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Dedication

The latestSpartanrelease $ p a r t)aisitbeZiGt in more than 37 years since its initial
conceptionin 1989 @ years before Wavefunction Inc. was founded) wittByt ar t a n 6
founding architect, Warren J. Hehre

Our founder had a knack for the transformathewas instinctively drawn towards it. From
the underpinnings of molecular orbital t
assistant (as an undergraduate at Cornell Universigydportinglohn Pople at the Mellon
instituteinb ui | di n g -Hehhe e(0f) P tiaaled osto farne lackbone of modern
quantum chemical calculation®Varren Hehre was ther&/hen SGI first introduced
graphics capable of a facsimile of his vision, the applicémartan was born.

Early utility as a graphical interface to tBaussiarcomputational codenfich, along with

John Pople, \&rren also helped establish) ledatdargeinitial adoption by computational
chemistsWa r r e n dhoweverwasvsomewhatoreinclusive andencompassing. He
envisioned a tool (or set of tools) that the mainstream chemistry community could depend
upon, combining the power afolecular modelingvith the rapidly accelerating technology

of the personalcomputer andthat these tools would be accessedgriapical interface
designed to democratib®@mputational chemistry.

Mol ecul ar visual i zat i on makingmtcoratee cmputational h e
approaches like density functional theamprep r act i cal . I n the ear|
partnered with @hem establishing an ongoing collaboration bringing the computational
pipeline (including significant contributions from Martin He@drdon, Anna Krylov, Peter

Gill, John Herbret, and others)ofn numerous computational groujgs chemists across
numerous disciplines: Aialytical & Instrumentation chemistsSynthetic & Process
chemists, Natural Products chemists, Organometallic chemists, Chemistry edwaators,
those involved in Cheminformatics

Warrenods att en isseenrthroughouttH®mrtapusenr iotérface huk also in
the computational developmentsesued while leading/avefunction Inc. These include
a host of molecular visualization optionso{ablythe electrostatic potential mamd the
polar and accessible area properties based upon, B8P T1 thermochemical recipe
providing rapid accurate heats of formati@md the host of NMRvorkflows for flexible
organic molecules including the 2019 MR protocol and the morecently the MLXD
and MLHFNMR protocols Recent efforts areepresentative fothat knack for the
transformative antbveragemachine learningpproaches pursuit of structure elucidation

Warren J. Hehre submitted his final calculations in January of 202&asie the middle
of several projecisome of these available for the first tim&ip a r t . &terdakyénissed,
perpetually channeled, and never forgotten; the world is a less clever place without him.
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Notes for v.1 releaseln support of thenitial Sp a r t eelead& this manual update
containshundred®f changes fronthe previouS p a r t a n 6 ddumene&atiot.ikedhe
initial Spar t this @Bréncerbeiltisaupos the fouhdstier ldid, in previous
documentatioriWe attempt to highlight a number of new machine learning (neural network)
options representing several years of development effortom Wavef uncti o
team A set of tutorials focusednly on new features is included upfror8ubsequent
molecular mechanics and quantum chembzdedutorials remain largely unchangedt

have been expanded where leveraging machine learning options edtieces
computational timer adddlexibility (or both).

Beyond the new feature tutorials, the following sections have received updates from the
previous manual: Table of Contents, Section Il (Operations and Over@eut)ons Il and

IV (Basic and Advanced Tutorial§hapterl6i 20 and GlossaryThe emainingchapters
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https://www.wavefun.com/spartatocumentation alongwith future version updates.
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Irvine, CA
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Scope of this Guide

This guide provides a general working referenceSiqr a r t BmWin2idsvs, Macintosh

and Linux. Following an introduction which preser@partan as a tool for exploring
organic, bioorganic and medicinal, inorganic and organometallic chemistry by way of
molecular mechani¢gjuantum chemical calculationand machine learning approaches
together with an array of graphical models for conveying the results of these calculations, it
comprise27 chapters grouped into five sections (along with several appendices).

Section | (New Feature Tutorials)provides a set of tutorials featuring use of the new
machine learning (neural network) routines and their application to energy, structure, and
multi-step conformational searching and NMR protocols.

Section Il (Operations and Overview Chapters 1-2) describes the operation$partard s
graphical user interface and presents i
components.

Section Ill (Organic Molecules Chapters 37) comprises a set of

tutorials that illustrateSpartartd s bui |l ding capabilities (I
information can be retrieved from the Spartan Spectra and Properties Database (SSPD) an
how quantum chemical calculations can be set up, submitted, and the results
accessed/interpreted.

Section IV (Advanced Tutorials; Chapters 815) provides additional tutorials that extend
coverage to inorganic and organometallic molecules as well as molecules of interest to
medicinal chemists. These tutorials also address a number of capabilities not covered in the
previous section, including mutolecule documents and associated spreadsheet and
plotting functions and procedures for identifying lewergy conformers and establishing
conformer distributions, for obtaining NMR spectra of organic molecw#h several
degrees of conformational freedom, for finding reaction transition states and assigning
reaction regio and stereochemistry based on matching calculated and experimental

NMR spectra and for assessing the fAsi milz
of chemical function descriptors (CFDs).

Finally, a set of tutorials is provided to illustrate the access/use of the Cambridge Structural
Database from withirspartan The tutorials in this sect
gradeo than the earlier tutorials especi

Section V (Features and Functions Chapters 1627) describes irdetail the functions
available from the menus incorporated into ¢naphical user interface f@partan The
focus is on graphical input and manipulation of structure, input of other required information



and text, spectral and graphical output resulting from molecular mechanics and quantum
chemical calculations, and on use of databases of previously calculated structures, energies
properties and spectra accessible frBpartan This section is intended as a general
referencet& part.and26

What this guidedoes not dois thoroughly document the performance and cost (in
computation time) of the different molecular mechanics and quantum chemical models
available inS p a r 26 ar explicitly recommend specific models or combinations of models
for use on chemical problems. Nor does it show the utility of graphical models in presenting
and interpreting the results of the calculations. However, the choice of models used in the
tutorids can be taken as implicit recommendation as to what we feeitablsiboth in

terms of accuracy and practicality, and limited information about the relative cost of these
models is supplied, specifically. performance and co8pjendix A. They are covered in
greater depth i Guide to Molecular Mechanics and Quantum Chemical Calculations*
included as a PDF under thielp menu. The guide also provides a collection of illustrative
examples.

Addi tional appendices pr ovi dachiteaureaswelrag i e \
its present capabilities and limitatior8)( a directory of functions under its men@),(a

listing of commonlyused options@d), a listing of units ), the proper journal citation for

Sp ar t andthe3IPD(F), instructions for installing the Cambridge Structural Database
(G), directions for making databases froBpartan calculations i), examplesof
pharmacophore input)( input of experimental infrared, UVAible and NMR spectray,

setting up and accessing rem8ggartanserversK) and providing chemical shift standards

for NMR calculations with different theoretical moddlg.(Additional materials relating to
several of these appendices may be found as PDFs undt&ltheenu.Finally, a practical
glossary is included defining many specialized terms and acronyms unique to computational
chemistry, quantum chemical calculations, and methodology nomenclature.

