc] 150 160 170

!
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https//www.ccde.cam.ac.uk/Community/educationalresources/

Want to explore more? GRS

3 o
Training and Educational Resources y I Wian
N _ v . » o
o P g *
e The wealth of information contained within the Cambridge Structural Database (CSD) extends far beyond a collection of crystal structures. Knowledge derived from these materials o o W =
< informs much of chemistry, biochemistry, and biology. Chemical and structural concepts are often difficult to grasp without real world, interactive examples for students to explore.
2 - =t
CSD-Core The CCDC and our colleagues continually produce educational materials for use in classroom and computer lab settings, or as independent study modules. Many of these materials
Essential crystallographic and structural chemist make use of the Teaching Subset - a freely available set of over 750 structures that can be investigated with the free version of our Mercury d analysis program. Of .
capabilties. course, our database of over one million entries are available for free through our Access Structures portal. R e g | St e r O r
If you are an educator looking for supplementary teaching materials, find out more about the Teaching Database here. If you have develgped your own modules using ti
would like to share them with the broader community, please contact us at education@ccdc.cam.ac.uk. E &O ;
L 4
’_ 3% T‘;‘/ % To keep up to date with the Iatest news from education and outreach at the CCDC, sign up for the Education and Qutreach Newsletter here.
¥ oo

G & — newsletter

CSD-Materials it |

i = . —_— . 1
Tools to help you to understand your material's «
behaviours and refine its properties. ¢ = O d
¢ N-aerman
- v
Information on the Teaching Subset Access a series of teaching modules for use in the DECOR: Educational Resources for Teaching

classroom Crystallography m O d u | eS Wit h

Self-guided completion

workshops W T
N ‘D - certificate
- ﬂ AR _—
| & :
Download a series of self-guided workshop materials Watch software training and support videos CSDU modules - Explore our on-demand training
for CCDC tools and features — courses

YouTube and &
LabTube
channels

B=unnl A new docking

card game

Access fun science activities for kids through the Explore the Periodic Table through Crystal Structures Bound! a Protein-Drug matching card game
CCDC Home learning page


https://www.ccdc.cam.ac.uk/Community/educationalresources/workshop-materials/

@ @ Visualisation 101 - Visualising Programmatic access to the Protein-ligand docking 101 -
ST S N L structural chemistry data with CSD 101 — CSD Python AP Running a simulation in GOLD
.“3.:3..--.3. ::: Mercu ry

CSDU iingifs

« On-demand modules

to learn how to use

th e CS D SOft\/\/a re at Analysing molecular geometries Analysing intermolecular
101 - basics of Mogul interactions 101 - Full Interaction
your own pace. Maps

« Completion certificate
after a final gquiz!

Begin module Begin module

https//mwww.ccdc.cam.ac.uk/Community/educationalresources/CSDU/ < < I > ‘



CCDC Engagement Grants

* Do you wish to inspire others
with your love of

- crystallography or structural
Applications . 5
ond all science”

information CCDC Engagement Grants
on the

websitel cover costs for you to produce
resources or activities to
INncrease schools and public

closing date engagement in crystallography

o and structural science.
applications

https://www.ccdc.cam.ac.uk/Community/awardsandsponsorship/ccdc-engagement-grants/ ( ( I N

Engage, inspire, share!

31st Oct




