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Preface

The program system MOLGENIis dewted to the generation of all structural formulae
(= connectivity isomers)that correspnd to a given molecularformula, optionally under
further constraints, e.g.the necessarypresenceor absenceof substructures. It arosefrom
the ideato provide an excient and portable tool for molecular structure generationand
visualization in chemical industry, researt, and education.

MOLGENsenesvery well asthe mathematical heart of a program systemfor molecular
structure elucidation, sinceit providesall mathematically possiblecandidatesthat corre-
spond to a given set of chemical data. It is the outcome of researt projects supported
by the Deutsde Forsdungsgemeindraft and the BMBF, to which we like to expressour
thanks herewith. The systemconsistsof the following componerts:

1. the generatorMOLGENfor generationof connectivity isomers,
2. the structure editor MOLEDfor drawing input for the generator,

3. the module MOLVIEW for three-dimensionalplacemens calculated by the built-in
optimizer using a simpli ed versionof the MM2 energymodel,

4. a generatorof con gurational isomerscorrespnding to a constitutional isomerand
their 3D realizations.

This manual is divided into sewen chapters:

{ The rst chapter descrikesinstallation and basicsof the program running on a rst
example.

{ The secondchapter comprisesimportant notes for the user that should prevert
possibleerrors due to misunderstandingthe mathematical conceptsunderlying the
algorithms.

{ In the third chapter, the reader nds a description of the details important for an
excient useof MOLGEN.



{ The fourth chapter merntions somestrategiesthat are useful for more demanding
casesand somepeculiarities that arise from the underlying concepts.

{ The fth chapter is an appendix, wherein the historical dewelopmen of the iso-
merism problem and the energy model used for three-dimensionalplacemen of
atomsin spaceare outlined.

{ The sixth chapter is an appendix that descrikes error messagesind gives some
systemlimits.

{ In the nal sewenh chapter we collectthe literature concerningMOLGEN that was
publishedin connectionwith the researt projects that leadto the implemertation
of MOLGEN and its special versions.

Bayreuth, Freiburg, Munich, March 2009
Ralf Gugisth
Adalbert Kerber
Axel Kohnert
Reinhard Laue
Markus Meringer
Christoph Récker
Alfred Wassermann
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Chapter 1

First Steps

1.1  An intro duction to MOLGEN

The program system MOLGENenablesyou to generatethe complete set of connectivity
isomers(=structural formulae) correspnding to a given molecularformula and (option-
ally) further constrairts. Henceyou have to erter the molecular formula; for atoms
unknown to MOLGEN, their valencesare prompted.

The constructionis free of redundane, that is, you will not get any structural formula
twice. Moreover, the construction is complete which meansthat you will get the full set
of all possiblestructural formulae that correspnd to the given molecularformula and the
prescribed valencesof the atoms.

A MOLGENTrun on the molecularformula CgHg of benzeneshaws that there are alto-
gether 217 isomersof benzene.And if you erter the molecularformula

CsH160-

then MOLGENwill provide within a fraction of a secondexactly 13,190pairwise di®erert
connectivity isomers. Theseexamplesshow that, in general,the total number of structural
formulae correspnding to a given molecular formula is very large. Therefore you may
want to reducethe output by imposing additional restrictions. For this purposeyou
can erter, together with the molecularformula, prescribed substructurese.g.,a hydroxyl
group, that have to be contained in the isomers,aswell asforbidden substructurese.g.,a
ring of size4, which you do not allow to showv up. For example,if you prescribe, together
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with the molecularformula CgH;50,, the existenceof a carboxyl group

%OH

MOLGENwill generateexactly 39 structures. If, in addition, you forbid that the isomers

cortain an isopropyl group CH
3

—— CH

%

then from the former 39 just 27 isomerswill remain.
An important point is, of course,how far MOLGENcan reach. The presen version
3.5 allows generationof structures of up to 100 atoms. It must, howewer, be mertioned

CHs

that due to the sometimesastronomical number of solutions, MOLGENis not able to

generatethe completeset of structural isomersfor all molecularformulae in a reasonable
time, although the 13,190isomersof CgH,50, are evaluated in a fraction of a secondon

a standard PC.

1.2 Instaling MOLGEN

1.2.1 Hardw are requiremen ts

MOLGENruns under all MS Windows 32 or 64 bit operation systems(Windows 95, 98,
ME, NT4.0, 2000, XP, Vista). The following hardware is required:

1. An IBM-compatible PC (804860r higher) running MS Windows 95 (or higher),

2. An interface for accessinghe installation Te, asfor instancea CD-ROM or DVD-
ROM drive, or alternatively a network connection.

3. A mouseis required as some parts of the program can be used exclusiwely by a
mouse.

4. About 5.0 MB storagespaceon the hard disk. The spacewhich is neededfor a run
depends,of course,on the particular problem and its complexity. For saving 1,000
structures one needs(depending on the number of atoms) between about 80 and
500kB of space.

5. A printer is desirable.

10



1.2.2 Installation

If all theserequiremerts are ful Tled you may now start installing MOLGEN. To do this,
carry out the following steps:

1. Insert the MOLGENInstallation medium in to the appropriate drive. In caseyou

recei\ed the installation Tes as a compressedzip archive, uncompressthese les
into an arbitrary temporary folder.

2. Open the EXPLORER and click on the folder of your installation medium (CD-
ROM or DVD-ROM, or temporary folder with installation Tes). Then double-clik

on the Setup program icon to start the installation. Follow the instructions of the
MOLGEN-MS installation program.

When the installation is carried out, MOLGENIs ready to start and you can execute
it by double-cliking on the MOLGENicon in the program manager or in the MOL-
GENinstallation directory. You are now ready to run a rst, simple example.

HINT: On someoperation systemsthe default directory proposedby the installation pro-
gram cortains blanks in its ‘Te name, e.g. C:nProgram FilesnMolgen3.5. This can harm
the failure-free operation of MOLGEN. It is strongly recommendedo usean installation
directory without blanksin the path name, e.g. C:nProgramsiMolgen3.5.

1.3 A rst example

Here we want to generateall isomerscorrespnding to the formula C,H,0. We therefore
start the program systemby double-cliking on the MOLGENicon in the program man-
ager. After the openingscreen,you will seethe following project window of MOLGEN:

[=] MOLGEN Project 1 [~ ]
File Options Help
Molecular formula
[ c2hdo
C,H, 0
Generator
Macroatoms
GoodList
BadList
Rest.: Trees & cycles of size [3.20]
Max. bond degree: 3
Save [0.100] of all
- - Info
Expander
Macroat toms Edit l
GoodList
BadList
Festr: Trees & cycles of size [3.20] Start
Max. bond degree: 3; don'ttest on isomorphism m
Save [0.100] of all
- 3 Info
11703796 10:16:04
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Inside this project window you can erter the molecular formula in the Molecula formula
“eld. Below, you can seewhich restrictions apply to the generatorand expander. They
will be discussedater.

Activate the Edit eld in the molecularformula sectionby ertering

c2h4o0 or C2H40

The molecularformula should now be visible immediately below the edit eld, formatted
as C,H,40. This is all the necessaryinput.

Start the generatorby pressingthe START button in the generatorsection. A new
window then appears displaying the number of isomerscomputed, the time neededso
far and an estimate of the percenage of isomersalready constructed. You might have
missedthis dialog sinceonly 3 isomerswere generatedand it disappearedbeforeyou got
the chanceto abort it by pressingthe CANCELbutton.

After generation,information on the result is displayed on the screen.In the presert
example,3 isomersare generatedand stored. Further details of this info window will be
discussedater. Here we leave this window via OK, returning to the project window of
MOLGEN.

In principle you have nished the presen examplein which you have generatedthe
three isomersthat exist. To seethem selectthe RESUI button. The generatedisomers
are displayed in three numbered boxes.

If you wishto quit, closingthe window by a double-clid on the upper left corneror by
choosing2D GENERAOR - CLOSEfrom the meru brings you badk to the projectwindow,
and from there you may leave MOLGEN.

Perhapsnow you think that the e®ortfor obtaining thesethree isomersis considerable,
sincein this caseyou are certainly ableto nd the desiredsolutionswith pencil and paper.
Try a larger example sud as CgH150,. You will be astonishedhow many structural
isomersexist, and you will notice that you are not ableto solwe this task with pencil and
paper!

In this introductory examplewe descriked every stepin detail; hopefully many options
of the program are self-explanatory and you will quickly get usedto them in further
program sessions On the other hand you should have gainedcon dencein the structure
generatorin a very simple case,becauseyou will have to rely on its correctnessn more
complexcases.

12



Chapter 2
Imp ortan t notes

Commerts from usersof MOLGENshowved that in somecasesMOLGENdoesnot produce
the result expected. To avoid this, a short list is given which you should consult before
cortacting the authors. Most of the casesoccur due to the mathematical represemation
of moleculeswithin MOLGEN. It is often very usefulto make up your mind about how
MOLGENhandlesthem.

The mathematicalmodel behind the moleculesn MOLGENIis that of moleculargraphs.
This meansthat for MOLGENStructures consistof nodes(atoms) with certain attributes
(valence,atom type) and connectionsbetween these nodes (bonds) whosevalue is the
degreeof the bond, an integer. If you keepthis fact in mind while working with MOLGEN,
it should be easierto understand some\strange" behavior.

2.1 Charges

For MOLGEN, ewery atom type hasa prescribed valence. This is why oneelemen cannot
occur with di®eren valencesin a molecule. MOLGENcannot deal with charges. A well
known examplefor chargedatoms is the nitro group:

The usershould carefully note that
MOLGENcannot hande (sub)structures with chargessuchas this directly!
Hin t: If anitro group shouldbe a part of the compound in question, it is easiestto reduce

the molecular formula by two oxygen atoms and one nitrogen atom and to introduce a
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user-de nedatom \Ua" of valencel. Though the NO, group will not explicitly occur,
you canidentify it at once.

Another possibility is to de ne two new atom types\Np" for N* of valence4 and
\Om" for Oi of valencel. If you prefer this solution, you have to remenber that these
new atom types can also be connectedto other atoms in your molecular formula. Or:
Simply de ne atom type \Nn" of valence5 and usethe following macroatom:

2.2 Aromatic structures

During the construction process MOLGENdoesnot have any information about aromatic
parts of a structure. Moreover, it doesnot know a particular bond type \aromatic" since,
asmertioned above, bonds have an integer degree. This should be no problem aslong as
you do not expect MOLGENto take care of aromaticity information. The following two
structures, though completelydi®eren from the graphtheoretical point of view, represen
the samemolecule:

¢ A

i —¢ A :::—4"5t /%“
A o A ¢
A& A——¢

MOLGENtherefore o®ersa reliable Tter to delete aromatic duplicates from
the set of constructed isomers.

You canrun into dixculties, if you want to get fusedaromatic systemssud as phenan-
threne:

¢ A ¢ A
@ A ¢ A
A ¢ A

A ¢ M ¢

A ¢
A—¢



If you know that this systemof three aromatic rings is cortained in the unknown structure,
you must not prescribe three benzenerings

¢ A ¢ A
¢ A & A + & A 5 & A ¢ A
A ¢ A ¢ A ¢
W 4 A_¢ A_¢ A__¢ A&
Macro 1 Macro 2 Macro 3 %__f

as macroatoms,sincefor MOLGENone of the rings has two double bonds only and you
would not nd the above examplewithin the constructedisomers.If you useonebenzene
in the goodlist, phenarthrene is constructed properly.

Hin t: As macroatomsin generalprovide a much more excient way to reducethe num-

ber of constructedisomers,every information available should be usedthere. Soif you

know about the aromaticity of a structure, for up to two benzenerings, erter the above

macroatombenzene but for any additional one, usethe following fragmert. This will, of

course,result in a larger set of isomersthan intended, but sincethe resulting number is

guite small, it can easilybe Ttered afterwards by adding the original number of benzene
structures to the goodlist, asoutlined above.

¢ A ¢ ¢ A
¢ A, ¢ 7y + & A - & A A
A ¢ A ¢ A ¢
N A__¢ A__¢ A__¢ A&
Macro 1 Macro 2 Macro 3 %__f

2.3 Ring sizes

The sizeof rings in isomersconstructed by MOLGENis measuredas follows:

A ring is a closa path in the molecular graph suchthat no atom is immediately
connected to more than two othersin the path.

The following picture should clarify this de nition:
o©H ©Hy o©H

Structure A consistsof two 6-menberedrings, whereasin exampleB, in addition to the
two 7-menberedrings, the enveloping 10-menberedring is also perceived. So any time
you want to add an upper ring sizelimit, keepthis examplein mind.

Ho© ©OH

HH©©:H©© I"H©@HH©©

H© H
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2.4 H distribution and macroatoms

Note that a H distribution is usedonly for atomsnot being part of a macroatom. For the
generation,it is recommendedo useexclusiwely either the H distribution feature or the
speci cation of macroatoms. If you have to useboth, decrease¢he number of prescribed
atomswith a certain H distribution by the number of those occurring within macroatoms.
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Chapter 3

User reference

3.1 The structure generator

3.1.1 The molecular form ula

After the brief introductory examplein chapter 1, we are now goingto explain the main
proceduresof MOLGENwith the aid of a large family of isomers. For this purpose,we
considerthe molecular formula CgH10,. The molecular formula is the rst and main
pieceof input to MOLGEN. It comprisesthe following notions:

2 The atom typ e, by which we meanthe chemical elemen the atom belongsto. It
is entered by the symbol usedin the periodic table of elemeits.

2 The frequency of an atom type, i.e. the number of atoms of this elemen cortained
in the molecularformula.

2 The valence of an atom type, the total number of covalert bondsthat connectan
atom of that type to other atomsin the molecule(a double bond requiresat least
valence2). The valenceis the number of valenceelectronsor the number of missing
electronscomparedwith the next noble gascon guration. Thus, the valenceof H
is1, of Ois 2, of Cis 4, etc.

3.1.2 Entering a molecular form ula

The molecularformula is entered in the project window of MOLGEN

17



- Molecular formula

cBhl6o0?2

CgHyg 02

Figure 3.1 Molecular formula "eld
Enter the molecularformula CgH160, as
c8h1602 or C8H1602

Optionally, a blank or a\ -" character can be ertered betweenthe atom type and its
frequency but sud blanks are no longer required. As usual, the omissionof a frequency
defaultsto 1. For instance,the input of C2H60Qis interpreted as C,HgO;. Atom symbols
must ful Il the following corvertion:

2 An atom symbol consistsof oneor two letters. While in the rst casecapitalization
is not critical, in the secondcasethe rst character must be a capital letter .

Valencesare known for C, H, O, N, F, CI, Br and I. If you want to useother atom types,
you have to specify the valenceexplicitly:

There is also the possibility to de ne atom types not knownto the system!

In this casethe frequency(evenif it is 1) and the valenceof an atom must be added.
Valenceand frequencyhave to be separatedby either a blank\ " ora\ - " character.
As an exampleinsert

Qs32c4o

In the areajust below the edit eld, the correct represetation of this molecularformula
Qs3C4O will show up. Your input is partially chedked automatically, and an error message
will be shown if you insert anything wrong. The user-de nedatom Qs of valence2 will
now occur three times in ead resulting structure.

3.2 Running the generator

3.2.1 Starting the generator

Start generation of structures by pressingthe START button in the MOLGENproject
window generatorsection.

18



Generstor

Macrostams: Edki
GoodList: P — e —
Restr: Trees & cycles of size [3.20]

Max. bond degree: 3 Fesult

Save all

Inko

Figure 3.2 Generator section

During the construction, an estimation for the number of solutionsis computed. This

value is usedfor displaying the approximate percentage of moleculesalready constructed,
indicating the progressof the generation.