An up-to-date version of thisTut or i al and is lhgakabléd giaone i d e
documentation ahttps://www.wavefun.com/spartatocumentation

* This 2003 reference is somewhat dated as some models cited have certainly been overtaken (replaced) b
modern models (in particular, missing are assessment of the newGéedon and Truhlar functionals). An
updated version is this guide is a work ingness.
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few decades chemists are presented
| andscape of t he subject. NMR spe
mentally altered the way tihmtmarmy ¢
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mainstream chemical community. On
e more time demandi ng, and only in th
mputers become widely avail ablnmnaitnos tmaeke
emi st s.

der the umbrella oMadhimnéiECMlaordiemdgallki
cladNaNwo NNHjodel so or simply fAneural ne

taln the chemistry esnpaod,e st hiisatpreorfcttieense,

emi cal sh{dtguaklty.s bfafsiedi ent | evel s ol
arat asreri es of similarly developed ML ap
ained on a |l arge (potehmtimallay idatiani teE
del s have been formally sdeevf i mnaelrdsedinnb far
creasingly d®tai hedapehbhl bpEachems stry t
Al or Mac hilnaetSehsaetavrearnshigoknes e ant age of

8 different neur al n est tweopr kw anrokdfell csw s( o(f
ediction, conforsmappbeméntanagephHijiengecC |
nsuming quantum chemical <calculations.
antum chemiargdal ¢ &@ldcwlpaini ooesf urni sh i nfc
d product distributions of chemical 71 ec:
ates, or indirectly based on the Hammor
mante of Dutaantctadtcuveabdong directly to
ometries of transition states, and abo
re and mor eq «almmoatte ruegui ilfreerd stylsdte mar e t C

too complicated to be subjected to t|

1. Comp. Chen2025 46(1), 70016

2 J. ChemInf. Model.2025 65(5), 23142321
3J.Comp. Chen2025,46(12), 70129

4J. Org. Chem2025 90(32), 1147811485

5 ChemRxi\2026, preprint
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Correlated
Models

Density

Functional Hariree-Fock

Thermochemical
Recipes

Semi-Empirical

Graphical
User
Interface

Molecular
Mechanics

Graphical
Models

Molecular
Similarity

G g
Properties Databases Databases

Spardotsamnterface provides the gateway t o &
mechani cs reondpei I rsi,c a & e-Raoncdk  Hreorl terceuel ar or bi
correlated models including a wid®|l easete
mode and a sedrecdri owa whda sfeudrmgdmodoenl s such
CCSD(T) approach. Ther mochemical recipes
mi mic the results olfevGdSD(olr)r ealnadt eodtohmeora fehl i
the computational cost are also supporte:
the computational |y -Hefhfrigtc\RA;p VEEr emdQZ c o
series from Dunning and the def2 series
customized for individual properties. N o
application While the mbemi saphmetdectat ar
results, t hey wi l |l l i kely beatoonti medc
necessary to cont enSpawdtdta r teesrsfeac et rfeaad ime
mat ching different molebemacamembdeil ess &
mo d el may easily be passed on for furthert

Machine | earni nwgo (KIN)p prroeaenfoefhuerrsa It hneetpo s si b
class of omemmhiohdast ti péofadontt otath hi gh aqeadlsiaty |
wel |l owscomput ati onalSpacdta.if @2arlp |\ et epnrtd evda migr
obeven prudbdnmestheod k model s. Thesiempreog \we dewv
energy diffefrreEBIdPr moli eedlidir amechaniet y,
YBO 7X/-B1 @*qui | i brium geometriesi@fadrnfticug aft
esti mate t otoanle eorfertgiieesf oflrloorwi ng t hr ee

YBO7W6311+G( 29Bf9,7XpF1G*
¥BO7-M6311+G( 2%Bi9,7XpF1 G+
YBO7ME2)1+G( 2wBf9,7XpF1 G*
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(abonwvwa)sltsar t ien g7 DN-B81 G* equi l i brium geonm
or fersammBaq &X-81G* geamaenern(gvigeasur al ), n aitjvdo r( k
provi deec cfudkattaé® chemi cal shifts, trained

empirical ¥ByW 7Xo-B80 &6tt mddel . Al | machine | ec
for closed sthelbtcttompehrarggdt he el ement s:

(onlvy). Continued neur al net wonk hdeeell em
model s will al most cer SEpanteglnefaisneds .t hei r
Two lbé most 1 mportant quantities to come
While these are unique for a rigid molec
bond and/ ormesmbxerorr ihnigg hceormpri se a sewn es

geometry @parperaoevrigdyees aut omated (single h
ei ther t he -emtee gty (CloomWwegtmeeaneorrgyt hceo nd eotr r
represent t he BoMaotlzentaunlna r d insetcrhi abnoitci sg mamd

chemical mo d etl s amaayl ybzee. ucdoemdf ® o mat case s, r
(neural network) models may al so be empl ¢
Sparptraonvi des access to several common spe

( mol ecul ar neencphiarniiccadl o c $Hpamideresei ty functi o
Raman smectV@D (HmeBtoeke and density funct
spectr aF¢fldent gietey f unacntd oan aMa cnhoidneel sL étar ni
antd€) and UV/visible speedterpend@ns, déinS( D

model s) . Experi ment al Il R, NMR and -UVhei
dat abases are easily accessed and superir
Sparprmamvi des tools to quantify both the
chemical environments characteristic of

identi fy mol ecul es t hat fidt i nt eccahbhl edp
p h ar nmaocroep) . Phar macophores may be extrac
macromol ecules (proteins and nucl eoti des)
Sparitmoal udes a variety of graphical t oo
calcul ations as well as similarity anal
mol ecul ar orbitals, el ectron and spatni de
potentials that can be displayed as surf:
Sparbhanesses sever al di fferent dat abase
experiment al informati on. The SSPD (Spar

ri ses calculated geometr i eB9 7&h-81 GI'MR
I t ygaf umao d0elokofl cerc ud 3 s . Most entries al
tional models (these came primarily

OB FWKI-B11+G( 2yBIO,7-Mp-P11+G(2df ¥Bpy M@g-29 / 6
G(2df, 2| onwided more accurate r-ehetic
). About 90% of the SSPD entries hav
ul at e 9 rX/i-B1lgG*t hdkeensi ty functional mo

O PTWSH QO
Q Tk, O®Q®d®Oo

mp
ns
di
t w
1+
y O
| ¢
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entropies and Gi bbs -ehferygi)es Ftionabe yac cheesas
the T1 ther mochemical recipe are avail abl
SSPD also includes as8,a0e0 gceaolnceut!rai teBs@ 7odbbrt aan
D/-81 G* model for concer tAd d errckiapda,lidorn,s G opr e
ene and h ywdirtohbporreavt @ dogni)eBs9 K/ -&inl + G( 2df , 2p) .
Spartalhlb@ws the user to consbruch aodauab
the SSPD v. 7 collection, the mini mutmatrec
geometry obtyB80 #X/dAd® If G*o mma dheel

Addi t i Dmarldlaymesses the freely available ¢
>253,000 protein structures, IR, UV/vis,
shift daNMRS3MKiafmt RiBneal | vy, andSpayr tsepd2 Ge &r
the | atest release(s) of CBP G&mmordgehst
X-ray crystal structures.

New feabSpaestanda2hb
Sevemparloviedneantt ishiauritsthmé @ 6i t s pmedte yestsabr (s

Machine Learning (NeUhakeNerwsek}) | yo@iai he
net wor ks t hat pnewngides 9impgloeredousttirnuec t tu
equilibrium geometrieNMR smmf mtedd)ad nih dtu
escription iTeposegitl aht oif methiedde® dppendmx
to this reference).

ur al Net works for Conformational Ener g\

tanékédes a neuCatraeect evdo DMVWFR fhree dn a me
enbedomeé gatdie@dear ds MMFF, r alond SiMMFIF® 4
tut e axBOEKPBILS1+G(2BTL1GH ) [ 6guant luenv ed h
venrrnoom a performance perspective, 1
i ce, they run on a time scale of | e
of significant wutility aloneattbnal
searchSpagrt &&mbé 26 ovi de new options for ut
conjunction avnltfml)leNEl\/tftFloImlAtthleuma@d{oraestrwwlI
mu ksttie p densi-b s efdunchHaguwinlaiélsr. i um, COmri foo rmme
Di stri,bainMbR h®pethskm

ar
orr
r uc
pr o
act
| e

Quantum Mechanics Quality Energies

Given input geomdBO7-Xe81G rooinF FeGalt memnr al ne
trai psti i MBO/BX/-B1 @eometitnpse are ter med:

DLXD2XEst. DensityBIFKABLI10@@2dE9,7DP-BL G*
DLXD2MMESt. Densi tyBIFMI-BLL®GARXI, 7DP-HA G*
DLXD2M{BR9t. Densi tyBIRWM{(-@Y) il &G4 LUK, 7DP-BAG*
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ents a ocvdmghatabhy enmegyaval
OM-/p-311+G(2dafndxPIM( 6B 11+G(2df ,

Thi s repr S
+ 2 dvB
gn |ficantly I mproved reaction
¥B
I

e
¥BOX-V/6-311+ G(
modeéledwd si
frome melsfm B FX/K1 G* nbdek.roalkeimfessr ead ea s
st anldone alcul ations, or-sasepoptbbnsol 8 &

conformatia)rmdilflaemaillylsdasmolec.ule NMR shi ft
ANeur al Metdwdbr k St ructure (Equilibrium Gec

SpartiamdéRadckeas al network routine that, pr
wi || fUE®t sh Damsi t yBOF-IXh-81 GOl cEquuriel i r i
GeomegusyMgFFG1 Thi s 1is not an instantaneo
net work routi nes tahpaptr pparcohvoirdres eame rogpite smi zt
DLFF@hsradgai nstdasetl>edr grei | | i on energy anc
ing organic molecules ranging from az2o0
fficredwBeFXePlGreometries sl€cls hidisiesd 9O
s geomdtarlyy Iwaptphintnesf YB @ T-D§/rBelnCa'® O/ TIX/-B1 G*

AO calwiuttmtliiomear scal i n)Naotned, etnpids nreccau
ainbdgHt oceuwmealrigti ye s, nor does it supply
calcul ation of mo st graphical model s) . ‘
conjunctionEwet(syenigtiheerpoiannt eB®8 r-x/y§1 G*al c
ornee of the above three QM energy neur al
searching) .