MOLGEN / Project 1 - Generation ﬂ E;
Computed molecules B350
Elapsed time [ sec | 34
Molecules done [ % ] 7EES
Carcel

Figure 3.3 Generation status window

You may stop the generatorat any time by pressingthe CANCELbutton. All the resulting
structures (up to the limit setin the generatorsection) computedso far will be saved.
Carrying out the above example,after a short time which dependson the performance
of your computer and the operating system, you get another window, displaying some
information on the generationprocess.lIt tells you that there exist exactly 13,190distinct

structureswith that molecularformula, that 1000f theseweresaved and that 0.21seconds
of cpu time were neededto do thesecalculations.

MOLGEN / Project 1 - Generation Informationen

Final result of the generator

construcked isormers: 13130
stored isomers: 0
cpu-tiree in seconds: 0,21

Ok | Undo
Figure 3.4 Info Window

You can either acceptthis messagewith OK or get badk to the status of the previous
generation by clicking the UNDO button. Note that in this caseall changesmade in
MOLGENafter the previousgeneratorrun are de nitely lost.
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This window canalsooccur whenthe generationcannot be started dueto somewrong
input. Normally, theseerrorsare describedinsidethe window and at somepoint there may
alsobe a CONTINUEDbutton that overridesthe error messagesind starts the generation
despite of thesewarnings.

At any time after the generation,you can display this window showing the result of
the previousgeneratorrun by simply pressingthe INFO button (seeFigure 3.2).

Of course,you can erter a lot of constrairts on the structures to be generated. All
theseoptions are descriled in the next section.

3.3 Restricting the number of isomers

Apart from the molecular formula, MOLGENprovides many possibilities to restrict the
number of structures that are generated. Since even a rather small molecular formula
sud asCyoH,q leadsto the surprisingly large number of 369,067isomers,you can seethat
restricting the output is an essetial part of MOLGEN.

To allow input of generatorrestrictions, pressthe EDIT button in the generatorsection
of the MOLGENproject window (seeFigure 3.2).

MOLGEN f Project 1 - Generator prezcriptions EHE
Substractures
M acraatoms: Goodiist: Biadlist:
Stuctures i ¥ Closed Substrctunes
Properties Cpcle sizes
'L Coch only Mire: 3 M 120
] Bornd degree
L Lrees anly H-Distribution, .
. Max: |3
[+ Mo pesiichion Hybrid
Gereration
5 gve fram: 1] b |'I 0o
Shop at: 2147 483 B4 7
|~ Ewpand immedistely i
0K ! Cacel |

Figure 3.5 Generator prescriptions
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3.3.1 Prescribing structural prop erties

First, we take a look at someof the easierrestrictions. In the PROPERTIESsection,you
can erter someadditional information about the structure of the resulting isomers.

Properties Cypcle sizes
Cyclic only Mir: 3 Max |20
Bond degree
Trees only H-Duztribution
EET 2

*+ Mo restichian Hyhbirid

Figure 3.6 Structural restrictions

2 TREESONLY meansthat rings must not occur; with CYCLICONLY selected,no
isomerswithout rings are generated.NO RESTRICTIONsays that both possibilities
are allowed. In our examplea restriction to treesreducesthe result from 13,190to
5,899isomers.

2 Moreover, you canlimit the sizeof rings. If you leave MIN and MAX to the default
values 3 and 20, respectively, rings of any size between these bounds are possi-
ble. Otherwise, minimum and maximum size of rings are determinedby the values
ertered.

2 The item BOND DEGREEcortrols the maximum allowed bond degree. The value
2, for instance, admits single and double bonds only.

3.3.2 Num ber of structures computed and saved

Sincethe whole set of isomersis generatedby MOLGENand sincethis set may be ex-
tremely numerous, it is also possibleto abort the generationafter a certain number of

structures.
- Generation
Save from: ]0 ‘ to: |100 ‘
Stop at: |2147483647 |

Figure 3.7 Generation number restrictions

2 By default this number is setto the maximum integer represemtable by your com-
puter. A di®erem number can be ertered in the STOP AT eld.

2 The number of structures saved on your disk can also be edited here. The amourt
of disk spaceusedfor a single structure dependsmostly on the molecularformula.
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There are somegeneralrules on using numericalinput elds found in MOLGEN. You can
insert the maximum value possiblein any numerical eld simply by pressingthe PAGE
UP button on your keyboard. The minimum value available is reached by pressingPAGE
DOWN. With the CURSORUP and CURSORDOWN keys, a certain amourt is addedto
the number displayed in the eld. Almost every numerical ertry “eld in MOLGENcan be
manipulated this way, soall valuesare easilychangedin orderto ful I your requiremers.
Of course,you can alsoinsert the correct number directly.
For the buttons H DISTRIBUTION.. and HYBRID... seeSections3.7 and 3.8.

3.4 Using macroatoms

Now the most powerful feature of MOLGENwill be discussed:MOLGENknows three dif-
ferent types of substructues - macroatoms,goodlist and badlist structures.

Figure 3.8 Substructure section

Generating thousands or even millions of structures by only using the restrictions
descrikedin the previouschaptersis of coursestill inappropriate for further considerations.
Usually, chemical analysiscan detect certain substructuresoccurring in the moleculein
question. The structure generator o®ersthe option to take sud a substructure into
consideration, e.g. in the form of a so-calledmacroatom. A macroatom symbolizes a
group of seweral connectedatoms which are treated as a single one by the generator.
This technique, which might be hard to understand at rst glance, will be illustrated
immediately by an example.

Assumethat the desiredmoleculeof our family of isomersshould corntain a carboxyl
group COOH. The generator, however, which works far more generally and which uses
only little chemical information, doesnot know by itself which one of the following two
structures is meart,

—C and C (@] @] H
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For a substructure, the generatoronly usesthe nameunder which the prescribed molecule
part is storedtogether with the information about the atoms contained therein and their

connections.
Se\eral substructuresare saved in the subdirectory BIB. Besides,aswe shall seelater,

there is the possibility to input structural groupsof your own. The existing Te named
COOH consistsof the carboxyl group. Solet usincludeit asdescrikedin the next section.

3.4.1 Including a stored substructure

You have se\eral possibilities to insert into one of the three listboxes a substructure
(normally storedin the BIB subdirectory).

2 If the name of the substructure is known to the user, it can be inserted manually.
Just click on the rst free ertry or the very top of one of the three listboxes. A
popup-menu will occur looking like

or
Figure 3.9 Substructure popups

In the badlist, wheresubstructuresare insertedthat must not occur in the resulting
structure, the options COUNT+1 and COUNT-1are senselesand thereforemissing.

In order to insert a structure now, click on the EDIT... option of the meru and the
following dialog will appear:

Figure 3.10 Substructure insert by name

Now you caninsert the path and Tename of the desiredsubstructure in the NAME
“eld. In the NUMBER numeric entry eld, erter the substructure's occurrence
number. If you enter this dialog from the badlist, the NUMBERoption is unavailable.
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To remove a substructure from this list, click on the DELETEoption in the popup-
meru above.

You can also start the molecule editor MOLED (see Section 3.12) to draw a new
structure. Just click on the MOLED option to start it.

Usually, the substructureshave a MOLGEN({ internal format, but it is alsopossible
to insert structuresin the well known MDL MOLFILE format. They are automati-
cally converted to the MOLGENformat. How this is donewill be descriked later in
this chapter.

All listboxes provide full DRAG & DROP functionality with respect to les. So
you can drop any substructure Te for examplefrom the Te-managerinto one of
theseboxes. The occurrencenumber will be setto one exceptfor a badlist ertry.
Furthermore, entries caneasilybe movedfrom onelist into another, usingthe DRAG
& DROP medanism.

Click onthe STRUCTURE®utton in Figure 3.4 and the following dialog will enable
you to browsethrough the lesystem and to selectthe substructure you warnt.

Figure 3.11 Substructure selectdialog

In addition to that, a small preview window is provided whereyou can take a look
at a substructure before dragging it out of the Te listbox into one of the three
substructure boxes.

Clicking on the EDIT button will open the MOLED application (see Section 3.12)
wherea substructure canbe editedif it is not of the kind youwant. Similar to that is
the NEW button that brings up MOLED without loading a structure. The DELETE
button will erasethe structure selectedin the listbox on the left-hand side, that is
it will physically be removed from the le system. With the PREVIEWchedbox,
the preview window can be displayed or removed.
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MDL MOLFILE structures are not displayed in the preview window since they
may cortain more than one structure. Newertheless,they can be draggedinto the
substructure sectionand are identi ed and split automatically.

Clicking on a moleculepicture in the previewmaode will bring up the following popup
meru:

Figure 3.12 Molecule preview popup

The COPY option provides the possibility to copy the structure displayed in the
window to the Windows clipboard. You can choose between a BITMAP and a
METAFILE represemation. Most Windows applications will acceptthe bitmap for-
mat, but someof them refuseto work with a meta le. Newertheless,the meta le
format givesyou a wider variety of manipulating the structure in a program using
vector graphics,sud as Corel Draw.

The REPRESENATION... allows you to changethe layout of the structure inside
the preview window. That dialog will be discussedater (seeSection3.12.9,Figure
3.42).

MOLED will start the MOLED application as mertioned before. MOLVIEW calls
the MOLVIEW application which enablesyou to computea 3D represetation of the
current structure. MOLVIEW is descriled later (seeSection3.13).

The NAME... option givesyou the possibility to namethe current structure. The
name s stored internally and may di®er from the Tename wherethe structure is
stored. The dialog for entering a nameis:

Figure 3.13Internal moleculename
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If you insert a Te corntaining MDL MOLFILE substructuresinto one of the three
boxes, the following dialog will be displayed:

Figure 3.14 Mol Te corversiondialog

The extensionof the Tename you ernter will not be used. The structures described
inside the MDL MOLFILE Te are automatically saved as e.g. export.1, export.2,
... You can choosean appropriate le using the default systemdialog by pressing
the SEARCH...button. The Tles createdby the program are automatically inserted
into the box instead of the original MDL MOLFILE Te.

For our exampleof computing all isomerswith molecularformula CgH;50,, pleaseinclude
the macroatomCOOH. After a newrun of the generatoryou will getthe messageisomers
constructed: 39. This clari es the e®ectof adding a macroatom. The number of possible
isomersis usually reduceddrastically. The generator constructs the remainder of the
moleculeonly, where of coursefewer possibilities exist than in the completefamily. Let
us have a look at the structures generatedwith the COOH macroatom prescribed:

Figure 3.15 A generatorresult

As you seethe COOH groupis represeted by a singleatom and the molecularformula
is reducedby the atomsusedin COOH. To shaw this moleculewithout the (COOH) atom
but with the whole substructure you have to expandit. The next paragraphwill shov

you how this is done.
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3.5 Expanding macroatoms

If atoms were conmbined to macroatoms,this processhasto be reversedafter generation.
This is the task of the ex@nder module. One\atom" COOH, for example,is blown up
to a substructure consistingof one C, oneH and two O atoms connectedby the correct
bonds. At the sametime, the generatedstructures are tested for idertity, becauseafter
useof certain macroatomsexpansionmay produce the sameisomermore than once. To
usethe expander,pressthe EDIT button in the Expander Sectionof the MOLGENproject
window.

Figure 3.16 Expander section

Make surethat you have usedthe generatorwith macroatoms,sinceotherwisenothing
canbeexpanded.The window appearingnow is very similar to the generatorprescriptions
window (seeFigure 3.5).

Figure 3.17 Expander prescriptions

Now you can add restrictions or substructures as descriked in the generator input
window. If you want to usethe samemacroatomsaswith the generator,click the button
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GET GENERAOR MACRQATOMS. Among the restrictions you also nd the chedkbox
TEST ISOMORPHISMthat activates and deactivates, respectively, the test on identity
of two expandedstructures. If this option is activated, eat structure generatedby the
expanderwill be comparedwith all previousones,sinceit might already exist. The time
required for expansionwill increasewhen using this test, soyou should apply it only to
a relatively small number of isomers. Note that the number of expandedstructures may
be larger than the number of those generatedbefore. It might, howewer, decreaseiy the
isomorphismtest.

After clicking the START button in the expandersection(seeFigure 3.16), expansion
of the macroatomswill start and a window similar to Figure 3.3 will show the progress
of expansion. If you want to run the expandera secondtime, e.g. for adding further
restrictions, you can save time by enabling Use expansiorresult In this casethe ex-
panderprocesseshe structuresresulting from the rst expanderrun only, rather than all
structures resulting from the generatorrun.

If you are not yet satis ed with the result (sincethere are e.g. no isomersleft due to
restrictions being too strong), you may return to the state beforethe run just nished
by selectingUNDO in the information window arising after the expansionprocess.Then
you may repeat the expansionwith a modi ed input. You canabort the expanderat any
time by pressingthe CANCELbutton. All resulting structures saved so far will be kept.

Having prescribed a COOH for our example family, try to expand the constructed
isomersnow. To do this, usethe GET GENERAOR MACROA OMS option in order to
avoid ertering the macroatomoncemore, then start the expander.

If you take a look at the 2D drawings now, the COOH group consistsof four atoms,
as expected.

Figure 3.18 An expanderresult
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The exmnsion may still be a dubiousprocedure to you. But take into account
the enormous saving by using macroatoms, esgecially with large molecules,
since the geneator alwaysruns throughall possibilities. Their numker grows
exmnentially with the numker of atoms and may reach astronomic orders of
magnitude. The contrast between 13,190and 39 in our exampleand the cor-
respnding time saving makethis fact obvious.

One question, howewer, remainsunanswered: Why can the sizeof the moleculefamily
increaseby expansion?Let us take a macroatomwith se\eral free valences,e.g.the one
called dioxin, C1,H40,. Its 4 free valencesare indistinguishableto the generator,a bond
to oneof theseis equivalert to a bond to any other. Thereforefor the dioxins C;1,H;,0,Cl,4
the generatorconstructs exactly one structure. After expandingthe macroatomthe free
valencesare no longer equivalent, and the number of structures therefore increasesrom
1 to 22. This example will be treated in more detail later. Besidesexplicitly using
the expander,you can also expand the macroatomsduring the generationprocess. For
the beginner, acting this way should be easierto understand. Just use the EXPAND
IMMEDIATELY option in the generatorinput window (seeFigure 3.5)

Figure 3.19 Expand immediately

In this cortext you can, of course,enablethe isomorphismtest as descriked before.
Starting the generatornow would immediately lead to the resulting structure in Figure
3.18.

3.6 Using goodlist and badlist

Besidesmacroatomsthere is another possibility to include substructuresin the generating
process.

3.6.1 The goodlist

By the notion gaodlist we mean one or seeral groups of atoms that have to occur in
the generatedmolecules. The di®erenceto macroatomsis that two substructuresin the
goodlist may overlap. Supposeit is known from spectroscopicanalysisthat the molecule
comprisesan alcohol group C-OH and a carbonyl group C=0. If demandedas macro-
atoms, both haveto occurseparately If the samegroupsare goodlist items, the occurrence
of a single carboxyl group COOH ful lls both requests. The goodlist works as a lter,
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which after construction sorts out all moleculesthat do not cortain the desiredgroups.
A multiple occurrenceof a goodlist structure can be requested. If CO is required twice,
all structures that compriseCO only onceor not at all will be rejected. A goodlist en-
try is alsoregardedas occurring multiply if two copiesoverlap in parts. Thus, a result
cortaining -C-O-C- ful' lls the goodlist demandof two C-O groups.

When generting with macr oatoms only the remainder of the molecule is
constructed. Using a goodlist, all isomers correspnding to the molecular
formula are constructal, but only thoseare keptthat contain the desired groups.

If two or more substructuresare entered in the goodlist, MOLGENwill understandthem
to be linked by and, i.e. only those structures will be kept that corntain ead of these
substructures. However, by clicking on logicalor (in the goodlist window) it is possibleto
composea list of substructuresthat are to be understood as linked by or. With sud a
list in the goodlist window, all those structures will be kept that contain at least one of
the substructures.

3.6.2 The badlist

The badlist has exactly the opposite e®ect. Only sudh isomerswill be kept in which the
listed substructuresdo not occur. When Tling the goodlist you add the multiplicit y of
its occurrenceto ead item, whereasin the badlist you simply ban the group itself. You
can usegood- and badlist with the generatoraswell aswith the expander. The function
Is similar, but not exactly the same. Peculiarities about the e®ectmay be looked up in
Chapter 4.

Goodlist or badlist items are entered analogouslyto macroatoms,asdescritedin Sub-
section 3.4.1. New groups can be created using the editor MOLED. For our example
CgH160,, include the isopropyl from MOLED n the badlist. After nishing the construc-
tion the generatornoti es that now there are only 11,231lisomers,11,204without COOH
and 27 isomerswith COOH. Finally create n-hexanewith two free valencesat its ends
and insert it in the goodlist with multiplicit y 1.

After running generatorand expanderagain we have reated our goal: By using more
and more information we have reducedthe family of isomerssothat in the endthereis a
single structure left. Hereit is:

H H H H H H H o)
S O O O S
.
H—C—Cc—C—C—C—C—C—C
e
@
H H H H H H H OH

Figure 3.20Final structure
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The CLOSEDSUBSTRUCTURES®hedbox only a®ectsthe use of good- and badlist.
If it is enabled,freevalenceghat are bondedto di®eren atomsin a substructure are not
allowed to becomeconnectedto ead other during the generation. Sorings or multiple
bonds within a substructue will not be created. If it is disabled,theserestrictions do not
apply, sothat the number of generatedstructuresincreases.Note that substructuresused
as macroatomsare always closedaccordingto this de nition.

As an example,have a look at the following substructure:

If you useit asa macroatom, free valencescannot be connectedto ead other inside this
structure. Sothe macroatomis not expandedinto a

@ di

C——

i @

group. If you useit asa goodlist item, structures containing

%C—di

i! @

and C=2~0C

groupswill be createdunlessyou switch on ClosedSubstructures

3.7 Using hydrogen distributions

By pressingthe H DISTRIBUTION... button in the window in Figure 3.5, it is possibleto
erter known H distributions of C, N and O atoms.
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Figure 3.21 Hydrogendistribution dialog

Hydrogendistributions area commonresult from spectroscopicanalysis. MOLGENallows

to take full advantage of this additional information. Entering the hydrogendistribution
in this dialog will strongly decreasehe amourt of structures generated.

The default value -1 meansthat any distribution is allowed. If you ernter a MINIMUM,
the MAXIMUM will be updated accordingly and vice versa. This simpli es the input of
exact values. Intervals are also allowed. The RESETbutton will resetthe ertries in all
“elds to the default value -1.

If you know, for example, that the isomersyou are looking for have the formula
CgH160, and havefour primary (4 CHs), two tertiary (2 CH) and two quarternary carbons
(2 C), the total number of solutions correspnding to this data is just 96| instead of
13,192from the molecularformula alone.

Please note:

When using one or seveal macroatoms and simultaneously hydrogendistribu-
tion restrictions, be aware that the prescrited H distributions a®et the atoms
outside the macroatoms only.

For atoms within a macroatom, MOLGENIn its presern versionis unable to take H dis-
tributions into accourt. In this caseit is recommendedto proceedas follows: Sincea
given H distribution decreaseshe number of possiblesolutions drastically, you can put
your substructureinto the goodlist. This way you take advantage of both the information
about hydrogensand about substructures.

3.8 Using hybridizations

Pressingthe HYBRID... button in the window in Figure 3.5, it is possibleto enter known
hybridizations of C, N and O atoms:
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Hybridizations can often be found by examining spectroscopicdata. Depending on
the molecularformula, hybridizations can be entered for any C,O or N{atom. The small
picture onthe left sideof the dialog shovsa possiblehybridization state for anatom. Using
the scrollbar besideit, you browsethrough all hybridization statesavailable with respect
to the given molecularformula. Below, you can erter a minimum and maximum number
of how often this hybridization occursin the moleculeto be elucidated. Additionally, an
optional number of hydrogensconnectedto this kind of atom can be prescribed in the H:
“eld. Having entered a number there, you can add the ertries to the listbox on the right
side of the dialog just by pressingthe ADD button. Removal of an ertry is easily done
by marking it in the listbox and pressingDELETE One ertry only can be selectedfor
deletion.

When using hybridization in combination with macroatoms,a note of caution is ap-
propriate similar to the above on combination of hydrogendistribution and macroatoms:
Hybridization information is usel for non-macroatoms only.

The default value -1 in the H: eld stands for an unknown number of hydrogens
connectedto the atom.

This dialog can only be called after a molecularformula was ertered.

3.9 Displaying the result

After a successfufjeneration,the saved isomerscan be displayed by pressingthe RESUI
button in the MOLGENproject window (seeFigure 3.2). A 2D placemen of the structures
is computed now, and se\eral structures are displayed in the Result window.

Figure 3.22 2D Result window

Sincein most casesthere are more than 6 structures, you can scroll through them
using the scrollbar at the right.
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Now you should regard every single structure asone object of the solution. You have
marny opportunities to manipulate these objects. Clicking on one of the structures, a
popup-menu will occur, similar to the onein Figure 3.12.

Figure 3.23 Moleculeresult popup

The COPY option shouldbe well known from Subsection3.4.1and the NAME... option
will openthe samedialog asdescriked there (seeFigure 3.13). Every singlestructure can
be namednow.

Clicking on MOLEDwill extract the structure out of the set of solutionsinto a tem-
porary le. Now, you can manipulate and save this structure using MOLED (seesection
3.12). You might think about taking a certain part of a solution asa new substructureto

decreas¢he number of computedisomers. MOLVIEW, asmertioned before,will compute
a 3D represetation of this single structure.

The REPRESENATION... option opensthe following dialog:

Figure 3.24 Moleculerepresemation dialog

As you see,someoptions for drawing the isomercan be changedto make the structure
look the way you like it. This dialog is also o®eredwhen clicking on the substructure
in the preview window Figure 3.11. Note that changing the style here will changethe
represemation of a single moleculeonly and not that of all structures. This can alsobe
doneand is descrited later.

The SELECToption in the popup meru will changethe badkground color of the single
molecule. Its number is registerednow and you can useit to selecta few structures for
printing or exporting into MDL MOLFILE format.
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These were actions to be taken on a single structure. Apart from this, it is also
possibleto manipulate the whole set of solutions. To do this, click on 2D Generato
which is available in the MOLGENproject window wheneer the 2D result window is
active (seeFigure 3.25).

Figure 3.25Result window meru options

Selecting OPTIONS/GRID... from the meru enablesyou to changethe number of
structures that are displayed in the result window.

Figure 3.26 Grid window

The size suitable for you dependson the resolution of your screen. High numbersin
rows and columnsmay slow down the screenbuild up.

The OPTIONS/REPRESENATION... dialog is known from before, but this time it
a®ectsthe whole set of structures displayed.

Chedking the OPTIONS/MIX ertry mixesall structures, to give you an overview over
the di®eren types of structures generated. This may be useful since the generation
algorithm producessimilar structures closeto ead other (from the mathematical point
of view). Choosingthis option again reversesthe mixing.

The dialog opened with the GO TO... option lets you jump directly to a desired
structure without scrolling through the window.

Figure 3.27 Selecta particular structure
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3.9.1 Export to MDL MOLFILE

The EXPORTTO MOLFILEFORMAT ... ertry of Figure 3.25o0®ersyou the possibility to
export selectedstructures from the solution generatedoy MOLGENInto a le having the
MDL MOLFILE format.

Figure 3.28 Export to Mol le

In the FILENAMESsectionyou can erter the name of the Te to which structures the
are saved. If you do not nd a nameyou can selectone by using the SEARCH...button,
which will open a standard systemSAVE AS... dialog to selectthe appropriate Tename.

You can alsoeasilyselectthe structuresto be savedinsidethe SELECTSTRUCTURES
section. Behind the ALL radio-button, the total number of structures saved on the disk is
displayed. Remenber that all of theseare stored, if this option is chosen.The CURRENT
PAGE option savesonly the structures currently displayed in your result window. Their
number dependson the grid you have chosen. If you have selectedsingle structures in
the result window, their number will be displayed in the edit eld behind the SELECTED
option. As descrikedin the window, you can either enter the numbersof singlestructures,
separatedby a semicolon,or a certain interval where the lower and upper limit have to
be separatedby a\ - " character.

In the Options Sectionit is possibleto prevent the computation of the 2D coordinates
by disabling INCLUDE 2-D COORDINAES IN FILE This will save sometime during
the storing processand it is useful if you do not needthe placemen for further data
manipulation.

3.9.2 Print structures

The PRINT... meru enry of Figure 3.25 opens a dialog similar to the one described
before.
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Figure 3.29 Printing structures

The Printer sectionshows the nameof the current default printer. In orderto change
it, usethe PRINTER... button that leadsyou to a system{speci ¢ dialog for selectinga
default printer. The OPTIONS... button is usedfor changing printer-dependert options
sud asthe resolution.

The SELECTSTRUCTURESsectionis usedfor selectingexactly the structures you
want to print. The ALL/ICURRENTPAGE/SELECTEDoptions have the samefunction as
describted in Subsection3.9.1. In addition, it is possibleto enter a new GRIDfor printing.
By default, the grid shavn on the screenis used, but often printers provide a higher
resolution than displays, you can changethe grid here. RONS and COLUMNSare used
with respect to the smaller and larger side of the paper, soif you enter more columns
than rows, their valuesare exchangedautomatically unlessthe landscape mode is active.

3.9.3 Eliminate aromatic duplicates

The DELETEAROMATIC DOUBLETTESoption provides another tool for restricting the
number of candidates. To understand its function, you have to understand how MOL-
GENCconstructsall possibleisomersaccordingto your input. It usesthe connectioninfor-
mation betweenatoms, and a bond degreecan only be 0,1,2,3,.... So MOLGENcannot
distinguish betweenaromatic and \normal" bonds. So MOLGENconstructstwo or more
solutionswherethe chemist perceivesonly one. To solwe this problem, we can screenthe
solution set and eliminate identical (with respect to aromaticity) structures. Choosing
this option will make a simple window appear shoving you the progressof this proce-
dure. You can cancelthe processat any time by pressingthe CANCEL button. After
the elimination, a status window will appear shoving how many aromatic duplicateswere
deleted.
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3.10 Working with MOLGENro jects

3.10.1 Using pro jects

MOLGENprojects may be saved. To do this, chooseFILE/SAVE from the main meru of
MOLGEN.

Figure 3.30 MOLGENmMain meru options

On saving, the generatorand the expanderinput only are saved. The result is not
saved sinceit is quickly reproducedbut would needa lot of disk space.

You can LOAD a saved project at any time by choosing the OPEN... option. NEW
will discard all input done so far and start with a blank input. SA/E AS... will save a
project by another Tename. By default, every MOLGENproject saved getsthe extension
.mpr. You may changethis default setting by ertering another extensionin the lesystem
dialog.

EXIT will, of course,leave MOLGEN.

Choosing HELP/ABOUT opens the following information window about MOLGEN.
You canread your licensenumber hereand nd cortact information.

Figure 3.31Information about MOLGEN
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3.10.2 Default settings

Choosingthe OPTIONS/ SETTINGS...meru ertry of Figure 3.30will openthe following
window.

Figure 3.32 MOLGENdefault settings

The DEFAULT PROJECT eld o®ersan easyway to useyour own default project
ewvery time you start MOLGENor create a new project. Just 1l in all desiredoptions
in the generatorand expanderinput window and even the molecular formula and save
these settings under any project name you want. If you do not want to save a certain
molecular formula, pleaseignore the messagehat the molecular formula is incomplete.
The remainderof the input will be saved correctly.

Of course,this is an easyway to provide e.g.a permanenthbadlist, corntaining substruc-
tures that do not make sense.Enter all thesestructures in the badlist of the generator
and save the project as descrited before.Thenenter the Tename in this edit eld and
you will automatically get all the structures as a part of the badlist wheneer you start
MOLGEN.

The DEFAULT SUBSTRUCTUREPATH is the default path the substructures are
seardied at. You can alsoerter a path accessiblevia network here.

SAVE MAIN WINDOW POSITIONSenabledwill save the position of the windows on
your screen.Soyou do not always haveto move them to the desiredposition. Additionally,
the grid usedfor displaying results will alsobe saved.

SHOW INFO AFTER GENERAION is provided for those who do not want the INFO
window to pop up automatically after a successfubenerationor expansion. Howeer, it
Is always shavn whenan error occurred or whenyou abort the generationby pressingthe
CANCELbutton.
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If you enablethe ALWAYS FILTER AROMATIC STRUCTURESchedkbox, after eah
generator or expanderrun, structures are Itered by a special algorithm to eliminate
aromatic duplicates. For further information seeSubsection3.9.3.

3.11 Error handling

Wrong input or other mistakesin usagewill produce errorsthat the program reports to
you. Cortinuing without repairing the error is often impossible. ThereforeMOLGENerror
messagefclude hints how the error can be corrected (for details seeAppendix).

3.11.1 Receiving error messages

2 If an error occursor you interrupt the generation(expansion)by pressingthe CAN-
CEL button, you will receiw the info window. There, you can nd a detailed de-
scription of the error(s).

2 If anerrorisignorable you may cortinue pressingthe CONTINUEbutton; the result,
howewer, may be incomplete. The Continue button is only shaowvn if the errorsmade
are ignorable.

2 Accept the info window by pressingOK or pressUNDOto get bad to the previous
input before starting the generatoror expander. All input done before the latest
generationwill be cleared.

If you enter, for instance,a molecularformula that lacks someatoms or includesa wrong
frequency e.g.CgH;50,, the messagewill be:

No isomersdo exist with that molecular formula.

3.11.2 Displaying the current error messages

You can always recall the current error messagegroduced by the generatoror the ex-
panderby pressingthe INFO button in either the generatoror the expandersectionof the
MOLGENproject window (seeFigure 3.2 and Figure 3.16).

3.12 The structure editor MOLED

Probably not ewery substructure you needis included in the MOLGENpadage. So you
may create new substructures basedon available ones,basedon a generator result, or
from scratch. This is donewith the aid of MOLED.
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3.12.1 How to start MOLED

MOLED can, of course,be started like MOLGEN, by clicking on the MOLED icon on your
desktop. Every single substructure is saved in one le. Soyou canload and edit existing
substructures easily Apart from this, seweral entry points exist inside MOLGENfrom
whereyou canstart MOLED. Thesepoints weredescribedin previoussections,seeFigures
3.9,3.12,3.23.

Having started MOLED, you obtain the following window. If you ran in from MOL-
GEN, a structure may already be loaded.

Figure 3.33MOLED main window
The MOLED project window o®ersmany possibilitiesto edit a structure.

3.12.2 Choosing an atom type

To choosean atom you want to draw, usethe CURRENTATOM sectionon the left side
of the window.

Figure 3.34 Current atom
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There are se\eral typesof atoms presetin MOLED and by default, carbon is used. To
choosean atom, click on the button on the right of the edit eld. A listbox will occur
and you can easily choosean atom type. If the required atom type is not included in
the list, you can insert it by using the current atom eld. Just write the atom symbol
and its valenceinstead of those listed as current. Now you can use this atom and it is
automatically addedto the list of atoms.