Estimating acctu@® aNMR PGhoetnoinc aaln dShi f t s

S
u
t
I
r

-~ wcCc

I n recent years, the challenging task of
functional cal culbatsieadns (Ctayl iud altliy nGl AQ@ v
ai d or odmdtlietntei on ala sasnidg nRSearr t2®.d ® sbi@iMceadl

mu l-sttiep pret oddlen successfully applied i
assignment (especially of flexible syste
applicatiostep phet omudlt i remains the nf c

(

( many ohoduaryss )t.o rWhgiil#ea |SNH@RE p e c ttrassd@amai ns an

begi nnSipnagr ti&gMoé 2266 d ML pr ot oc o INMRf Po wttaascko,b |
wi t h fcoounrf ipgruer ed and pufbdri fbib2@l ovloe kif d @iwss
fl exirlglasmmi ¢ Wtheé¢ ecful asai |l abl e neur al net wo
NMR shifts results in performance BaFrXs
D/-81 G¥B/9/7-IX/-81 G* density functional mo d e | (
net wor k pemf drhmamaoael eirs od within .1 Ypm f
shifts of reference shifts from density f

Col | ectinveeulrya | tmheemwbrek appl i &¢d attbaasak sn uinrbeelr

Enerigy avail abefe thesne froutines, however
geometriEses . f Dems i ¥B9 "DI-6¢ GF onalsk need adrc
cal cul ations performed.

14



ui Il i bri umarGe oaneair |t atel enGoyrsr,e cftreqdm aviMd= Fd i r
omEdth.e Densi tyrB9 FIX/R&ELHJA*Oh & F&GApPpr.oach

-0

onf ormati on&éurSelarcéti wgr k model s are al
ol I owifregatwasnkKk ©r mat i obq@ui Isielar icthmGdm n d ro menr
Di stri,WMR i Smect &NMdR Pr ofth®oolr ect edo MMFRe ¢
be wuisedi sbbat mpmove energy resultsardidnom
conjunction-meinth onfeel anlaaph@erncecadhras n(iing a v

NMR shioths pr'€t ameamadail able from neural
Equilibrium Geometry, and NMR Spectrum t &

Dat abases

SSPD (Spartan SpectraS&PPrhbaerbees ®&at ab:
addi tional 412,000 organic molecules (pr
natur al products), as wel |l as another a

(primar-Al gem,i etispol ar Cape) og&ddi seanand e
i ncl ude str w80 UrXe®1 G*¥ r oam d enevByOi 78K8-6 f r
311+G( 2wBf9,"Xp-B1 G* cal cul ati ons. Transiti o
Guess TrXtnastoed eSopnanrgtraanp hi ¢ a l user interf ace

Natur al Fhedwowtld.ecti on of natural SPDdu
(bundl eSlpawittamt a6 been extended and mo d
i nformation on only t+BDO KO-k 5+ G (eh®@ft §&Bp )c[o
eneérdg o9 7-IX/-B1 G*e o met.r iTehs sb optrbolvci udleast e d€ pr o
chemical shift!t€& ahdfezspeoirmédn2800 publ i sh

Customgéunsent ed) datMevaSigmIf toa ma2c6oomp.ut at i
a esnteep subR®RSHEOI co mpenhiibclhe per f oryB9 7-IK/mG ni 1
31G* geometry andBYpPX/iBdrlalGl( R dif n @B dRe/s6er g
31G* NMR chemical shifts and thermodynam
EDF 23/16G* t her modynami cSSPRDe qoemnmpcays lkdbabt eaa)p.p | T
transition states (absent the NMR optio
al ondgdiededi StSPiDbThied new task provides a
gener ati-dat aldasuesserof spectra & properti e

availabilitySPB®oltlheectcivornr,ena curated col |l
geometries of organic and organoaned wll ati ed
available from high quality density funct

are r qu@PHet gplréeul ated transition states.
Parall el Processing

The easy access to high end computati ona
performance assessment o-persfeoremahceond mpg
running the -gobeaterictehan a6e encour age
support @waveffrumccems to (and assistance
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Graphical I nterface

GenerateT Theomgemenaocshiimdeen refined with i
and provide automatic stereoisomer/regioi

2B DDi spllampr ovements have lWeesmpl|l ampdenode, t
devel oped as ia nbugelndeirnagl daelvli cfeeat ur es ava
iIn a new 2D viewing mode. This greatly
experiment al NMR shifthkISgarvtatnemo)n.s Addckir
ChemDrf awseparthon 2Wi agd oiws , pr e vpiroouvdi ldreeeslada 4 e
bui ICheimDn(2Ww), and-compert/ ant dNo3@he mDiISpwr
i nterface cal@OphememPbrédrSe o msanlg)s.

Dual DAdipsilpalyay wi ndow provides 2D struct

interface, and for 3D display when using
NMR meTnhud MRme n(upr evi ousl y nlaane db €xrmp tr. e fDian e
new, -laetvogmr eads h et cf aitncphorrpiggadn iamalt iaosnsoi fg n mi
NMR daltsfao (all ows assignmenh ahdefplecbmpht
Out put SUTmemmaHYyML presentation format has
or magnitude (or more) speed i n4g hfelays eu@s
opening. Al l data from the Output Summar

mol ecuda®ReEbemeecetebson has been added to s«
extended going forward.

Computational Enhancement s

Spartabhy26ée fsaudlvtanttagglee of up to 16 cores
to lhiectembEezeores for high performance mu
si gnicfointpaunttat i onal enhancements come by w
avail abhelveerfadtrasskamdcneuded our i mpdt€Ghtemat i
6.3/ 6.4 Versioaelease is the reLhletm,ofl ncon
i nitiated wiSplartamoP@DE2ase of

Through this coll aboration customers ben:¢
enhancements (the T1 thetempchbemicadbl $s e o]
searching in conjunction with Boltzmann
| earning model s) , as wel |l as a growing r
devel oprChnetG;piar t@moéabnd eupdat ed version of
t he cuChemetr s on

Sparutsaenr s have consistently and diligent|
viaupport @wav eMamy. coenported i ssues from t
addressed in this current wupdat e, i nclud
Wavefunction would |ike to thank our cust

simpl $pygindgysser feedback is greatly appr e
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Section |
New Feature Tutorials

Neur al Net wor k Cal cul ati ons

The following tutorials provide a number of examples utilizing the new neural network
(machine learning) routines incorporatedsip a r t .anrodle? ® reduce calculation time

and also to provide for assessment of results, these tutorials often statifeotontaining

results of previousensity functionalQM) calculations These includgeometries, isomer
energies and conformer energies, NMR shifts, etc. Sections are loosely organized arounc
specific neural network routine task€E st i mat e-D/68B3 7EXuilibrium
Geometries NMR from Estimated ¥ B 9 7D%6-31G* Equilibrium Geometries, Multi -
stepConformer Distribution Protocols, Improvi ng Energy results andNMR Protocols

for Flexible Molecules

Basic knowledge ofpartan operation is assumed. Ne8partan users should visit the
Activities menu andaninimallyreview the first three tutorials, as well as the seventh tutorial:
Groups of Organic Molecules before attempting the following examples.