3.12.3 Drawing a structure

To edit a structure, keepin mind the following useof the mouse. The left mousebutton
addsan atom to the structure. Now a rubber band follows the cursor and whenyou click
the left button again somewhereslseon the input window, a secondatom of the current
type is drawn, connectedto the rst one. At any time during the drawing, the current
atom type can be changed.

You canmake the rubber band disappear by clicking onits origin with the left button.
Setting another atom now will not connectthe previousto the new one. Moving around
with the mousewill showv you three special typesof cursors.

2 The rst oneis shovn when the cursor is above an atom. In this mode, you can
perform se\eral actionson that particular atom.

2 Clicking the left mouse button will start a new rubber band from this atom or
connectit with the last oneyou clicked on.

2 Pressingthe left button, holding it down and moving around will move the atom
upon releaseof the button. While moving, the cursor will changeinto a second

special type.

2 The last possibleaction at that point is pressingthe right mousebutton above an
atom. This will remove the atom including all \H" and \FV" atoms connectedto
it.

2 The third specialtype of cursorwill be displayed above a bond betweentwo atoms.
If you click the left mousebutton, the bond degreewill increase.Clicking on a single
bond for examplewill make it a double bond, and soon. Of course,the maximum
bond degreebetweentwo atoms dependson the valencesof theseatoms. Clicking
the right button will decreasdhe bond degree.
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3.12.4 Arranging and completing structures

The buttons in the PLACEMENT Section of the MOLEDwindow o®eran easyway to
completeyour moleculeor to draw it with an automatic placemer.

Figure 3.35 Structure placemert

Pressingthe +H button will add H atomsto all atomswherevalencesare not bonded.
Pressingthe +FV button will add free valenceswvhere\er possible. The ARRANGBoutton
will redraw the completestructure using an automatic placemen algorithm.

3.12.5 Changing the display size

Figure 3.36 Structure size

You can enlargeyour structure by pressingthe UP button and reduceit by pressing
the DOWN button.

3.12.6 Naming the structure

Figure 3.37 Structure internal name

Entering a name in the MOLECULENAME section gives the structure an internal
name saved with the structure. This is not the name of the Te in which the structure is
saved.
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3.12.7 Copying the structure to the clipb oard

Choosingthe EDIT / COPY option on the main meru o®ersyou two possibilitiesto copy
the structure to the clipboard.

Figure 3.38 MOLED edit meru ertries

Choosing the AS METAFILE option provides more opportunities to manipulate the
picture in a vector graphicsprogram sud as CorelDraw.

SincesomeWindows applications do not understandthis format, it is alsopossibleto
copy the structure AS BITMAP to useit for documertation purposes.

3.12.8 Display options

Usingthe OPTIONSmeru ertry providesse\eral options helpingyou to edit the structure.

Figure 3.39 MOLED options meru ertries

Using grids

GRIDand SNAPTO GRIDare chedkable meru ertries. Choosingthe GRIDoption will add
agrid to the edit window allowing to draw moleculesnicer". Atomsarenot automatically
seton grid points. To do this, enablethe SNAPTO GRIDfeature. The GRIDoption need
not be enabledin order to usethe snapto the grid feature.

Changing MOLED preferences

Clicking on the PREFERENCES®riry opensthe following dialog:

Figure 3.40 MOLED preferences
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Changing the valuesin the GRID elds changesthe amourt of dots displayed in the
current edit window if you enabledthe GRIDor SNAPTO GRIDoptions.

The MISCELLANEOUSection allows to changethe way the atoms are displayed in
the window. If you do not like the balls represeting ead atom, you can disable them
with the DRAN BALLS chedbox.

3.12.9 Prin ting a structure

To print a structure, selectthe FILE/ PRINT... option from the main meru. The following
dialog will appear:

Figure 3.41 MOLED print dialog

The PRINTERsectionshows the name of the current systemprinter. The printer can
be changedby using the PRINTER... button. Printer-dependen options can be erntered
using the OPTIONS... dialog.

The PREVIEWwindow insidethe dialog showsthe structure the way it will be printed.
To changeits look, click inside the window and the following popup menu will appear.

Figure 3.42 Printing options

The REPRESENATION... entry opensa dialog known from MOLGEN(see Figure
3.12). It canbe usedto changese\eral options for displaying and printing the structure.

Using the NAME... ertry opensanother dialog where you can enter a new name for
the structure. This nameis not saved with the structure (compare Figure 3.43). It is
only usedfor the printed structure.
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Figure 3.43 Structure namefor printing

3.12.10 How to drag and drop a structure

The MOLED main window hasan extra window that providesDrag and Drop possibilities
for ewvery structure.

Figure 3.44Drag & Drop window

Dragging a structure from MOLEDto MOLGEN, for example into the Goodlist, is
possibleafter saving the structure. If you click on the DRAG/DROP window and try to
move the cursor away while holding the button down, a dialog will be displayed giving
you the opportunity to save the structure now. In addition, the current structure must
be connectedand all valencesmust be used, either for bonds or as explicit free valences
(FV).

If all theseconditions are met, the structure can be draggedout of the DRAG/DROP
window. Sincenormal Tenames are used,you can alsodrop a le you have chosenfrom
the Te managerover this window. If the Te is a valid MOLED substructure, it is inserted
asif loadedusing the EDIT/OPEN dialog.

If you are currently editing another structure, you will be asked whetherto save it or
not beforeusing the dropped structure.

3.13 3D placement and stereoisomerism using MOL-
VIEW

MOLVIEW s able to calculate and display a 3D represemation of a structure. For the
spatial placemen a potertial energyis computed from the bond lengths, bond angles,
torsion anglesand non-bondeddistances,andit is minimized numerically. But pleasenote
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that the computation of 3D-coordinatesis time-consuming. The time required increases
exponertially with the number of atoms.

3.13.1 How to start MOLVIEW

MOLVIEW can of coursebe started as MOLGEN, by clicking on the MOLVIEW icon on
your desktop. You canthen load, optimize and display existing 3D structures. Apart from
this, seweralentry points existinside MOLGENfrom whereyou canstart MOLVIEW . These
points are mernioned in the previoussectionswhen describingFigures 3.12and 3.23.

After calling MOLVIEW, the following window will appear. If you started it from
MOLGEN, the current structure might be optimized beforeyou can accessand modify it,
but the current shape of the moleculeis permanerily displayed during the optimization
process:

Figure 3.45 MOLVIEW main window

3.13.2 Using MOLVIEW

The MOLVIEW window (seeFigure 3.45) is separatedinto two major areas. The largest
spaceis resened for the 3D window for displaying a structure. On the left hand side,
there are se\eral buttons for rotating and moving the structure. At the top of the window
there is the meru bar for changingdisplay parametersand for calling further functions.

3.13.3 Rotating and moving a molecule
The following featuresare available:

2 On the left-hand side there is a eld named ROTATE. With its six buttons the
structure can be rotated about the axesX,Y,Z.
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Figure 3.46 Rotation buttons

2 Moving the moleculealongthe axesis alsopossible. This is doneby the six buttons
in the MOVE eld. The buttons ZOOM and SHRINKperform a motion along the
z-axis, thus acting like an enlargemeh and a reduction, respectively.

Figure 3.47 Move and sizebuttons

To ensurea smaooth display in rotation and motions appraximately 10to 15 pictures
per secondmust be computedand drawn.

3.13.4 Changing the drawing mode

Figure 3.48 MOLVIEW main meru graphicsenry

If you selectthe meru item GRAPHICSand click at OPTIONS... the following dialog
window popsup for changingthe display mode settings.
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Figure 3.49 Molecule graphicsoptions

The REPRESENATION sectionallows to switch display featureson and o®:

2 The ATOM NAMEShbutton switcheson and o®the display of elemen symbols.
2 The HYDROGENSoutton turns on and o®the display of hydrogenatoms.

2 The BALLSbutton decideswhether or not atoms are drawn as balls.

Thesefeaturesare enabledimmediately, not just after closingthe box.

In the PROJECTIONsectionthe display in PARALLELPROJECTIONand in CENTRAL
PROJECTIONcan be interchanged. In certral projection distancesare decreasedor high
z-coordinates, soasto simulate a perspective view.

Finally there is the option to changethe SPEEDof rotating and moving. The spin
buttons and keyboard input in the numerical eld (seeSubsection3.3.2) alter the speed
in the range from 1 (minimum) to 500 (maximum). This value may be decreasedif
the operating systemdoesnot support the refreshcyclesof MOLVIEW . Another way to
manipulate the speedof the display is to changethe ROTATION ANGLE The displayed
value standsfor the degreeof the anglethat is usedfor rotations. This means,with the
rotation anglesetto 5 and a click on the X button, the moleculewill be rotated by an
angle of 5* about the x-axis. Setting the angleto 180C allows to switch betweenthe front
and the rear view by a single mouseclick.

Leaving the window by OK keepsall the changes;selectingCANCELwill discardthem.
All selectionsare saved for later sessions.

3.13.5 Adjusting colors

The entry COLORIn the GRAPHICSmenu (seeFigure 3.48) is chedkable. Disabling it
makesall lines and balls appear in the same(default) color.

The badground color aswell asvarious colorsfor represeting the elemerts aslinesor
balls may be adjusted. A correspnding dialog window can be obtained by the COLORS...
item.
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Figure 3.50 Color option dialog

The listbox on the left side cortains all elemens known to the program. If you select
one, its display color will be shown in the adjacent window. To modify the color press
the EDIT... button or double-clik on the elemen in the listbox. For modi cation of the
badkground color click EDIT... in the correspnding section.

Now the following Windows standard dialog appears. Pleaserefer to the Windows
manual for its usage.

Figure 3.51 Standard color dialog

Your input will be saved on OK for later MOLVIEW sessions.

3.13.6 Copy as bitmap

This meru item allows the current drawing in the display window to be copiedto the
clipboard for printing and documenation, just asin the MOLGENpreview popup (see
Subsection3.4.1).
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3.13.7 File operations

The basic le operations are accessiblevia the FILE meru:

Opening an existing le

Choosingone of the OPENitems the Windows standard open dialog appearsfor selecting
a le name. After con rming with OK the desired e will be loadedand displayed. Only
‘Tes in the MOLGENDbinary format (MBF) canbe read. Two alternativesare o®ered:

2 OPENFOR DISPLAY ... The coordinates are taken from the Te. The optimizer is
only invoked if the Te doesnot cortain 3D coordinates.

2 OPENFOROPTIMIZATION... Herethe le is read, but the coordinatesare ignored;
the optimizer is started anyway. This method takes much more time, soit is only
recommendedf a new conformation calculation is desired.

Saving the current structure

You may store the current structure by SAVE AS... A Te nameis selectedin the usual
Windows dialog window. Rotations performedsinceloading are alsotaken into accoun.
As of stereoisomersthe current isomeris saved.

There are seeral Te formats that can be usedfor saving:

2 The MOLGENDbinary format (MBF) : This is the default format which is also the
only onethat can be read.

2 The Brookhavenprotein datalase(PDB) format: This ASCII-format canbe handled
by a number of chemistry software programs. SinceMOLVIEW coversno information
about proteins, all atoms are saved as heteroatoms.

2 The MDL MolFile format: In cortrast to the generator (seesection 4.9.1) MOL-
VIEW writes only one single structure to the le, corntaining the coordinates of all
non-hydrogenatoms.

2 The MolPic MP3-format: This is an easyASCII format that is usedby the edu-
cational software MolPic which is able to display 3D structures in a larger variety
than possiblein MOLVIEW . Moreover this format is soeasyto readthat it provides
a good starting point if you want to convert the output to your own inhouseformat.

Exceptin the caseof the MBF format all export Tters pop up a dialog askingfor scaling
of coordinates.
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Figure 3.52 Scalingdialog

Coordinateswill be enlargedor reducedby the givenperceriagebeforethey arewritten
to a Te. This simpli es the display of small structuresin programsthat are designedto
handle very large ones sudh as RASMOL. This option does not a®ectthe display in
MOLVIEW.

Reoptimizing the current placement

The placemen computed by the optimizer might not ful Il your expectations. The item
OPTIMIZE allows to update the CURRENTCOORDINAES by another call of the energy
calculation. Either to re-usethe current coordinates which will just re ne the current
conformation, or select RANDOM COORDINAES to compute a new conformer from
scratd.

MOLVIEW shaws the complete structure in its current coordinates during the ertire
optimization process. So the progressis visualized, and you may decide whether the
current spatial arrangemen ful lls your needsand stop the process.

Loading and tting a second structure

For comparisonand evaluation a secondstructure can be added. Note that this second
‘Te must already cortain coordinates.

After calling ADD SECOND...from the FILE meru and selectinga Iename from the
correspnding dialog the secondstructure will be displayed together with the rst. For
converting the Te-internal coordinatesthe scalingof the rst oneis taken.

Now somemenu items are no longer accessible.Menu operations sut as stereoiso-
mer calculations etc. now only refer to the rst molecule,while the other one remains
unchanged. Rotations and translations, howewer, act on both, asdo the graphicssettings
(seeSubsection3.13.4).

For a better comparisonof the two moleculesthey are displayed in uniform colors,
greenand red. To abandonthe secondstructure, click on REMOVE SECONDiIn the FILE
meru.

The meru item FILE - FIT SECONDwhich is now enabled starts an algorithm for
‘tting the secondstructure to the rst one. Each atom is comparedto its courterpart
and Euclidean distancesbetween correspnding atoms are minimized. The root mean
squareof the deviationsis displayed.
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Note that this function is still weakin that the structuresare comparedonly according
to their initial numbering, i.e. atom 1 with atom 1, atom 2 with atom 2 etc., and distinct
conformational properties are neglected.For two conformersin particular the di®erences
of the conformationsare well visualized by this operation.

Drag & Drop function

MOLVIEW provides Drag & Drop functionality. You may drag a structure in MBF e
format out of MOLED or the Te managerand drop it in the MOLVIEW display window.
An optimization will only be invoked if necessary

3.13.8 Geometric information

The displayed moleculeis stored internally in 3D coordinates. So distances,anglesetc.
are easily computed. A userinterfaceis provided by the meru item GRAPHICS GRAB
MEASURESThe submen determinesthe measureype: DISTANCE ANGLEor TORSION
ANGLE After selectingone of these,click on an atom, it will be marked by a circle.

Figure 3.53 Selectedatoms

For a distance select2 atoms, for an angle 3 and for a torsion angle 4 atoms are re-
quired. After marking the last one,an info window with the result appearsautomatically.

Figure 3.54 Geometricalinfo

Distancesare givenin A (10' 1° m), anglesand torsion anglesin degrees.
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3.13.9 The stereoisomer generator

Apart from molecular formula and connectivity there are further ways to distinguish

moleculesdepending on the spatial locations of their atoms. The decisiwe notion is that

of con guration which re°ectsthe spatial arrangemen of atoms. Moleculesinterconverted

by intramolecular rotations will not be distinguished. MOLVIEW s able to calculatefor a
given structure all con gurational isomers and their spatial realizations. (The notion of

stereoisomerisnis not usedunambiguously in the literature. In the following stereoiso-
merism always meanscon gurational isomerism.)

Supp orted e®ects
Basically the following e®ectsare taken into accourt:

2 Stereocenters of four-coordination: If a tetrahedral moleculecorntains a tetravalert
atom with four di®eren ligands, two non-superimposablespatial arrangemetits are
possiblewhich are mirror imagesof eat other and are called enantiomers An
object nonidertical to its mirror imageis called chiral.

If there are more than one sud so-called\chiral certers” presen in the molecule,
chiral and/or adiral stereoisomeranay result depending on the symmetry of the
molecule.