While the primary intent is to expose users to the machine learning mosietsraary goal

Is to quantify the computational time savings when employing (one or more) neural network
routines in placef calculationstep(s) previously performed with quantum chemical models.
Throughout, an attempt is made to estimate the total time required to palffeteps in the
tutorial (including calculations). Calculation time estimates are base®@ prar t an 0 2
running on either: &4-corei9 Intel® Coreée i9 Windows11 machineor 64-core AMDE

Ryzen Threadripper PRD Ubuntu 24.04 serveNote, in generalinux (and Macintosh
operating environments show superior parallel performance (over Windows) for most
multicore calculationsthe Linux implementation includeshe most efficient memory
allocation.

Esti mat eD/68BB3 EgXilibrium Geometries

Whi | e t hD#6-3%¥@ @eiisKy functional model has proven remarkably successful for
calculation of equilibrium geometries (structures), it becomes impractical for routine
calculations on rigid or nearly rigid molecules with molecular weights greateptdraaps

1000 amu and for eveamallermolecules with multiple degrees of conformational freedom
(hundredsto thousands of accessible conformers). Routine usagygd benefit froman
alternae (fast)approach. A good deal of time has been spent explgasgmolecular
mechanics optionscluding semiempirical models such as PM3, PM6, PM7, etc. While
these alternatives meet the needsfésterresultsand are applicable targer and more

flexible systems and generally provideasonableequilibrium geometries, experience
shows that these options are no better than molecular mechanics at providing accurate
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energies oconformerenergy differencedBoltzmann distributio(s).

Sp ar t employtiée DLFFG12 neural networknodeltrained to reproduceur default
workhorse default:y B 9 7D¥6-31G* geometries starting from molecular mechanics
(MMFF94). This is available for neutral, closstell organic molecules including H, C, N,
O, F, S, Cl, and Br. Examples follow.

Monacustin structure [10-30 minutes]

1. Open the filenonacustinfrom theneural network folder inside th& utorials directory:?
HO

Iz

H,N

(o]
monacustin

This file contains the equilibrium geometry for the natural product monacustin, obtained
from t h®/6-318*9density functional model, and will serve as the reference to
compare results from a neural network calculation. The provided calculatiors reswlired
approximately 4 and a half minutes wall time on aco8 Intel 17 processor), you can
review theOutput via theDisplay menu. TheDutput tab includes timing data, toward the
bottom of textoutput.Optional: To test performance ojour machineyou canclick the
Minimize entry from theBuild menu, open theCalculations dialog, and submit an
Equilibrium Geometry using the defaulty B 9 7DX6-31G* density functional model.
Note the anticipated calculation on a modern eu@@ laptop is on the order ofl®
minutes.

2. From theSpreadsheetDisplay menu >Spreadsheel, make a copy of the monacustin
molecule, and paste this into thabel column under the existing entryight-click on
monacustinand chooseCopy then click in the empty cell underneatinonacustinand
choosePaste and then td?aste Molecule(s)Rename the second copypnacustin neural
net (doubleclick in the new cell and overwrite the atgenerated name). With the copy

2Hehr e, T. ; Klunzinger, P. E. ; Deppmeier, B.-D/6-3TH | i nge
Equilibrium Geometries from a Neural Net Starting from Merck Molecular Force Field (MMFF) Molecular Mechanics
GeometriesJ. Chem. Info. Mod2025 65 (5), 2314 2321.https://doi.org/10.1021/acs.jcim.4c01898

3 For Windows, theTutorials directory is found irProgram Files/ Wavefunction/Spartar&

Suggestedcopythis toDocuments or Desktop prior to opening it9partan

For Macintosh, this is located at the top of tgpartan® disc image.

Suggestedcopy thisto another location available to the user (we recommend Documents or Desktop).

For Linux, theTutorials directory is found in the install directory.

Suggested:apy theTutorialsdi rect ory to a | ocation that allows write
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(monacustin neural neselected, estimate the equilibrium geometry calculation:

3. Open theCalculations dialog, selectEquilibrium Geometry and Est. Density
Functional to the right ofCalculate. At present,y B 9 7DX6-31G* is the only selection
available. Make certain that ti&obal Calculationsis notcheckedSubmit the job.

4. When completed (a few seconds), return to the spreadsheet, skd&adr() the first
moleculemonacust-DB3IGREIHh¥ full <cal cul at eDd6- den
31G* equilibrium geometry). Seleélign from theGeometry menuandclick on theAlign

by button at the lower right of the user interface. (Note: alignin§tiycture).

5. Qualify (visually inspect) the results. From tBpreadsheetclick inside the boxes to the

left of the two monacustin molecules (this enables simultaneous display). From the (default)
Ball and Spokedisplay style, it appears that the two structures are nearly identical. Switch
to theSpace Filling(Model menu) style; this more accurately displays the overlap of atoms.
In the space filling model, visual differences are more difficult to discern, the two appear
essentially identical.

6. Quantifythe results. From thBpreadsheetclick the Add button near the bottom left.
ClicktheMolecule List tab, and from the bottom centelick on Alignment Scoresto post

these to the spreadsheet. In the alignment assessment, a score of 1.0 is a perfect alignme
and a score of 0.0 is a terrible alignment. By this metric, the molecules are identical.

7. Explorestructural detail. Use th&leasure feature Measure Distance Angle and
Dihedral Angle from the Geometry menu).Click again inside the check boxes to the left

of the moleculedbs names in the spratedshe
example selected, use the measuring options tools to explore distances, angles, an
dihedrals. For example, measure the CO bond lengths in the two carbonyl groups. The
distances appear at the bottom right of the screen and can be posted to thbesgtrégds
clicking on Vv

8. Explore additional organic molecules. Repeat the above tutorial procedure (6téps 2
for two additional natural productsimaroubin Aandbimsic sample .spartan files can be
found in theneural network folder inside thél'utorials directory.

9. Do results generally agree between the QM and neural network calculated structures”
Results willvery closelyf ol | ow t-bB/@31G*Bdcudlations, seAppendix A for
assessment. Tneural networkmo d el 6 s d e f idedcriptiomandvalidatioa i n i
assessment are included in the defining pap&heminf. Model.2025 65(5), 23142321.

10. When finished, closenonacustin simaroubin A and bimsic Note, while the
geometries are close to identical, this neural network was not trained on energy and resulting
structures typically need an additional calculation to obtain a reasonable energy. See
comments below.
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NMR from Est i-D/316*EquiiBiany Geometries

The neural networ k r o-D/6-316%equiilmierdgedametriedst.t i ma
Density Func-D/6-816% provideB Qr7 optimized structure, it does not,
however, provide an acceptable energy (or the wave function) currently needed to calculate
NMR chemical shifts using Density functional GIAO approaches, nor can one generate
graphical models such as moleculditals or electrostatic potential maps. In order to obtain
wave functiorb ased data, an ener gy ( aculationicnaeddde d
from ¥BEB7LG* . Use of the neur al net wor Kk
anywhere from 43 orders of magnitude in wall/CPU time when compared to the standard
¥ B 9 D¥6-31G* optimization.Note: new inS p a r t alnadeQptonvand®C neural
networks that will accept geometries frogither ¥ B 9 7D¥6-31G* or Est. Density
Functi on&l63n6B9 7 X

Ethyl 2-methylpropanoate [10-20 minutes]

1. Sketch or builethyl 2methylpropanoate:

O\/

(0]
ethyl 2-methylpropanoate

2. Open thespreadsheetand make two copies of the moleculiglft-click, chooseCopy,
right-click cell underneath and choogaste repeat the paste procedure again). For the first
molecule, enter th€alculations dialog, selectequilibrium Geometry to the right of
Calculate. SelecDensity Functional, ¥ B 9 YDXand6-31G* from the three menus below
and to the right owith. Checkthe NMR check box. Make sure th@lobal Calculations

box at the bottom right of the dialogrist checkedandclick OK.