2 pi-Diasterenisomerisnt A structure with onedouble bond carrying di®eren ligands
on both endsexists astwo diastereomerdorms (not mirror images).
If there are more than one sud double bondspresen (isolated or conjugated), ead

of them independerly givesrise to this type of isomerism.

2 Exo-methyleneand spiro compounds. Chiral exo-metlylenecycloallenesand chiral
spiro compoundsare alsorecognized.

Construction of stereoisomers
Pleasenote:

Con gurational isomersare geneated exclusively. Stereoisomersthat di®er by
rotations around single bonds, so-alled conformational isomers(conformers),
are not takeninto considemtion. Information alout the 3D coordinates of the
molecule is not usal in stereoisomer geneation.

Howevwer, for displaying stereoisomer8D realizationsare constructedgeometrically These
are basedon referencecoordinates computed by the optimizer. An exampleis given by
the following four stereocisomerf 1,2,3,4-tetramettylcyclobutane.
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Figure 3.551,2,3,4-Tetramethylcyclobutane

There are limits of the geometricalconstruction as well:

If a molecule contains stereocentersbelongingto more than onering, whee the
rings havetwo or more atomsin common, or if it contains a stereo-relevant
doublebondin aring, no exactconstruction will be possible.In thesecasesap-
proximate plaementsare computel showingthe con gurations, but including
some\str ange" bond distanas or angles.

Sud a construction for cyclohexenes depictedin the next Figure:

Figure 3.56 Cyclohexene

The usageis very simple.

Generating all stereoisomers

2 Call MOLVIEW with the placemen of a structure in whosestereocisomersyou are
interested.

2 Selectthe meru items STEREOISOMERISMnd CALCULAE ISOMERS
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A messagsas givenif the structure can occur in one stereoisomeridorm only. Otherwise
the number of generatedisomersis given. If no exactconstructionis possible(seeabove),
a warning will be displayed. On the left side of the screena new eld STEREOISOMERS
is displayed. The number shownn there is the number of the isomer currertly displayed.
You may switch to the previousand to the following isomerusing the spinbuttons aside
of the eld.

The display of stereocisomersan also be varied.

Changing the display of stereoisomers

In the STEREOISOMERISIVheru there are two ways of changing the display:

2 After the generation, stereacerters are marked by red balls. This feature may be
switched o®and on by HIGHLIGHTCENTERS

2 Besidesthe geometricaldisplay alsothe output in terms of R/S{nomenclature af-
ter Cahn/Ingold/Prelog and | for double bonds| in cis/trans-classi cation is
available. It may be activated by R/S-DESCRIPTORS

If anisomerhasnot beenconstructedcorrectly, you may re-apply the energyoptimization.
In general,the generatedcon guration is kept, only the distortions are xed.

After reoptimizing via FILE - OPTIMIZE you will get the MOLVIEW window again for
the optimized stereoisomer.Pleasenote that the new coordinatesare the referencefor all
constructions;a previously undistorted isomermight be distorted now.

The constructedor optimized placemen of the current isomermay be saved by FILE
- SAVJEAS....

The introduction to MOLGENis nished now. In further chaptersyou will nd more
detailed information about special casesand the badkground of the methods usedin this
program.

56



Chapter 4

Strategies and peculiarities

4.1 The substructure concept

After getting accustomedo usingthe functions of MOLGENwe now warnt to have a closer
look at the methods of the program. Somebasicstrategieswill be presened that are useful
for working with MOLGEN. This chapter is intended to enableyou to usethe program
exciently. The main aim is to make you familiar with the interplay of structure generator
and structure expander,the correspnding options and special features, as well as some
tricks. We will illustrate the explanationsby exampleswherewe shall only mertion input

data and results. Necessarystepsin betweenmay be looked up in Chapter 3.

4.1.1 Why not expand immediately?

Perhapsyou wonderedwhy we separatedgenerator and expanderin the structure cal-
culation with macroatomsin MOLGEN. It would have beenpossibleto run both steps
simultaneously by default (which is optionally possible,as we sawv). The following idea,
howewer, pleadsfor the conceptimplemerted here: Due to mathematical and program
technical reasonsexpansionof macroatomsis the most time and memory consumingpart
in the computation of isomers. Thereforewe have included the possibility to decreasdhe
number of candidatesbefore expansion.

In particular, during expansionall isomersare kept in the computer's main memory
becausea test on idertity hasto be performed{ this establishesa natural limit anyway.

If the generatorproducesconnectivity isomersusing macroatoms,the result is a set
of candidatesof reducedmolecularformula consistingof the macroatomsrepresemted by
single nodesof the moleculargraph and the remaining atoms. Quite often already at this
stagecandidatescan be canceled,for example,if the remaining moleculepart comprises
substructures or ring sizesto be excluded. This strategy is especially feasible since a
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macroatomas a whole neednot be bondedto other atoms (or macroatoms)in a strictly
determined manner. Howewer, the candidateswill have a di®eren structure after the
expansionof macroatoms. More details are found in Subsection4.1.3. We illustrate this
by giving three examples:

Example 1

Considerthe molecularformula C;HgO, togetherwith the well-known macroatomCOOH
that hasa simple structure and only one free valence. So the appearanceof the reduced
candidatescomesquite closeto the desiredstructures.

2 Geneiate with the useof COOH, the output should consistof 685 structures. (For
the sale of completenessve mertion that there is a total of 122,391isomers.)

This time we are interestedin results without rings of size3 or 4 only. Since COOH is
univalert, it cannot occur within a ring. Additionally, we know that the ring of maximal
sizecan be formed by the remaining six carbon atomsonly. Consequetly, we restrict the
ring sizeto 5to 6.

2 Enter ring sizes5 to 6 at CycleSizes - The generationwill then provide only 96
resulting structures.

Taking a look at thesesolutionsthe large number of triple bondsis suspicious,which we
now alsowant to exclude. Here we usethe fact that COOH is singly connectedto the
rest of the molecule.

2 Enter at Bond degreethe maximal bond degree2. Another run of the generator
yields 38 solutions.

If, for example,a macroatom bearsthree free valences,it is not as easyto make use of
a restriction of that kind for the generator,becausea triple bond may \disappear" after
expanding. For veri cation we shav you the numbers1, 12 and 33 out of the 38 solutions.
If everything is correct, the following structures should appear in your ResultWindow at
the given numbers:

Figure 4.1 Three isomersfrom Example 1
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After expandingCOOH there are, of course,still 38 structures.

To obtain the sameresult in this example,you could have expandedCOOH in the 685
initial solutions immediately and ertered the described restrictions in the input menu of
the exm@nder | try this for veri cation! In the latter casethe additional restrictions are
only consideredin the expandedmolecules. The di®erencein computation time hereis
certainly small, sud restrictions may, however, be remarkably excient if largemacroatoms
are used.

This is a simple standard casethat you often might comeacross.For univalert macro-
atomsthis procedureis excellen. The next two problemsare somewhatmorecomplicated.

Example 2

We study the formula CgH;;NO and choosethe macroatoms

GE%—L % ii
%N i il %
A H B

We will indicate them in short as A and B.
2 Create geneator resultsusing the given macroatoms there should be 51 solutions.

Among the structures we will allow only thosethat do not bear a vinyl group at the 5-
memberedring, i.e. the following substructure shall not occur amongthe nal structures:

¢ A .'%‘H
A i

___ @
@i A
H

SinceA standsfor the 5-menberedring and B for a vinyl group, in the generatorresults
the occurrenceof the following substructure A-B can already be excluded:
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This substructue contains atom namesnot knownto MOLGEN. If youwantto
build them by the molecule editor, you will haveto introduce the user-de ned
atoms A with valene 2 and B with valene 4. (For details see Subsetion
3.12.2)

2 Create generatorresults using the macroatoms,and A-B in the badlist | there are
now only 31 solutions.

After expansionand testing for isomorphismyou will receiwe 45 structures. In this case,
you could alsohave usedthe badlist after expanding,but A-B then of coursein ex@ndel
form, i.e. asshawn in the last but onedrawing.

Pleasenote that in this caseno further fragmerts amongthe 45 solutions can occur
that consistof a 5-menberedring of type A and a C-C double bond of type B. That is at
least not obvious, sincea C-C double bond could, for example,be built by the remaining
atoms which do not belongto A or B. In general,that is for other molecular formulae,
the expandedbadlist structure should be ertered once more for expansionto cover all
possibilities. This shall, howewer, not worry you:

The badlist in the generatorhasjust the purposeto keepthe number of solu-
tions to be expandedas low as possibleand it is often an excient pre- Iter
The fewer expandedsolutions the faster they may then be post- Ttered

Example 3

Finally we considerthe formula CgH;NO and selecta benzeneaing with three freevalences
as macroatom.

H
Q___ i
_GIE% L
A ¢
A—¢
il @
H H

We will denotethis macroatomby R. This structure may easilybe createdby the molecule
editor. We are interestedin all possibilitiesto attach the benzenering to the remaining
atomsin a way that no further rings arise.
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2 Geneinate all solutionsusing R | the result consistsof 333 structures.

The following argumert will leadto the desiredstructures: If further rings must not occur,
the generatedsolutions already have to be ring-free.

2 Selet additionally at PROPERTIEStrees only. | The correspnding generation
yields 117 solutions.

A super cial considerationwould be nished now, but there is still somesubtlety to be
takeninto accoun: Sincethe generatorproducesstructureswith the arti cial atom name
R, and this R bearsthree freevalencesjt might happenthat R is doubly or triply bonded.
After expansionsud bondsmay becomerings, e.g.a 3-menberedring out of R=C if the
vicinal atomsin R are connectedto that carbon atom. Sowe will forbid that R is doubly
or triply bonded. This is carried out by creating the following four structures by the
moleculeeditor and including them into the badlist:

i
—— R— ¢ R—— C R——N R——O

Thesearein fact all possibilitiesfor R to be attachedto the remainingatomsby a double
or triple bond. For example,the case

R—— N

neednot be considered becausean isomerwith this substructure would be dismnnected.

2 So enter thesestructuresin the badlist. A new run of the generatorgivesonly 44
solutions.

Here numbers 1 and 8 are shown:

Figure 4.2 Two isomersfrom Example 3
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After expansionof the benzenering there are 105 isomersthat are ring-free exceptthe
benzenering. Of these,no more than 88 will survive elimination of aromatic doublettes.
So here restrictions were realized before expansionthat would have beenvery hard to
ful'T afterwards.

Some further remarks:

1. Overlooking subtleties as just descriked is no major problem anyway. You always
have the possibility to grope your way stepby step After rst starting the compu-
tation of the generatoryou will encourter more and more badlist-structures among
the solutions, that could be usedin the generatingprocessalready For a very large
set of resulting structures you may also abort the generationin order to save time
and to look at the solutions computed sofar.

2. Besidesthis, you should considerthe quite simple method to edit the resulting
structures from the 2D-display in order to build new badlist entries immediately!
(Seeagain Section3.9.)

These examplesshav only some of the various possibilities of an excient conbination
of generator and expander. It is impossiblehere to deal with all the possibilities, but
perhapsyou were encouragedo go on experimerting on your own.

4.1.2 Dumm y atoms

Perhapsit was dizcult to compile the badlist in the last examplein Subsection4.1.1.
Thereforethere is a feature in MOLGENthat allows to simplify conditions of that kind.
If only the type of the bond(s) courts and not the nature of the atoms, there is the option
to de ne a variable atom, a so-calleddummy atom for this restriction. Theseatoms get
the resened name\X". (Note that X doesnot stand for a halogenas sometimesin the
chemical literature.)

In the last examplewe wanted to excludethe casethat R is doubly or triply bond.
Here we did not care about the type of the atom to which R is connected;we only did
not want any doubleor triple bondsto occur. We formulated this by ertering all possible
bonds. With the useof dummy atomsthe badlist can be abbreviatedlike this:

R—— X — RTTTX

In the rst group X standsfor an arbitrary atom with valencegreaterthan or equalto 3,
in the secondcasefor an arbitrary atom with valencegreaterthan or equalto 2. Thus,
atom type and valenceof a dummy atom are variable.
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Please observe the follo wing:

1. Dummy atoms are allowed only in goodlist or badlist structures, but not in the
molecular formula or in macroatoms. (MOLGENwill otherwise give an error mes-
sage.)

2. Dummy atoms must have at leastvalence2. For other purposesyou can simply use
a free valence. Considerthe secondbadlist structure of the example above: The
variable singlebond was de ned by a free valence. The structure

X— R=—/—X

howewer, would not yield the desiredresult.

3. When using substructureswith more than one dummy atom you should be aware
that ead dummy atom may stand for a di®eren atom type, although they all are
denotedby X.

4.1.3 Reduced and expanded molecular form ulae

In this sectiona summary of the consequencesf the use of macroatomswill be given.
This kind of substructure has somespecial qualities, someof which have already been
discussedn chapter 4 and in Subsection4.1.1.

If your input data contain a macroatom, it will be treated like a single atom,
l.e. all its atoms are subtr acted from the molecular formula and replaced
by the symlml of the macroatom. The valene of that \arti cial" atom is then
equivalent to the numker of free valenes of the macroatom. This yields a
so-alled reduced molecular formula .

In the exampleof chapter 2 the useof the macroatom COOH in CgH150; resultsin the
reducedmolecularformula
C7H15(COOH);.

For sake of clarity the macroatomis embraced by parertheses. This is also the way
the formula appearsin the 2D display of generator results. The substructure COOH
has one free valence,so it is treated as an atom of valencel by the generator. Note
that the naming of the macroatom makes no di®erence. We could also have labeled
the substructure by \M". In this casethe reduced molecular formula would have been
C,Hi5(M) ;. The name merely indicates under which Tename this substructure is saved
| you are freeto chooseit by your requiremerns. If a macroatomis entered repeatedly,
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the formula will be analogouslyreducedrepeatedly. For instance, de ne a macroatom:
Call it \COC" and requireit twice, the formula will be reducedto

C4H16(COC),.
The macroatom COC hasvalence6. In the sameway, seeral di®eent macroatomscan
be subtracted from a molecularformula. Errors can arisefor two reasons:

2 Reducingis impossiblesincethe molecular formula does not cortain the required
number of atoms of a giventype. (In the previousexampleCOC cannotoccur three
times.)

2 Reducingis possible,but it is impossible(for principal reasons)}hat structureswith
a macroatomof that kind exist. (Try, for example,CgH130, with COOH.)

Theseerrors are detectedby the structure generator,and you will receive correspnding
messagedV15 and W29, which are explainedin detail in Subsection6.1.1. Sinceyou can
useinput other than macroatomsfor the generator, note the following:

All gaodlist and badlist structures as wel as further restrictions, which you
declare at the generator in addition to macroatoms, alwaysrefer to the re-
duced molecular formula.

Soin isomersof CgH150, there may occur rings of sizes8 to 10, but this cannot happen
in C;H15(COOH);. In this caseit is alsonot possibleto require a badlist structure that
cortains an O atom, sincethe reducedmolecularformula doesnot cortain any oxygen at
all. In both casesyou have to expand COOH beforeapplying the restrictions. The latter
problemsare also detected by the generator,which sendscorrespnding error messages.
A useful hint is:

The easiestway to getan overviewover the reduced formula and the geneator
resultsis to start the genentor rst with the macroatoms alone (i.e. without
gaodlist or badlist) and to look at the 2D display. Afterwards you may repeat
the geneator run with reasonableadditional restrictions.

In the examplesin Subsection4.1.1the intelligent conbination of macroatomsand other
input for the generatorwas explainedin detail.

The expanderundoesthe reduction of the molecular formula in the expansionof the
macroatoms,i.e. it \expands" the molecular formula. The rule formulated above reads
now:

All gaodlist and badlist structures as well as further restrictions, which you
declare at the expander in addition to macroatoms alwaysrefer to the ex-
panded molecular formula.
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Also in this caseyou may approad the nal result step by step with the aid of the 2D
display.