@ Calculations X

Equilibrium Geometry ~ ~ |at Ground ~ | state in Gas - Total Charge: | Neutral (0) ~
Calculate:
with Density Functional ~ ~ || wB97XD  ~ ||6-31G6" - Unpaired Electrons: ]

Subject To: Constraints Frozen Atoms

Compute: IR | [Raman | UVAds v NMR  Current Model = |  Coupling Constants: | Empirical - QsAR

:6 [Joptions Global Calculations oK Cancel & submit

3. For the second molecule, enter @& culations dialog, selecEnergy to the right of
Calculate. SelecDensity Functional, ¥ B 9 DXand6-31G* from the three menus below
and to the right ofvith. From the menu(s) to the right 8tart From:, selectEquilibrium
Geometry then using: Est. Density Functional Checkthe NMR check box. Confirm
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Energy Model is selected and that Giebal Calculations box isnot checked

Calculate:

Start From:

Subject To:

Compute:

.
e

@ Calculations

Energy

with | Density Functional

Equilibrium Geometry

Constraints

IR Raman WVivis

[Joptions

¥ | wBTX-D

~ | using | Est. Density Functional =

v/ NMR | Energy Model ~

v | 631G6%

wBATX-D/6-31G* ~

Coupling Constants:  Empirical

Global Calculations

x

Total Charge: Neutral (0) ~

Unpaired Electrons: 0

QSAR

oK Cancel 2, Submit

4. For the third molecule, enter tBalculations dialog, selecEquilibrium Geometry to

the right ofCalculate. SelectEst. Density Functional geometry Checkthe NMR check
box. Confirm the NMR es t0/6MaG*)and thatshé&kal e c t
Calculations box isnot checkedSubmit the job.

5. When completed (several minutes), compare the structures and the NMR chemical shifts.
Open theProperties dialog Display menu),click on the carbonyl carbon, and from the
Atom Properties dialogue click on the Post __ button next taChem. Shift, to post the
calculated NMR chemical shifts for this carbon center (for all three examples) into the
spreadsheet. One after anothdick on the two ethoxy carbons, and post their chemical
shifts into the spreadsheet. How closely do the NMR results match?

6. From theSpreadsheet Confirm the first entry is selected. From tBeometry menu
selectAlign. Confirm thatStructure is selected from the dropdown menu at the lower right
of the interfaceclick on theAlign by button.

7. From the spreadsheelick the Add button near the bottom leftlick the Molecule List
tab, and from the bottom center of theéd panel,click on Alignment Scores How well do
the results align€heckthe box to the left of each entry to turn on display.

8. From theModel menu turnoff the Coupledtoggle. Use the center mouadieel to zoom

out if needed. Hold the right moubetton down to translate the molecules away from each
other so that the 3 can clearly be seen separately (not overlapping). Figiodidgdenenu
turn off the Hydrogenstoggle. Return to thiodel menu anctlick on Configure. From
theLabelstab,click the radio button to the left @alc. Chem Shiftandclick OK. Compare

the shift values on all carbon centers. Differences are very sabttee order of tenths of a

ppm.
9. Close thesthyl 2methylpropanoate
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Indiacen B [10-15 minutes]

4

Cl

/

HN / \
(o]
indiacen b

1. From theneural network folder inside thélutorials directory, open the filendiacen b

(a slightly larger natural product molecule, this alkaloid is isolated from certain species of
my xobacter i um dguilisrism Geameetrynand NdR ohemical shifts are
furnished frony B 9 7DX6-31G*.

2. Open theSpreadsheetand make a copy of the molecutediacen b DFT, name it
indiacen b est DFT

3. With therenamed copy selecteenter theCalculations dialog, and specifiequilibrium
Geometry and Est. Density Functional Checkthe NMR check box. Confirm that the
NMR estimator is selected and that ti@&obal Calculationsbox isnot checked Submit
the job.

4. When the job completes (just a few minutes), compare the NMR shifts on the carbonyl
carbon, the terminal carbon bonded to chlorine, and any other carbon centers you like. Use
the Atom Properties dialogue and post the calculated shif@hém. Shiff) into the
spreadsheet to compare results. While the results are not identical, they are very similar
(typlcally within a few tenths of a ppm). Use of neural network routines (in this case) saves
a a factor of 50 or more in computational

5. This example explored a relatively small and rigid molecule. Time savings for larger and
more flexible systems is even more significant, where select individual calculation steps
have the option of utilizing neural network routines rather than QM models

6. Closeindiacen h

4 Hehre, T.; Klunzinger, P. E.; Deppmeier, B. J.; Ohlinger, W. S.; Hehre, W. J. Practical Machine Learning
Strategies. 4. Using Neural Networks to Replicate Proton'#dNMR Chemical Shifts Obtained from

¥ B9 D¥6-31G* Density Functional Calculations]. Org. Chem. 2025 90 (32), 1147811485.
https://pubs.acs.org/doi/10.1021/acs.joc.5c00927
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Neural Networks in Multi -step Conformational Protocols |

For the last sever@partanreleases, we have included mugtep workflows combining

both molecular mechanics (MMFF94) and quantum mechanics (a number of models) to
obtain, what we believe to be, accurate Boltzmann distributions of flexible organic
molecules. Both as a staatbne ask Conformer Distribution ) and in combination with

NMR calculations in theNMR Spectra® task, these recipes have proven useful in
confirming (and in some cases rejecting) structural assignments in the natural products
space.

While increasing in importance and utility, the use poédicted NMR (in particular
Boltzmann weighted shifts) has been limited by the significant computational demands
required (several hours, ttaysfor very flexible systems).

Replacing steps in these workflows with neural network calculasmsficantlyreduce
the required computational requirements, while maintaining quality results.

Aspochalasin U and Boltzmann Weighted NMR [30 minutes]

aspochalasin u

1. From theneural network folder inside theTutorials directory, open the file
aspochalasin uThis file containdNMR Spectrum calculation results for the macrocyclic
natural product aspochalasin u, one of several alkaloid macrocycles isolated from the deser
shrubericameria laricifolia( t he fAt ur pentine bushodo) NMResul
Spectrum setup, starting from MMFF conformer searching and including multiple QM
model steps to provide both an equilibrium conformation and a set of Boltzmann weighted
NMR chemical shifts. This flexible system with more than 100,000 potential conformations,

5Hehre, W. ; Klunzinger, P. ; Deppmei er, B. ; Dri essen, A
Protocol for Accd@r £thelmy c £€lal Swli dttisn go f Conformationall
Assessment , dndNBI2nOI18OE B 0oiRBDBIOt ps: / / doi . org/ 10.1021/ ac
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required considerable computational time (20 hours on an 8 core i7 Windows 11 system).

2. Make acopyof the molecule namealspochalasin u DFT multistepandpasteit under
the existing molecule. Rename the second moleaspechalasin u NN multistep With
the second molecule selected, enterGha&ulations dialog and specifyNMR Spectrum
with Est. Density Functional, andNMR estimator.* Next to using confirm the settings
updated to: Est. ¥ B 9 A¥6-311+G(2df,2p energy and Est. ¥ B 9 7D¥6-31G*
geometry:

@ Calculations x>

NMR Spectrum ~ | with | Est. Density Functional = | | NMR estimator = Total Charge: Neutral (0) ~
Calculate;
using | Est. wB97TX-V/6-311+G(2df 2p) ~ | energy and | Est. wB97X-D/6-31G* ~ | geometry. Unpaired Electrons: o

[ use Custom Structure List. Coupling Constants: | Empirical = Keep Wavefunction

:6 [Joptions || []Details Global caleulations oK Cancel 4 Ssubmit

Submit the calculation.

3. When the job completes (perhaps 25 minutes onra@4i9 Windows 11 machine, just
underan houron the same-8ore i7 Windows 11 machine that the QM job was completed
on), compare the returned equilibrium conformer with the example from the longer QM
based NMR Spectrunilign the two molecules. With the first molecule selected, enter the
Geometry menu andclick on Align. In the lower right of the user interfacgick on the
Align by button (note we are aligning tsgructure). From the spreadsheetick the Add
button near the bottom leftlick the Molecule List tab, and from the bottom centelick

on Alignment Scores The neural network example should have good structural alignment
(.98 or better) to the standard NMR Spectrum task (from the multistep MM/QM protocol).

4. How well do the calculated (and Boltzmann weighted) NMR shifts compagé®click

on a carbon center; from the resulting contextual menu, clivoperties. From theAtom
Properties dialog, click . , to post the calculated chemical shift into the spreadsheet (this
is the fourth item down namé&them. Shiff). Note, the molecules are numbered identically
and posting the shift value from an atom on one molecule willpdstthe corresponding
shift value from the other copy.

5. Post the calculatgdhem. Shiftvalues for the remaining unlabeled carbons and return to
the spreadsheet for comparison. How similar are the resulting shifts? In most cases you will

6 Klunzinger, P.; Hehre, T.; Deppmeier, B.; Ohlinger, W.; Hehre, W. Practical Machine Learning Strategies.
2. Accur at e Pr ew6i3cltli+oG( 2df , 2¥fiB)9, T K¥ B Z Mf , 2p) -and
311+G(2df, 2p) Energies From N6 Eqilibriuw GeoketriesT r a i
and Energies]. Comp. Chen2025 46 (13), 70129https://doi.org/10.1002/jcc.70129
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find the results quite similar, in most cases results vary by only a few tenths to perhaps 1.5
ppm. The alignment and NMR shift results suggest the neural network calculations perform
similarly to quantum chemical calculations in the context of the raigli procedure. In this

case (with a rather flexible molecule and using the neural network routine for structure), the
calcul ati on run usi ng available neur al
computational time.

Improving Energy Results

The factX-V¥/iGIltl +@(927/df MBBL1¥xBO02Zdf , 2M(2)/6-an d
311+G(2df,2p) models lead to improved reaction and conformer energies compared to those
provided by the simpler and mudéss costlyy B 9 D¥6-31G* model is well known.
Spar t emmocofp@des three machine learning routines (neural networks) trained to
reproduce the above ener ¢gD/i68E5*gevneetryforamgst. f r c
density functional (neur al net wobD/&3LG* ge o1
geometris. The better energy calculation is almost instantaneous (seconds).

Structural Isomers of C15H1603 [15-20 minutes]
1. OpenC15H1603 isomersThe document contains sevemiisOs isomers (all natural
products) and pre al cul at ed energi es and-V/i6-geon

311+G( 2df ,-B/f-31GY(labBl€defxn the spreadsheet). Isomers are ordered by
relative energies (low to high). The underlying QM calculations required several hours of
computer time.

2. Inside theCalculations dialog, selecEnergy with Est. Density Functiondl ¥ B 9 7 X
V/6-311+G(2df,2p¥rom the right ofCalculate with andEquilibrium Geometry using

Est. ¥ B 9 D¥%6-31G* from the right of Start From. Make certain thatGlobal
Calculations (at the bottom right of the dialogg checked andlick on Submit.

3. When the job completda few minutes, 185 seconds or so per isomer), return to the
spreadsheet. Confirm that the first molecule is selectad, on Add at the bottom of the
spreadsheetlick on theMolecule List tab and undeEnergy from Molecule: clickonpE
(kJ/mol) near the top left of the panel. Optionally, renameqtie  ( k Jélumao do:@st
¥YB9 AX est -B)BdoublXclickintheqE ( k Jheéadeo, backspace to view the
full expression, and at the left of the equal sign, rename the previeistd: ¥-B&7 X
¥ B9 7DX

4. Bring up thePlots dialog andclick on + to add a new plot. Selec#f underX Axis and

select bothefandgpE  ( k bremd | )»-B9 & Xt -B,H PYod rEnamed the column

from the optional step above from tieAxes. Click on Create at the bottom right of the
panel. How well does this combination of neural network routines reproduce the results of
the reference calculations?

5. Open the filePlot_Est V_QM In this modified plot, the reference energies of the 7

isomers are the larger blue dots, the smaller yellow dots are the energies determined by th

neural network. The neural networks perform quite well on the task of reproducing both the
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order and the underlying relative energy results from-keghl quantum chemical models
(in a small fraction of the time it took to run the reference data calculations).

6. Close botlC15H1603 isomerandPlot_Est_ V_QM

Conformers of methyl 4pentenoate [10-15 minutes]

1. Opemmethyl 4pentenoate conformersThe file contains eleven conformers of the small
organic molecule methyl-gentenoate, pre al cul at e d -V/6-Bla+HG(2df,pP 7 X
from¥ B 9 D¥6-31G* geometrieglabeledref in the spreadshéetndordered from lowest

to highest energy. This relatively small molecule with relatively few conformers (11)
required only 30 minutes of wall time, perhaps 4 hours CPU time to complete.

2. Open theCalculations dialog, selecEnergy with Est. Density Functiondly B 9 7V)6-

311+G(2df,2p)o the right ofCalculate and Equilibrium Geometry using Est. Density
Functional andGeometry Estimatdrto the right ofStart From. Make certain thablobal

Calculations (at the bottom right of the dialogg checked andlick Submit.

3. Once completed (perhap$ninutes), open the spreadsheet and ensure the first molecule
in the list is selectedClick on Add at the bottom of the spreadshexick on theMolecule

List tab andclick on qpE  ( k Jat tmeo tbp) left of the dialog (undéinergy from
Molecule). RenameéhepE ( k Hdatawolumne st »BO9gXt -B97 X

4. Bring up thePlotsdialog anctlick on+. Selectef underX Axis, bothrefande st ¥ B 9 7 X
V: est -Owhd@erYXAxesandclick onCreate at the bottom right of the panel. How

well does this combination of neural network routines reproduce the results of the reference
calculations? This is a reasonable representation of performance within a conformer
distribution. Note that while the equilium conformer (the global minimum) remains the
same, there is some change in order based on the energies from the neural network (ove
this relatively small energy window of6kJ/mol).

5. For comparison, return to tlalculationsdialog and specify aBquilibrium Geometry
usingMMFF , make sure th&lobal Calculationsbox is checked, anclick Submit.

6. When the job completes (less than a minute), return ®gteadsheetTheqpE ( k J / mo
column has now updated to reflect MMFF energies. In comparison, how well does MMFF
reproduce the reference energies? Bring ufPtbes dialog ancclick on +. Selectref under

X Axis, and select althree ref,e st B9 Xt -BBRIPEK ( k Juhderdy | )
Axes thenclick onCreateat the bottom right of the panel. While the results of the combined
neural network routines do not perfectly match the underlying QM reference data, unlike
MMFF (reported on the new plotgsE  ( k )Jthemeutal)network results obtain the same
global minimum, and in general, beteggreementvith reference data.

7. Closemethyl4-pentenoate conformers
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Neural Network Correction to MMFF Molecular Mechanics

MMFF molecular mechanics is the simplest and perhaps most widely used method to
explore the accessible conformers of organic molecules. While it provides a reasonable
account of conformer energy differences for molecules with only a single degree of
confomational freedom (many of which were used to parameterize MMFF), it has not
proven to be reliable for molecules with multiple degrees of conformational freedom.
¥ B 9 AV¥6-311+G(2df,2p) calculations using MMFF geometries are much better, although
they are mich more costly (hours as opposed to secodp)a r t iacorpa?ates a neural

net wor k trained t o reproduce c o nVl6-r mer
311+G(2df,2p)//IMMFF density functional calculations and intended to improve on MMFF
results without greatly adding to its cost.

1,10oxymyrcene hydroxide [10-15 minutes]

1. Openl,10-oxymyrcene hydroxideThis document contains 40 conformers of the slightly
larger and more flexible example (comparedntethyl 2pentenoatdrom the previous
tutorial), the organic molecule: 1 xymyrcene hydroxide. Conformers are ordered by
energy (lIow t o hi-vgeBll+Gf{2df,8pne311GT)|EMMREFB sk
functional model (labeledef and in units of kJ/mol in the spreadsheet). The reference
calculations took just under 3 hours wall time and roughly 17 hours CPU time to complete
(on a 24core i7 Windows 11 machine). Two additional empty columns, one lali\N&e-

and the othecorr MMFF 7, will be utilized following calculations (below).

2. From theCalculations dialog, selecEquilibrium Geometry and specifyMolecular
Mechanicsand MMFF to right of with. Make certain thaGlobal Calculations (toward
the bottom right of the dialog) is checked atidk on Submit.

3. When the job completes (less than a minute), ensure that the first molecule in the list is
selected. Gick on Add at the bottom of the spreadsheet, thick on theMolecule List tab

and finally from undeEnergy from Molecule, clickongE ( k Jowandbtthe)top left of

the dialog. Copy the results from the 40 entries imgpie (' k Xdlumo iht) theMMFF

column.

4. Bring up thePlots dialog andclick on +. Selectref underX Axis, bothref andMMFF

underY Axesandclick on Create at the bottom right of the panel. The resulting plot shows

t hat MMFF is rather poor a-Y/6-3d1e-@(2dh2g)u& i n g
311G*)/IMMFF (theref data).