4.2 Using macroatoms

4.2.1 Macroatoms or goodlist?

Perhapsthe distinction between macroatomsand gaodlist madein MOLGEN:is still dubious
to you. The following sectionis therefore dewoted to a more precisedescription of the
e®ectf thesesubstructures.

Example 1

Let us oncemore considerthe formula CgH;50, from Chapter 1. There are exactly 39
isomersout of 13,190that cortain a carboxyl group COOH. We carried out the necessary
computations with the aid of a macroatom. Now we want to adhieve the sameresult by
using a goodlist.

2 Insert \COOH 1" in the gaodlist in the Genemator prescription window and start
the geneator.

For quite sometime the generatoris seeminglysilert | nothing happenson the screen.
But then we get at last the messagdhat 39 isomershave beenconstructed. During the

delay the generatorcomputedall 13,190isomersand searted through ead of them for

a COOH group. The moleculesobtained this way are exactly thosewe got in Chapter 1.

Soin this casethe goodlist makesno sensethe calculation is much more expensiwe. In

generalwe can state:

Using a substructue as a macroatom only once you will get exactly the same
solutions after ex@nsion as if you had put this structure in the gaodlist.

In the latter casethere is no expansionnecessaryof course.

Things get more dizcult when substructuresare usedmultiply or whendi®eren sub-
structures have to be takeninto accoun. Let ustake the molecularformula C;HgO, and
COC asmacroatom. We want to carry out two calculationswith that formula and

2 COC as a macroatom required twice with expgansion afterwards,

2 COC asa gaodlist entry required twice.
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The rst run yields the three isomers:

‘ o i i 0

@ oi il il
In the secondcasewe get 12 isomersamong which we nd the 3 from above. Further
solutions are for instance:

The di®erencecomesfrom the fact that the gaodlist Tter allowsoverlap of substructures.
In the caseof our two COC groupsthe possibleoverlapping is obvious.

Note that no structures cortaining an oxiran ring are generatedhere. This is due to
CLOSEDSUBSTRUCTURES®eing active (seeSection3.6).

Macroatoms, howewer, are regarded as seprate structures from the very beginning,
they must not overlap The generalrule reads:

Using multiple substructues or di®etent substructues in the gaodlist, there
are at least the samesolutions as computel with the use of macroatoms, and
possiblymore.

Howewer, previousexamplesshav that there neednot always be more solutions; note that
the two CH3 groups cannot overlap. In generaloverlappingsin large substructuresmay
becomevery complexand hardly manageable.

If youwant to useprescribed substructures,you have to make surewhich of thoseoccur
without overlapping beforethe computation of isomers(you may erter them con dently
as macroatoms)and which do not. Often a good remedy is to delete a few atoms from
macroatom structures, if thesemay also occur in other substructures. To nd the best
solution in sud casesrequiressomeexperienceand combinatorial skills.

66



At the end of this section we want to demonstrate how to combine goodlist and
macroatomsin a simple caseby deleting a single atom.

Example 2

The formula shall be C1gH1,0 and the substructures

H H
@@ i
|
@ ¢ A ‘
7Cif Ag‘; H — C— OH
TR \
i @
i @
H H

Thesesubstructureshave to occur in the isomers{ possibly overlapping. Obviously, they
can only overlap in the carbon atom with three free valences. Of courseyou are free to
insert both in the goodlist and start the generatorthen:

The computer would haveto serch through 3,916,111isomersfor thesetwo
structures. It is absolutelycapable of doing so, but this is obviouslyan inezx-
cient procedure.

We cantake anotherway: Sinceboth structures canonly overlapin the carbon atom with
three free valences,we deletethis C from the rst structure and de ne the remainder(a
benzeneing with onefreevalence,i.e. a pheryl group) asmacroatomR. Besideswe need
not throw away the knowledgeabout the whole structure; let us construct the additional

group

Soafter erntering the molecularformula you have to follow thesesteps:

2 Input R as macroatom.

2 Enter the COH and the CR structure in the gaodlist.
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The option that both substructuresoverlap is given by them being goodlist ertries.
The generatoris newverthelessable to compute the desiredsolutions quickly, due to the
macroatomR. The result consistsof 39 structures, the rst of which shall be displayed:

@ i (R)
@
i @
i @ oH

After expansionthere are still 39 isomersand the moleculeabove is expandedto

4.3 Special use of the expander

4.3.1 The expander as a lter

Up to now we usedthe expandermainly accordingto its name,i.e. for expandingmacro-
atoms. There are, however, numerousother featureso®eredby this program. As for the
generator,you can usegoodlist and badlist aswell asrestrictions.

There is the possibility to screen the isomerscomputeal by the geneator. Ad-
ditionally the resultsof the exmnder can be re-enteed for a newrun as often
as desired.

Having achieved a tolerable number of structure candidatesit is usually intendedto reduce
this set step by step until reading an appropriate, manageabldist of possibilities.

Note the following for the ex@nder: If no macroatoms are ex@nded, no iden-
tity test (isomorphismtest) is necessary.

Thus we included the option to switch o® that test. This way some problems with
memory sizealsovanish; you can Tter arbitrarily large setsof structures. To begin, here
is a simple, classicalexample:
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Example 1

We want to seart through the isomersof C¢Hg. We usethe generatorto compute all
217 isomersand the expanderto Tter them sewral times. First we look for structures
with rings of size5 to 6:

2 Enter in the CycleSizessection of the exmnder input window the interval 5 to 6,
switch o® the isomorphismtest and start the ex@nder, this yields 31 structures.

Now we canre- Iter these31 structures, i.e. re-running the generatorand the expander
with additional restrictions is not necessary;we can simply seard through the latest
expanderresult. Next we want to excludetriple bonds.

2 Enter 2 as maximal bond degree at Bond degreeand enableUseExpansiorResultin
the geneator input window. You obtain 12 isomers.

The messagevindow tells us that only 31 structures were processed.Of course,we could

have removed the restriction of ring sizesfrom above, sinceit was ful Tled anyway. At

this point you alsoyou may ignore the result. This is indicated by the UNDO button in

the Info window. Pressingthis button meansthat you return to the previousresult. This

Is particularly important, if e.g.the expanderprovided O solutions due to wrong input,

or if it had to stop before nishing becauseno more memory was available. In suc cases
you can cortinue with the old results and new input.

Finally we want to get rid of cumulenes,i.e. double bonds of the following form:

You can proceedas follows:

2 Enter this structure at SUBSTRUCTURES$ the badlist, now 2 isomersremain.

Note that we could alsohave de ned asbadlist ertry a structure with dummy atoms, like
this:
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The two solutions are:

A
A cn% 3

A ¢
¢

@ i Ae—

Did you expect that in the end only one structure, the benzenering, would be left?
Remarks:

2 |n this examplewe also could have achieved the result step by step with the gener-
ator. There are often many di®eren ways to read a desiredresult with MOLGEN.

2 In order not to becomeconfusedwhen Tltering it is recommendedto look at the
result window of the Ttered (expanded)structures aswell asto usethis display to
get an overview over the current set of candidates.

Another examplewill illustrate the option to switch o®the isomorphismtest in order to
managea large number of structures by the expander.

Example 2

This time wetakethe formula C,;H;,0 and asmacroatomthe 1,2,4-trisubstituted benzene
ring R asin Example 3 in Subsection4.1.1. The generatorproduces3,390solutions for

this problem, which have to be saved completely for the following computations. Please
do the following:

2 Selet GET GENERAOR MACRQOATOMS in the exmnder menu and start the ex-
pander. Depending on the memory con guration of your computer the expander
can calculateabout 5,000-6,00Golutionsuntil it hasto stop dueto lack of memory.
The Info window alsotells us that the reasonis the isomorphismtest. Now selet
UNDO.

2 Switch o®the isomaphismtest and start the computation again. This yields 15,391
solutionsthat should all be saved. (The expanderis now faster than before.)

In this casethe set of solutions presumably cortains duplicates, i.e. someof the saved
isomersmight occur multiply. Newerthelesswe now have the chanceto get a complete
overview over all isomersby the result window and to sieve them by further restrictions.
We perform this by the simple condition that rings must occur, and only rings of size5
to 6.

2 Enter theseconditions into PROPERTIES
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2 Removethe macroatom R from the ex@nderinput in the SUBSTRUCTURESection.
(Otherwise at the next run a messageppearsthat R cannot be expanded| since
this hasalready beendone.)

2 Selet useexpansiorresultand run the ex@mnder again Now MOLGENreducesthe
15,391structuresto 4,258.

Finally we make the expanderreject the double ertries.

2 Selet the isomorphism test and start the computation again. Do not forget to
also selectuseexpansiorresult Now, only the isomorphismtest will be performed.
This run reducesthe set of candidatesto 2,733structures. Finally, after removal of
aromatic doublettes 2,501isomerswill survive.

So we rst reducedthe set of solutions by imposing restrictions and carried out the
memory intensive isomorphismtest at the end. Also in this casethis is only one possible
way to obtain the desiredstructures. The last two runs, for instance, could have been
performed together, sieving out the inappropriate rings and testing on isomorphism at
the sametime. Internally the restrictions are cheded rst and then the test is carried
out, i.e. the only decisiwe aspect for the memory demand of the expanderis the nal
number of structures. Switching o® the isomorphismtest is especially reasonableand
recommendedf it is not known beforeexpansionwhich Ttering conditions shall be used,
and if a survey of the various solutionsis required.

This was only a small part of the variety of ways how the expandercan be usedfor
‘Ttering. You are oncemore invited to cortinue on your own.

Another example

At the end of this chapter we would like to demonstrateanother interesting exampleto be
processeddy MOLGEN. As commonly known, so-calleddioxins sharethe following core

@@S@HmT© © Hy 0@ iy

and have molecularformulae of the form
C120:H;Cl;.
The variablesi and j represeh numbersbetween0 and 8 which must ful 1l i+j=8. We
now want to generateall dioxins for

Hit o P, g
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C120,H,4Cl4.

With the molecularformula alonewe shall not get very far, the generatorwould run
for days or weeksor even longer, and it would produce billions of isomersand therefore
sooner or later run out of storage space. All carbon and oxygen atoms are, however,
located on three 6-menberedrings.

This skeleton to be de ned as a macroatom should be available in your installation
of MOLGENunder the name dioxin (click Structures(in the Edit window) and then in
Selectsubstructuresook up the lists hDiri). The aim of this exampleis to demonstratethe
possibilitiesto distribute H and CI atoms over the free skeleton positions. After ertering
the molecular formula and dioxin 1 as macroatom we start the generator. You may be
puzzledthat the generatorproducesonly one solution. The freevalencesf the macroatom
are indistinguishable to the generator; so an 8-valert atom with hydrogen and chlorine
ligandsis created,whereall positionsof the ligandsare equivalert. After expansionthis is
no longertrue: It is then, for example,essetial to which of the two possiblepositionsin
a benzenering a Cl atom is bonded. With the macroatomdiaxin expandedthere are now
22 distinct isomers,which descrike the essetially di®eren substitution patterns. Here
are the numbers1 to 6.

You may compute the solutions for other cases.Table 1 cortains the results.
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molecularformula | number of dioxins
C1,0,Clg 1
C1202H,Cly 2
C1202HClg 10
C1,0,H3Cl5 14
C1202H4Cly 22
C1,0,H5Cl3 14
C1202H6Cl> 10
C1,0,H,Cly
C12,0,Hg 1
total 76

Table 1. Isomer numbers of dioxins
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Chapter 5

Mathematical appendix

5.1 Historical development of the isomerism problem

In 1797already Alexandervon Humboldt stated that chemicalcompoundsmay exist with
di®eren properties but with the sameatomic composition. In the book

A. von Humboldt: Versude éber die gereizteMuskel- und Nervenfaser,nebst
Vermutungenfber denchemishien ProzeYaesLebensin der Tier- und P°anzen-
welt, Rottmann, Leipzig1797,

he wrote:

Drei KArper a, b und ¢ kdnnen aus gleichenQuantitAten Sauersto®,Wasser-
sto®, Kohlensto®, Sticksto®und Metall zusammengesetaind in ihrer Natur
dach unendich verschiglen sein.

(Three substancesa, b and ¢ may consist of the samequartities of oxygen, hydrogen,
carbon, nitrogen and metal, but may di®erin nitely in their nature.) A quarter of a
certury later, this statemen was veri ed more or lessat the sametime by J. L. Gay-
Lussacand J. von Liebig, and independenly by F. Wahler | after Gay-Lussac and
Liebig had suzciently deweloped the methods of analytical chemistry. (It is interesting
to seethat Humboldt and Gay-Lussacwere closefriends while von Liebig was a prot§dg
of Humboldt, but it is not known to us whether there wasa direct in°uence of Humboldt
concerningthe isomerismproblem.) They discoreredcompoundswith the samemolecular
formula but with di®eren properties. Hereis a correspnding quotation from a footnote
to a paper of WAhler, by Gay-Lussac:

. comme ces deux acidessont trgs di®grents, il faudrait pour expliquerleur
di®Brene admettre entre leurs §#mentsun mode de combinaison di®§rent.
C'est un objet qui appelle un nouveau examen.
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(As thesetwo acidsare very di®eren, to explain their di®erenceonehasto allow di®erert
conbinations of their elemens. This is a topic that appealsto a new examination.)

It was not before 1830that Berzeliusrecognizedthis fact as a generalphenomenon
and calledit isomerism

In orderto nd the reasonfor this phenomenonchemistsstarted to visualizemolecules.
Here are a few prominent versionsof the molecule of ethanol C,HsOH. First we give
Couper's version. It shows two oxygen atoms which is due to the fact that at his time it
was not clear what the atomic weight of oxygenwould be:

O ¢¢¢eOH
H>
C ¢CCH;
Hereis Losdmidt's version:
o, | o, I

and this is Kekul®'s way of drawing this molecule:

Losdimidt's versionin fact solved the problem, but the breakthrough camewith a
method invented by Alexander Crum Brown, who replacedCouper's dots and Losdmidt's
and Kekul$'s points of contact, which indicate interatomic bonds, by the much more dis-
tinguishing edges Crum Brown shawved in 1864 among other things that for propanol
there exist in fact two ways of connectingthree carbon atoms with valence4, eight hy-
drogen atoms of valencel, and one oxygen atom with valence2 in suth a way that an
alcohol arises,which meansthat there is a hydroxyl group, i.e. the oxygen atom has a
bond to a hydrogenatom. The two possibilities are shovn below:

Hood 4 Hood
Hidc’idH Hd’c‘i£H
L1 Pl

A
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The correspnding alcoholsin fact have di®eren boiling points: 97.1*C and 82.4 *C,
respectively. If we omit the letters indicating the atom types, then we obtain the corre-
sponding molecular graphs

N 0 0 O O i O
. .

The solution of the isomerismproblem given by Losdimidt and Crum Brown therefore
can be formulated in the following way:

To a givenmolecular formula there may exist di®eent moleculesthat havethis
particular molecular formula but di®erent molecular graphs.

Thusthe reasonfor chemicalisomerismwasfound, and graph theory wasborn (of course,
asin many other casesthis mathematical theory had se\eral origins, another onewasthe
KAnigskerg bridges' problem, and a third onethe theory of electric circuits, for example).
But the questionremainedhow the moleculargraphscorrespnding to a given molecular
formula can be obtained, or at least how they can be courted. Chemical compounds
that correspnd to the samemolecularformula (say to C3HgO) but have di®eren graphs,
i.e. whoseatoms are connectedin a di®eren way, are called connectivity or constitutional
isomers and the graphs are called structural formulae or structures It is important to
note that connectivity isomerscorrespnding to a given molecularformula can belongto
di®eremn compound classes. For example, for C3HgO there is a third molecular graph,
shavn in the next gure. It doesnot represem an alcohol, since there is no hydroxyl
group, asthe only vertex with valencetwo is not connectedto a vertex of valenceone:

2 2

]
L

In other words: For the molecular formula C3HgO there exist exactly three connec-
tivit y isomers(= three structural formulae), two of which cortain a hydroxyl group and
thus are alcohols,while the third contains a C-O-C fragmert and thus is an ether.