5. Update the data using the Corrected MMFF model. Froi@dhmilations dialog, select
Equilibrium Geometry with Molecule Mechanicsand Corrected MMFF and click

"Hehre, T.; Klunzinger, P. E.; Deppmeier, B.; Ohlinger, W.; Hehre, W. Practical Machine Learning Strategies
I. Correcting MMFF Molecular Mechanics Model to More Accurately Provide Conformational Energy
Differences in Flexible Organic Molecules.J. Comp. Chem. 2025 46 (1), 70016.
https://doi.org/10.1002/jcc.70016
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Submit.

6. Once completed (perhaps a minute for all 40 conformers), return to the spreadsheet. The
E ( k Jvalue® haye updated. Copy the updageB ( k Jehtmes intd thecorr

MMFF column. From thélotsdialogclick on+, selectref underX Axis, bothref andcorr

MMFF underY Axes andclick on Create at the bottom right of the panel. Compare the
two plots by moving back and for the between viewlot1l andPlot2 (optionally,clicking

the § arrow at the top of the plots pane
simultaneous display. The results visually confirm the corrected MMFF model does a much
better job reproducing the results of the reference calculations).

7. Return to th&preadsheetClick on Add at the bottom of the spreadsheet, thiétk on

the Linear Regressiontab. Selectef for the Fit, and choos&MFF underUsing, click
Apply. Create a second regression with fit to the corr MMFF data andclick Apply.

Two new entries appear at the bottom of the spread$Riggit-click on theFitl cell and
chooseProperties. The Regression Propertiesdialog appears. Th&? value gives an
indication of how well the data fit the regression, with 1 being a perfethe fit of MMFF
energies is essentially a scatter plot. Ridor the corrected MMFF energies is quite good
(.9). As (or more) important than the quality of the fit, the RMS value is much better (lower)
for the corrected MMFF energies (.46 kJ/mol). From a practical perspective, the
computational time savings sggnificant a minute or less compared to several hours.

8. Closel,10-oxymyrcene hydroxide

Neural Networks in Multi -step Conformational Protocols Il

In a previous example (the flexible macrocy@spochalasin uy we compared the
performance of the neural network routines in the Boltzmann weidit#d Spectrum
calculation. In the previous example, the NMR results were calculated from structures
determined by th&st. Density Functionaly B 9 7D¥6-31G*? neural network. Another
potentially useful strategy would be to utilize the msatgép (NMR Spectrum) routinésut

to perform structures (equilibrium geometries) from quantum mechanics and obtain energies
(for Boltzmann weighting) from neural network egies.

Leucosolenamine and Boltzmann Weighted NMR [no calculations]

leucosolenamine analogue
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1. From theneural network folder inside theTutorials directory, open the file
leucosolenamine This file contains two copies of a proposed structure for the natural
product leucosolenamine a. The first example has completed the déféRISpectrum
calculation, using MMFF and multiple QM models to provide both an equilibrium
conformation and a set of Boltzmann weighted NMR chemical shifts. The second molecule
has replaced the Hartrteo c k geometry step and anD/6-niti
31G* step with aCorrected MMFF neural network, and the final energy calculation:

¥ B 9 AV¥6-311+G(2df,2p) with arEst. Density Functionalneural network equivalent.

Note that in this case, the final geometry ALSO comes from quantum chemical calculations,
asdo the NMR shifts.

2. Open théSpreadsheeend note that the check boxes
in the far lefthand column areheckedspecifying display oboth copies. If your mouse
manipulations moveoth copies of the leucosolenamine. Visit dedel menu andoggle

off the Coupled entry. In thisdecoupledmode, you can move/manipulate the molecules
independently. To switch focus between molecules,glick on the molecule you wish to
select.

3. With both copies displayed simultaneously, an additigkaotation box is also
displayed. Note, the text applies to the initial position of the examples (if you move the
mol ecul es around, the annotations dono6t
copyany text (either from inside &partan or any other program) to the clipboard and then
click inside the 3D space in ti&partan Ul andright-click then choosgaste To edit or
expand,right-click on the annotation and chooBeoperties.). The initial display should
include the calculation completed using quantum mechanics on the left, and that from the
neural network calculation(s) on the right. Explore the NMR shifts on select carbons.

4. For qualitative results, a few chemical shift labels have &eabled Confirm these were

not MnAphekedgo. Compar e Rightdiokon acaaborbcenter without t e r
a displayed chemical shift label. From the resulting contextual menu, cRomserties.

From theAtom Properties dialog, click, , to post the calculated chemical shift into the
spreadsheet (this is the fourth item down na@eeém. Shiff). Note, the molecules are
numbered identically and posting the value from an atom of one molecule also posts the
corresponding shift value from the other copy.

5. Post the calculatgghem. Shiftvalues for the remaining unlabeled carbons and return to
the spreadsheet for comparison. How similar are the resulting shifts? In most cases you will
find the results identical, or to vary by only a few tenths of a ppm.

6. Align the two molecules. With the first molecule selected, enteGdmnetry menu and
clickonAlign. In the lower right of the user interfacdick on theAlign by button (note we

are aligning bystructure). From the spreadsheetick the Add button near the bottom left.
Click the Molecule List tab, and from the bottom center of tAeld panel, click on
Alignment Scores The alignment and NMR shift results suggest neural network
calculations perform similarly to quantum chemical calculations in thieegbof this mult

step procedure. In this case (with relatively few conformers), the neural network is a factor
of 43 times faster.
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7. The goal (at least one goal), of this tutorial is to demonstrate the option of utiiting

the energy related neural networks (retaining the equilibrium geometry at density functional
¥ B 9 DX6-31G*). This results in NMR shifts that more closely align with those from the
standard Density functional (MM and QM bas@&NIR Spectrum task, than utilizing the
neural neE s t . Density F-D/6-81G1Hfar stradture calcld@iohXThere is

still considerable time savings in utilizing just the endogyed neural networks. Close
leucosolenamine

NMR Neural Networks for proton and 13C Chemical Shifts

BeginningwithSp ar t a n @P2b6)and supporBed IS p a r t alppdoPos and>C

shift neural network models, trained to reproden®irically correcteds B 9 D¥6-31G*

GIAO results. A performance assessment and discussion are includpgéandix A. In
general, the neural networks reproduce proton shifts to within .1 pptcslifts to within

less tharl ppm. The remaining tutorials in this section demonstrate these new NMR Shift
options.

Kopsonoline: a rigid organic molecule [5 minutes]

1. From theneural network folder inside th& utorials directory, open the filkopsonoline
The file contains 3 copies of the (rigid) natural product kopsonoline.

2. Open theSpreadsheetand note, calculations on the first copy named kopsonoline
QM/IQM, includes NMR shift results fromempirically corrected ¥ B 9 7D¥6-
31G* [/ | -DB-91GXGIAO calculations. These took roughly 470 seconds starting from
an MMFF geometry. The second member in the list, named kopsonoline NN//NN includes
proton and 13C shift results from the neural network models originatinglieast. density
function neur al net work (trai DE&81GH).RMS epr
errors for BC shifts against experiment is included for quality assessment (recall the neural
network is trained to reproduce density functional GIAO shifts, not experiment). The neural
network calculations (on the same machine) took less than 3 seconds (a factbr 706
improvement in computational time).

3. The third entry, named simply kopsonoline, is set for you to run the same neural network
calculations oryour machine. Open th€alculations dialog and click th&ubmit button.

4. When the job returns (seconds), revisit 8pgeadsheet How do your time and RMS
value compare?

5. Closekopsonoline
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Furoplocamioid A: a flexible organic molecule [5 minutes]

1. From theneural network folder inside theTutorials directory, open the file
furoplocamioid a Like the previous example, the file contains 3 copies of the same natural
product molecule, in this case, furoplocamioid a. While only a few hundred systematic
conformers, this molecule is flexible enough that properly accounting for conformation is
likely to improve results. It is also hopefully flexible enough to gain an appreciation for the
speed of the neural network models.

2. Open thé&preadsheeto review existing data. Included are results fildMR Spectrum

(the multistep NMR protocol) calculations using the default density functional approach
(v¥rBo9DOB31G* [/ /| -DB-91GX GIAO calculations) as well as the est. density
functional approach (neural network//neural network) have been performed. Compare
calcultion times and RMS errors to experiment.

3. The third entry is set up to test neural network model performance on your machine. Click
on the third member from the spreadsheet and opedaticelationsdialog. The details are
already specified NMR Spectrum calculation with Est. Density Functional NMR
estimator usingEs t . WBBIN MG (2df,2p) energy andE s t . WHBICK
geometry). Confirm th&lobal Calculationsbox is not selected and cli@ubmit.