In summary, the problem of determining a molecular structure is the following one
(‘rst approximation):
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From chemial information, such as a given molecular formula, compound
class, spectrosmpic data etc., we have to evaluate all connectivity isomers
that ful I theseconditions. The connectivity isomerscorrespnding to a given
molecular formula are just the connected multigraphswith the given sequene
of valenes, the vertices of which are colored with the elementsymiwl given by
the molecular formula. It would be nice if we could sefrate the isomersinto
compound classesj.e. wewishto be ableto prescrike substructuesoptionally,
for examplehydroxyl groups,and we shouldalsobe ableto forbid substructues.

This is the certral mathematical problem of molecular structure elucidation. Therefore,
in the certer of program systemsdewted to this problem, a generator for molecular
graphs is essertial , which allows to generatein an excient way the completeset of all
moleculargraphsthat correspnd to a given set of conditions.

5.2 3D placing of molecules

Besidegthe feature of 2D placemen mertioned above, a spatial placemet is implemerted
in MOLGEN. It is carried out by minimizing an empirical energyfunction.

5.2.1 An empirical energy function

To obtain information about the 3D shape of a molecule,we usea medanical model. In
the mathematical formula for the energyall forcesthat a®ectthe moleculeare summed
up. The function createdthis way is called empirical enelgy function sinceit wasderived
experimertally, not in a generaltheoretic way. The potential model usedin MOLGENIs
a simpli ed version of the MM2 model by N. L. Allinger. The function consistsof the
following elemeirts:

2 The rst aspecttakeninto accour is the length of eat bond. The averagelength of
covalert bondsin a moleculecanbe determinedsuzciently exactly by spectroscopic
measuremets. The deviation from this ideal value appears quadratically in the
potertial:

Es= 14388¢k—25(jxi i Xji )%
Here x; and x; are the vectors of two bonded atoms, Iitjab is the \ideal" length of
a bond of the respective type, and ks is a constart that dependson the two atom
types and the bond degree. For a C-C single bond of two sp*-hybridized carbon
atoms, ks = 4:4 and I{®* = 1:523A,
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2 Another important in°uence comesfrom eat bond angle. Again the deviation from
a spectroscopicallyderived \ideal" value is considered:

k
E, = O:O438281:§b(®j Ki @)

The constarts have an analogousmeaning. For a C-C-C arrangemem, where the
certral C is sp*-hybridized, there is ky = 0:45 and @* = 109470

2 Moreover, the torsion of four serially bonded atoms cortributes to the potential.
Herethe rst three terms of a Fourier seriesare used,

V V. V.
E, = ?1¢(1+ cos! ) + 52(1:(1; cos2! ) + ?3¢(1+ cos3! ):

There ! is the torsion angle and Vi, V, and V; are constaris depending on atom
types. For a C-C-C-C sequenceV; = 0:2;V, = 0:27 and V3 = 0:.093. The torsion
potentials are calculatedand summedfor all sud sequence®sf four atoms.

2 Atoms that are not covalertly bondedalsointeract. The cortribution of their van

der Waalsinteraction to the potential is:
3 3

— 290000¢ exp j &5 ; 2:25¢p® : if p; - 3:311;
Evaw = P EiCE; ¢ q P i p | Bi Pij
336176¢pﬁ : else.

Here E; is another constart (an atom's \hardness") and p; is the ratio of the sum
of the van der Waalsradii and the interatomic distance,

_ Ri+ Ry

P xi

An spi-hybridized carbon atom hasR; = 1:9 A and for an interaction of two sud
atoms  E; ¢E; = 0:044.
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The total potential function is thereforethe following!

Ks . .
E = 14388¢35(in i i 1)
bond i;j
X . Kp . ab\2
+ 0.043828¢E(®j K i ®f] )
angle ijj ;k
X Hy \Y; V. T
+ 71 ¢(1+ cos!) + ?2 ¢(lj cos2!) + 73 ¢(1+ cos3!)
tor sion angle i;j ;k;l 3 3 . .
. X p E 6 o 290,000¢ exp j % i 225¢p° ; if py - 3:311;
I
’ "7 336176002 ; else.

In the last term summation is over all pairs of atoms at least three bonds apart. For
details see

N.L. Allinger: MM2. A hydrocarbon force eld utilizing V1 and V, torsional
terms, J. Am. Chem. Scc. 99, 8127-81341977).

U. Burkert, N.L. Allinger: Molecular Mechanics,ACS Monograph 177, Amer-
ican Chemical Scciety, Washington, D.C., 1982.

A necessaryondition for a conformeris that the empirical potential hasa local minimum.
Soa numerical method is usedin orderto nd sud a minimum.

5.2.2 The cg-metho d

For the minimization of a sutciently smaoth, non-linear function there are se\eral nu-
merical methods. The simplest method is to vary the coordinates in the direction of
the negative gradiert, i.e. the steepest desceh There is, howewer, no guarartee to nd
the minimum by this method after a nite number of steps. The Newton method there-
fore considersalso the matrix of secondderivatives. This matrix must be computed
completely If we would usethe empirical potential the speedof the program would be
decreasedirastically. Hencefor the solution of our minimization problem the method of
conjugate gradierts was chosen.

This method was originally deweloped to solve linear equation systemsAx = b. You
start with the assumptionthat the exact solution x is a minimum of

1 1 .
F(z) = EZTAZ i b'z+ ébTA' b

that is F(x) = min(F(z)) = 0. While the method of steepest desceh minimizesin one

LFurther interactions sud as electromagneticonesare not taken into accourt.
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dimensiononly, herein stepxyx ! Xy+1, a (k+ 1)-dimensionalminimization is carried out:

F(Xk+1) = min F(Xg+ Toro+ 122+ 1yry); where ri = bj Ax;; for i- k:

Yotk

The application to the minimization of a quadratic function suc as
1 T
f(x)=f(h)+ E(xi h)'A(xj h)

is now clear, since Ax = b must hold with b = Ah in order to make the gradiert r f
vanish. In the solution of the equationsthe directions po; p;;::: are calculated, so that
P+ IS @ linear conbination of r f (xk+1) and pf Ap; = O for i 8 j. Fortunately many of

) . - . - f (Xear )2
the coexcients vanish,sothat only ps; = 1 f (Xks1)+ Pk remains,where” | = %

Sothe algorithm for the minimization reads:

The cg-algorithm

1. Choosea random start vector X, 2 R and setg := r f (Xo) and pp := | Go.
2. If g« = 0: Stop. Else:

3. Determine xy+1 by linear minimization from:
f (Xks1) = migf (Xki .Pk):

— 2 —
Setges = 1 f(Xier) @nd T = g and Pes = i Ger + kPk.

4. Goto 2.

If a minimum exists at all, this method providesit in at most n steps. The computed
extremum is, howewer, only local, i.e. the resulting conformations may di®er if we use
di®eren initial values.
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Chapter 6

App endix

6.1 Errors and limits

6.1.1 Error and event messages

Primarily wewant to discussthe messagethat appearin the INFO window. Besideghese
there are a number of other messageand dialog boxesthat hopefully explain themseles.
The result window always pops up after a generatoror expanderrun. If everything was
correct, only the nal result and the time neededare displayed. Additionally there are
three other kinds of messages:

2 |gnorable error messages inform you that somethingin your input data was
wrong. Sud discrepanciesmay simply be ignored (e.g. a nonexisting substructure
will not be takeninto accoun); sostarting the generator(expander)is still possible.
Message®f this kind are indicated by the capital letter \W " and a serial number.

2 Fatal error messagesalsoreferto wrong input data. In cortrast to the messages
descriked above they cannot be ignored. Starting the generator(expander) will be
possibleonly after correcting the error. Message®f this kind are indicated by the
capital letter \F" and a serial number.

2 Runtime messagesreport events that occurredduring a calculation of the gener-
ator etc. (e.g. memory failure or interruption). Message®f this kind are indicated
by the capital letter \R" and a serial number.

In the following you nd the completelist of all messages.Some of them should not
occur in normal usage. For the sake of completenessand safety, however, we documen
them. They are marked by an asterisk. If one of theseshould occur, you may corntact the
addressgivenin this manual. We tried to explain the somewhatcomplicatedinput errors
by additional examples.
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Messages of the generator

Ignorable error messages:

[W12] A substructure you wanted to useis not available in the library. All substruc-
tures are saved as les under the given substructure name in the subdirectory bib (or
other subdirectoriesinstalled by yourself). Probably you spelt the name wrongly or the
‘le hasbeendeletedin the meartime. Apart from that there might be problems with
your hard disk.

[W13] A substructure you wanted to use has either no free valencesor another (in-
ternal) error. The generatorcan only processsubstructuresthat have at least one free
valence,becauseotherwisethe substructure is already a completemolecule. If there is an
internal error, you shouldtry to createthe substructure Te oncemore.

[W14] A macroatom you wanted to use cortains the atom symbol X. This symbol
Is exclusiwely resened for dummy atoms (see Subsection4.1.2) in goodlist or badlist
structures.

[W15] A macroatom you wanted to use cannot be subtracted from the molecular
formula. In the casewhen a macroatom is given, the generator tries to subtract all
atoms of this macroatom from the molecular formula. If a macroatom is prescribed
to be contained seeral times in the moleculein question, the atoms are removed the
correspnding number of times. The mostfrequert reasonfor this error is that a molecular
formula contains not enoughor the wrong atoms. For example,from C¢Hg N0 OH can
be removed and from CgHgO no two OH. Another reasonmay be that the valencesin
the molecularformula are incompatible with the valencesn the macroatom,for instance,
6-valert sulfur in the molecularformula and 4-valert sulfur in the macroatom.

[W17] A restriction was entered that does not match with the (possibly reduced)
molecularformula. This may be either a senselessing size(e.g.ring size2) or an unrea-
sonablemaximal bond degree(e.g. 13). You should also be aware of the fact that only
atoms with valencegreater than 1 are able to build rings. The error can also occur if
ring sizeand maximal bond degreedid match with the original molecular formula, but
this molecularformula wasreducedby macroatomsin the meartime. If you prescribe, for
instance,a carbon 6-menberedring R in CgHyg, the formula will be reducedto C,HgR;.
Thereforethe resulting structures can primarily contain 3-menberedrings at most. Only
after expansion,ring sizesbetween3 and 8 are possibleagain.

[W28] A goodlist or badlist structure cannot be comparedwith the resulting struc-
tures calculatedby the generator. This happensif the atom typesin the molecularformula
do not match with all the typesin the substructure, i.e. eat atom type of the substruc-
ture must occur in the molecular formula. E.g. no OH group occurs in the isomersof
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CsHs. Moreover, alsothe valencesmust match. Sulfur of valence6, for example,in the
substructure doesnot t to 4-valert sulfur in the molecularformula. The error may also
occur if the substructure matchedwith the original molecularformula, but doesnot match
with the formula reducedby macroatoms. If you choose,for example,a C-O-structure
as macroatom CO in CzCIH 1,0, the formula will be reducedto CsCIH,;(CO),. Using a
O-Cl-structure in the badlist will then provoke this messagesincethe resulting structures
of the generatorprimarily cortain no oxygen. Only after expansionof CO, the group O-Cl
can be usedin the badlist. For a better overview you may rst generatea few structures
and seewhich goodlist or badlist ertries are reasonable.

[W29 ] A macroatomwhich you wanted to usecannotbe subtractedfrom the molecular
formula, sincethe formula reducedby this macroatomwould be invalid. This error occurs
if amacroatomis incompatible with the molecularformula. A simpleexamplewill explain
this: Generateall 25 isomersof CgHy,. In ead moleculethere is either a ring or a
double bond but no triple bond (this is impossiblefor mathematical reasons). Now try
to prescribe a C-C triple bond as a bivalert macroatom. The generatorwill reducethe
formula and recognizethat there cannot be any solutions, i.e. that the reducedformula
is no longer valid.

Fatal error messages

[F2* ] The internal input Te cannot be read correctly. In ewery run the generator
readsfrom the Te gen.inp. This Te may have beenchanged,be corrupt or missing.

[F3*] The internal output Te cannot be created. This messageappearsif creation
(writing) of an output Te is impossible.

[F6] The molecularformula you want to useconsistsof too many atoms. MOLGENIis
capableof handling structures with up to 100 atoms.

[F7] The molecularformula you want to useis not correct, i.e. there cannot exist any
isomerswith that formula.

[F8] The generatorwas started without entering a molecular formula. This message
may alsocomefrom an internal error, e.g.if the input- Te was not saved correctly.

[F10] (seeF8)

[F18] The molecularformula consistsof two univalert atoms. This caseis not treated
by the generator,sinceit is trivial.

[F31* ] The molecularformula you want to usecomprisesatoms the valenceof which
is too large. You can useatom valencesup to 12 (seeSubsection6.1.2).
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Event messages

[R19* ] The capacity of the generationprocedureis exceeded.You got a rare special
case.lt is a so-calledstad over®ow.

[R20* ] The capacity of the generationprocedureis exceeded.You got a rare special
case.lt is a so-calleddimensionover°ow.

[R25] This messagendicates abortion of the generation.

[R26] Occasionallythe main memory'scapacity is exhaustedin a generatorrun. This
usually happensin caseswith a hugenumber of solutions. (For more details seeSubsection
4.3.1).

[R27] This messagendicatesthat the generatorreaced the given limit. In this case
the generatorsolutions are nearly always incomplete. At the STOP AT eld in the EDIT
window you can set the number of solutions after which the generatorshall stop.

Messages of the expander

Ignorable error messages

[W7 ] A substructureyou wanted to useis not availablein the library. All substructures
are saved as les under the given substructure namein the subdirectory bib (or other
subdirectoriesinstalled by yourself). Probably you spelt the nameincorrectly or the Te
has beendeletedin the meartime. Apart from that there might be problemswith your
hard disk.

[W8 ] A substructureyou wanted to usehaseither no freevalencesor another (internal)
error happened. The generatorcan only processsubstructuresthat have at leastonefree
valence| becauseotherwisethe substructureis already a completemolecule. If there is
an internal error, you shouldtry to createthe substructure Te oncemore.

[W9] A macroatom you wanted to use corntains the atom symbol X. This symbol
Is exclusiwely resened for dummy-atoms (see Subsection4.1.2) in goodlist or badlist
structures.

[W10] A macroatomyou want to expand cortains valencesthat do not match with
the remaining valencesof the result structures. For example,if there is a 6-valert sulfur
in the molecularformula but a 4-valert onein the macroatom.

[W11] A macroatomyou want to expand cannot be expanded. The frequert reason
is that this macroatomhas beenexpandedpreviously and, in a new run, still belongsto
the input data. In this caseyou canignore this messagevithout any problem and select
CONTINUE It may alsohappenthat the number of free valencesof this macroatomdoes
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not match with the number of free valencesof the macroatomsthat shall be expanded.
You can cortrol this by taking a look at the recen generatoror expanderresult.

[W13] A restriction was ertered that does not match with the (possibly reduced)
molecularformula. This may be either a senselessing size(e.g.ring size2) or an unrea-
sonablemaximal bond degree(e.g. 13). You should also be aware of the fact that only
atoms with valencegreaterthan 1 are able to build rings and that the ring sizesand all
other restrictions erntered for the expanderrefer to the expandedisomers.

[W21] A goodlist or badlist structure is incompatible with the resulting structures
calculatedby the generator. That happensif the atom typesin the molecularformula do
not match with all the typesin the substructure, i.e. ead atom type of the substructure
must occur in the molecularformula. E.g. no OH group occursin the isomersof CgHs.
Moreover, alsothe valenceanust match. Sulfur of valence6, for example,in the substruc-
ture doesnot t to 4-valert sulfur in the molecularformula. For a better overview you
may rst generatea few structuresand seewhich goodlist or badlist ertries arereasonable.

Fatal error messages

[F1] The internal Te with the structuresto be expandedcannotbe opened. A frequert
reasonis that no structures have beenconstructedyet. Otherwise this messaganust be
dueto aninternal error. For every calculation the expanderreadsall structures from the
generatoroutput le if the structures coming from the generatorare to be expanded,or
from a temporary Te if the latest expanderresult is to be used. Perhapsthese les are
missingor there are problemswith your hard disk.

[F2*] The internal Te with the structuresto be expandedcannot be read correctly,
l.e. it hasa wrong format. For ewery calculation the expanderreadsall structures from
internal les. Perhapsthese les are missingor there are someproblemswith your hard
disk.

[F3*] The internal input Te cannot be read correctly. For ewery calculation the
expanderreadsan internal Te. This Te may have beenchanged,be damagedor missing.

[F4*] The internal output e cannot be created. In every run the generatorcreates
a le *.eou. This messageappearsif the creation (writing) of this Te is impossible.

[F5* ] The molecularformula of the structures cannot be identi ed by the input data
(For possiblereasons seefF2* ).

[F17] The structures the expanderhasto compute consistof too many atoms. MOL-
GENis capableof handling structures with up to 100 atoms (seeSubsection6.1.2). You
should also note that the expandedstructures may consist of more than 100 atoms if
macroatomsare used.
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Event messages
[R18] This messagendicates abortion of the expansion.

[R19] The capacity of the main memory did not sutce. This is usually the caseif
marny structures haveto be kept in memorydueto the isomorphismtest. In this situation
you may switch the test o®. For details seeExample 2 in Subsection4.3.1.

[R20] This messagendicatesthat the expanderreaded the given limit. In this case
the expandersolutions are nearly always incomplete. At STOP AT in the EDIT window
you can set the number of solutions after which the expandershall stop.

6.1.2 Program Limits

When dealingwith the problem of isomorphismoneinevitably facessystemlimits due to
the hugevariability of structures. A natural limit of the programis always the calculation
time neededto construct all isomers. We are now going to describe the most important
program limits of MOLGEN.

Molecular form ulae

The following limits regardingthe molecularformula must be considered:
2 The maximum total number of atomsin a structure is 100.

2 The maximal valence of an atom (or a macroatom)is 12.

Disk space

The amourt of free disk spaceof your computer determineshow many structures can
be stored. As an example, we discussthe 13,190isomersof CgH160,: If all isomers
are stored by the generator, the disk spaceneededis approximately 740 kB. For most
applications, howewer, it will be sutcient to format and inspect approximately 1,000
isomersat a time. For the examination of large examplesit is recommendedrst to run
the generatoror expanderwithout storing the solutions. Afterwards, selectedintervals of
resulting structures can be written on disk. Thereforewe included the option to save and
alsoto format the solutionsin intervals (seeSubsection3.3.2).

Main memory

2 The maxim um number of structures that canbe handledby the 2D display is
215 1= 32767.
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This amourt is surely suzcient for visual examination of results. Howewer, if you need
to generatemore than this amournt of structures in onerun, and want to preparethem
for automated processingthrough other software systems,do not hesitateto cortact us.
We provide a freetool that converts MOLGENoutput to MDL SD le format without any
limitations.

As commonly known, the size of the main memory is limited. We tried to usethe
memory carefully whereer possible. It may, howewer, happen | sometimeswith the
generator,more frequertly with the expander| that the memory spacedoesnot suxce.
The generatorruns into problemsonly in large exampleswith a hugenumber of solutions.
(Unfortunately, in suc situations there is no remedy) Newertheless,we hope you will
hardly be a2icted by sud trouble. The memoryrequiremen of the expanderis primarily
determined by the isomorphism ched, if macroatomshave to be expanded. How to
manageditculties in sut casess descrited in Subsection4.3.1.
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Chapter 7

Literature about MOLGEN

In this "nal chapter we givereferencego researt papers,diplomathesesand dissertations
written during dewelopmen and the implemenrtation of the various MOLGENversions.
Many of thesepapers may be downloadedfree of chargefrom the MOLGENhomepage

http://www.molgen.de

7.1 Structure generation

In the rst place, MOLGENIs a generator of molecular structures. This is a ditcult

mathematical problem, the solution of which is a mixture of algebraicand conmbinatorial
methods. Pioneeringwork was donein the DENDRAL project. Our ideawasto provide
an implemertation that runs on a PC. The result | due to the dewlopmern of new
algorithms and a very careful analysisof suitable data structures| is one of the (two?)
fastestgeneratorsof connectivity isomers,correspndingto a givenmolecularformula and
(optional) further conditions like forbidden and prescribed substructures,given maximal
ring sizeetc.. Details can be found in the following publications:

R. Gugisch, C. Rdcker: Uni ed Generation of Conformations, Conformers, and
Stereoisomers:A Discrete Mathematics-BasedApproach. MATCH Commun. Math.
Comput. Chem. 61, 117-148,2009.

A. Kerber, R. Laue, M. Meringer, C. Récker: Moleculesin Silico: A Graph
Description of Chemical Reactions. J. Chem. Inf. Model. 47, 805-817,2007.

R. Laue, T. Gr édner, M. Meringer, A. Kerber: ConstrainedGenerationof Molec-
ular Graphs. DIMA CS Seriesin Discrete MathematicsAnd Theoretical Computer Scien@
69, 319-332,2005.

C. Récker, R. Gugisch, A. Kerber: Manual Construction and Mathematics- and
Computer-Aided Counting of Stereocisomers.The Example of Inositols. J. Chem. Inf.
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Comput. Sci. 44, 1654-1665,2004.

J. Bra un, R. Gugisch, A. Kerber, R. Laue, M. Meringer, C. Rédcker: MOLGEN-
CID - A Canonizerfor Moleculesand Graphs Accessiblethrough the Internet. J. Chem.
Inf. Comput. Sci. 44, 542-548,2004.

R. Gugisch, A. Kerber, R. Laue, M. Meringer, C. Récker: Kombinatorische
Chemie, eine Herausforderungfév Mathematik und Informatik. Spektrum 1/02, Univer-
sitAt Bayreuth, 64-67, 2002.

R. Gugisch, A. Kerber, R. Laue, M. Meringer, J. Weidinger: MOLGEN-
COMB, a Software Padage for Combinatorial Chemistry. MATCH Commun. Math.
Comput. Chem. 41, 189-203,2000.

T. Grdéner, A. Kerber, R. Laue, M. Meringer:  Mathematics for Combinatorial
Chemistry. Scienti ¢ Computing in Chemial Engineering Il, 74-81, Springer-Verlag
1999.

A. Kerber, R. Laue, T. Gr éner, M. Meringer: MOLGEN 4.0. MATCH Commun.
Math. Comput. Chem. 37, 205-208,1998.

A. Kerber, R. Laue, T. Wieland: Erkennung, Besdireibung und Visualisierung
molekularer Strukturen, Proceedings of the BMBF StatusseminarApplication-oriented
joint projects in the eld of mathematics.

T. Wieland, A. Kerber, R. Laue: Principles of the Generation of Constitutional
and Con gurational Isomers,J. Chem. Inf. Comput. Sci. 36, 413-419,1996.

C. Benecke, R. Grund, R. Hohber ger, A. Kerber, R. Laue, T. Wieland:
MOLGEN+, a Generatorof Connectivity Isomersand Stereoisomersgor Molecular Struc-
ture Elucidation, Anal. Chim. Acta 314, 141-147,1995.

T. Wieland: Erzeugung,Abzahlung und Konstruktion von Stereoisomeren,MATCH
Commun. Math. Comput. Chem. 31, 153-203,1994.

T. Wieland: Computerurterstéizte Berecinung von Stereoisomeren.Master's thesis,
University of Bayreuth, 1994.

7.2 Structure elucidation

The program systemMOLGEN-MSs dewted to computer aided molecularstructure elu-
cidation. MOLGEN-MSs mainly adapted to low resolution electron impact massspec-
tra but alsoincludestools which allow to processhigh resolution data and results from
atomic analysis. Even information gainedfrom IR or NMR interpretation can be added.
MOLGEN-MSarosefrom the ideato provide a databaseindependen tool for molecular
structure elucidation in both chemical industry, researt and education.

The module that matchesstructural formulasand massspectra is alsoavailable asconsole
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application MOLGEN-MSF MOLGEN-MSs available for Windows 9x / NT 4.0/ 2000/
XP [/ Vista. For details seethe homepageof MOLGENand the following references:

A. Kerber, M. Meringer, C. Récker: CASE via MS: Ranking Structure Candidates
by Mass Spectra. Croatica Chemi@a Acta 79, 449-464,2006.

J. Meiler, M. Meringer: Ranking MOLGEN Structure Proposalsby 13C NMR
Chemical Shift Prediction with ANALYZE. MATCH Commun. Math. Comput. Chem.
45, 85-108,2002.

A. Kerber, R. Laue, M. Meringer and K. Varmuza: MOLGEN-MS: Evaluation
of Low Resolution Electron Impact Mass Spectra with MS Classi cation and Exhaustive
Structure Generation. Advan@sin Mass Spectrometry 15, 939-940,Wiley 2001.

T. Grdner, A. Kerber, R. Laue, M. Meringer, K. Varmuza, W. Wer ther:
MASSMOL. MATCH Commun. Math. Comput. Chem. 38, 173-180,1998.

T. Gréner, A. Kerber, R. Laue, M. Liepelt, M. Meringer, K. Varmuza,
W. Wer ther: Bestimmung von Summenformelnaus Massensgktren durch Erkenrung
hberlagerter Isotopennuster. MATCH Commun. Math. Comput. Chem. 37, 163-177,
1998.

7.3 QSAR/QSPR

MOLGEN-QSPPRrovides se\eral tools for the application in conbinatorial chemistry. It
allowsin particular to construct virtual combinatorial libraries. The input of this structure
generatoris a mathematical description of reactions and reactarts. Using a canonical
form, it is able to compare combinatorial libraries, in particular for testing whether a
given real library is a subsetof a constructedvirtual library.

In order to predict physical, chemicalor biological propertiesfor the virtual libraries, var-
ious moleculardescriptorsare implemerted that sene asinput for regressioranalysis. At
the momert there are 708 arithmetical, topological and geometricaldescriptorsincluded
in our software.

Regressiomanalysiscorrelatesmolecular descriptorswith measuredproperties of the real
library. Regressiormethods are provided by the statistics padkage"R" which is accessed
directly from MOLGEN's graphicaluserinterface. Sofar multilinear regressionyegression
trees, neural networks and support vector madines are available in order to suggest
promising candidate structures for the target property.

MOLGEN-QSPRs available for Windows 9x / NT 4.0/ 2000/ XP. Here are seweral
relevant publications:
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C. Rdcker, G. Récker, M. Meringer: y-Randomization and Its Variants in
QSPR/QSAR. J. Chem. Inf. Model. 47, 2345-2357,2007.

C. Récker, M. Scarsi, M. Meringer: 2D QSAR of PPAR® Agonist Binding and
Transactivation. Bioorg. Med. Chem. 14, 5178-5195,2006.

C. Rélcker, M. Meringer, A. Kerber: QSPR Using MOLGEN-QSPR: The Chal-
lengeof Fluoroalkane Boiling Points. J. Chem. Inf. Model. 45, 74-80, 2005.

J. Bra un, A. Kerber, M. Meringer, C. Récker: Similarity of Molecular Descrip-
tors: The Equivalenceof Zagreb Indices and Walk Counts. MATCH Commun. Math.
Comput. Chem. 54, 163-176,2005.

C. Rdcker, M. Meringer, A. Kerber: QSPRUsingMOLGEN-QSPR: The Example
of Haloalkane Boiling Points. J. Chem. Inf. Comput. Sci. 44, 2070-2076,2004.

A. Kerber, R. Laue, M. Meringer, C. Récker: MOLGEN-QSPR, a Software
Padagefor the Study of Quartitativ e Structure Property Relationships. MATCH Com-
mun. Math. Comput. Chem. 51, 187-204,2004.

T. Wieland: The Use of Structure Generatorsin Predictive Pharmacologyand Toxi-
cology Arzneim.-Forsch./Drug Res., 46 (1), 223-227,1996.

7.4 Mixed and miscellaneous

R. Gugisch, A. Kerber, R.Laue, M. Meringer, C. Récker: History and Progress
of the Generation of Structural Formulae in Chemistry and its Applications. MATCH
Commun. Math. Comput. Chem. 58, 239-280,2007.

A. Kerber, R. Laue, M. Meringer, C. Rdécker: Moleculesin Silico: Potertial
versusKnown Organic Compounds. MATCH Commun. Math. Comput. Chem. 54,
301-312,2005.

A. Kerber, R. Laue, M. Meringer, C. Rdécker: Moleculesin Silico: The Gener-
ation of Structural Formulae and Its Applications. J. Comput. Chem. Jpn. 3, 85-96,
2004.

A. Kerber, R. Laue, M. Meringer: An Application of the Structure Generator
MOLGEN to Patents in Chemistry. MATCH Commun. Math. Comput. Chem. 47,
169-172,2003.

C. Récker, J. Bra un: UNIMOLIS - A Computer-Aided Courseon Molecular Sym-
metry and Isomerism. MATCH Commun. Math. Comput. Chem. 47, 173-174,2003.
C. Récker, G. Récker, M. Meringer: Exploring the Limits of Graph Invariant-
and Spectrum-BasedDiscrimination of (Sub)structures. J. Chem. Inf. Comput. Sci. 42,
640-650,2002.

C. Rdcker, M. Meringer: How Many Organic Compounds are Graph-Theoretically
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Nonplanar? MATCH Commun. Math. Comput. Chem. 45, 153-172,2002.

T. Wieland: Mathematical Simulations in Combinatorial Chemistry, MATCH Com-
mun. Math. Comput. Chem. 34, 179-206,1996.

C. Benecke, R. Grund, A. Kerber, R. Laue, T. Wieland: Chemical Education
via MOLGEN, J. Chem. Educ. 72, 403-406,1995.

7.5 Mathematical Metho ds

Most important was, of course,the dewelopmern of mathematical structures and algo-
rithms, aswell asthe careful selectionof suitable and e+cient data structures. They are
descriked, for example,in the following theses:

D. Moser: , diplomathesis, University of Bayreuth, 1987.

R. Grund: Konstruktion molekularer Graphen mit gegelenen Hybridisierungen und
hberlappungsfreienFragmerten, doctoral thesis, University of Bayreuth, 1994,

Th. Wieland: Konstruktionsalgorithmen bei molekularenGraphenund deren Anwen-
dung, dactoral thesis, University of Bayreuth, 1996.

Th. Gr dner: Strategien zur Konstruktion diskreter Strukturen, doctoral thesis, Uni-
versity of Bayreuth, 1998.

M. Meringer: Mathematische Modelle féy die kombinatorische Chemieund die moleku-
lare StrukturaufklArung, doctoral thesis, University of Bayreuth, 2004.

R. Gugisch: Konstruktion von Isomorphieklasserorierntierter Matroide, dactoral thesis,
University of Bayreuth, 2005.
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