4. When the job returns, revisit tBpreadsheetHow do your time and RMS value compare
to the provided results from the quantum chemiegdvyoption (the first member in the
list)?

5. Closefuroplocamioid a

Machine Learning-Based Multistep NMR Protocol Applications

In previousSpartanreleasesve havantroduced and refined QMased NMR protocols for
flexible molecules. Th8 p a r t @eleadedndroduces fully integrated, automated protocols
for fast, accurate prediction dfC and!H NMR chemical shifts utilizing workflows
comprised almost exclusively of fast neural network models. Both options, MLHF and
MLXD utilize a single QM step to calibrate conformer energies which is subsequently
corrected (via neural network) to the qualigeded to estimate Boltzmann weights.

Evaluating NMR Assignments |- Constitution [10 minutes]

This tutorial presentgyeneral strategies for confirmation/validation of constitutional
structure assignment frodiC shift NMR data We useexperimental data from a recent
structure confirmation studpy Hashimoto and cavorkers® where funginocarterphenyl
analogs (AC), whose central phenyl substitution pattern was established, were explored

8 Kanehira, R.; Maeda, H.; Tanaka, K.; Hashimoto AdnginocarterphenylsiAC: Thiazole Containingp-
Terphenyls fronPaulkirkia sp. KT4190 Biosci. Biotechnol. Biocher2026
https://doi.org/10.1093/bbb/zbag042
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with the 2019 QMNMR protocol® In the following steps, general procedures for importing
experimental®C shifts and standatdMR Protocol workflows are introduced.

1. From the neural network folder inside theTutorials directory, open the file
funginocarterphenylsA-C. The existing file contains pmalculated data from the best
MMFF conformer, optimized with a density functional modelR 9 D¥6-31G*), along
with corrected GIAO NMR shifts for all three related scaffolds.

2. Openthe Spreadsheet This is prepopulated with moleculevel RMS errors (between

an existing set of DFT results and experiment). Additionally, reference and solvent meta
data are included. The MLHF RMS column is flaggegersding entries await results from
calculation.Closethe Spreadsheet

3. Openthe Enter Expt. *H/*3C shifts tool from theNMR menu. This presents an atom
level spreadsheet for organizing and assigning experimental NMR shifts, as well as
summary columns including space for experimentglut) and calculatedoyutpu), from
Spartan TheExperimental Chemical Shifts will be populated, however tf8cratch Pad

space is empty.

4. (OPTIONAL) Open the Spreadsheetand copy the reference doi URL from the
referencecolumn. Outside of Spartan, open a web browser (Chrome, Safari, Edge, Firefox),
visit the URL. Click the PDF link to access the article. This will open a copy in your web
browser,downloadthe article to your local machine and open with Acrobat (or similar PDF
reader) in order to perform the remaining steps.

5. With the article operscroll downto Table 1; this includgser atomshift assignments for
both3C and'H centersPositionyour mouse cursor inside the table &wapy (capture) the
shift data for the entire table: starting withl in the upper left and ending with51, sin
thelower right. With this data on your clipboard, returnSpartanand position your mouse
cursor inside thé&cratch Padarea.Pastethe copied data (viaght-click Pasteor Edit
menuPasteor CTRL+V ) into theScratch Pad

6. If done properly, you will immediately be presented with 8wect Character

SeparatedValues-Delimiter prompt. Choose thBelimiter Character that provides the
most accessible parsing of the data from the table (typically, but not alBpgse
delimited) anctlick OK.

7. Review the overall format of the data: atom labels, carbon types, shift data, and column
structure. Shifts can be individually dragged and dropped, but the recommended procedure
is to edit the scratch pad data to arrange an entire column of assigtethgirioper order

and then t@opy/pasteto the appropriat®C column undeExperimental Chemical Shifts

In general, experimental shifts can be imported and copied as a blaigp As the data
format (in this case) combines cells for equivalent cab@xample €20C-6, some
individual handediting may still be required.

8. A remaining challenge for proper assi¢
are either identical to or compatible with the atom labeling in the paper (and/or from the
instrument or other formatted source). No relabeling is needed in thishoagever: should
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atom relabeling be necessary, thisnisst easilyaccomplished from th2D view and with
Enter Expt. 1H/'3C shifts selected from thBIMR menu. With the atom table moved to one
side, NMR Atom Labels appear iblue and can be overwritten either form the
Experimental Chemical Shiftsspreadsheet, or lficking on the atom label itself and then
clicking on the correspondirtgdit dialog that appears.

9. (END OPTIONAL) Once youbve reviewed the exper
yourself with the scratch pad and both shift and atom label editing, op€rethec ul at i o
dialog. ChooseNMR Protocol as the task and leave the defa226 MLHF option
selected. This specifies the MLHNIMR protocol? Make sure th&lobal Calculationsbox

is checked and clicBubmit.

10. TheNMR protocol is specifically designed to assess flexible systems. While the sample
molecules irthis tutorial have only modest singl®nd rotation flexibility, they serve as
introduction to the mechanics of experimental NMR shift import and general NMR protocol
workflow options. The calculation should require no more than a minute or so per analog,
evenon slower machines. Based on presented structure and default search definitions,
Spartan will attempt a different number of systematic conformemsr feach
funginocaremphenylanalog. As noted, these systems have minimal flexibility, none has
more than 36 systematic conformers.

11. Once compl eted, y o0 u 0 | OpenlSave prDiscargpthee d W
corresponding conformer files. In this case, confirm&pply To All check box is selected,

and choos®iscard. In the case of remote submission to an extegpaktanresource, an

initial prompt toRetrieve is presented. Ensure tA@ply To All box is checked, and select

No. If you selectres, a second prompt gives you the optio®jpen or Save

12. Compare the results from the original DFT calculations with the newly populated
column (MLHF RMS). Optionally chooggonfigure from theModel menu and enable the

" (Calc.1 Expt.) for atom labels. Also from tidodelmenu, optionally turn offlydrogens

and change model styleTaibe (this provides a less cluttered presentation for ease of view).
Considering that the initial DFT calculations required more than 3 hours on a reasonably
configured laptop, the MLHF performs a similar assessment and provides comparable
(potentiwvdllyetitsén ghedul ts) in | ess than a

13. Closeunginocarterphenyls AC.

9 Ohlinger, W.; Klunzinger, P.; Hehre, T.; Driessen, A.; Deppmeier, B.; Johnson, J.; Ohlinger, C.; Hehre, W.;
Schnitker, J.; Uchida, N.; Watanabe, Y.; CohenDR. Bruno, 1.J.; Hashimoto, M.; Kanehara, R.; Herzon,

S. B.; Riseman, Hl.; LoépezPérez, JL. Practical Machine Learning Strategies. 5. Rapid, Accurate Prediction
of IH and®C NMR Shifts in Conformationally Flexible Organic Moleculé&dhemRxiv2026 Preprint.
(Manuscript submitted for publication)tps://doi.org/10.26434/chemrxiv.15001441/v1

NMR protocol options are detailed in the esBBWR Protocols for Flexible Organic Moleculesavailable in
t he Us e r(ldetp mé&hu)iamt érom th@opics collection Activities menu).
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Timing comparisons between default NMR Protocols [10 minutes]

When discussing analysis or processing speeds, in gefastdr is better. It follows,
considerablyfasteif as long as accuracy is maintainean be transformative. This tutorial
demonstrates timing benchmarks leveraging the same molecules used to explore timing
across multiple hardware and OS configurations in the defining MLHF and MLXD paper.
The 4 standard NMR protocol option ti mes
f or c¢ompyareiosmopnu ttaot i onal environment

1 From theneural network folder inside theTutorials directory, open the fillN MR

Pr ot oc ol OpéantheSpreagisheetThe spreadsheet is gpepulated with molecute

level RMS error and average timing data frd2z019 QM, 2024 QM, and2025 MLXD
approaches across the range of hardware below, a recent sample from a . Additional column
for the 2026 MLHF protocol are marke@ending awaiting calculation results frogour
machine.

Benchmarking Hardware
3.2 GHz Apple M# chip 2020
4.5 GHz Apple M4 chip 2024
4.5 GHz Apple M4 Prbchip 2024
4.5 GHz Apple M5 Prbchip 2025
4.4 GHz Intel® Xeon® W chip 2019
4.8 GHz Intel® 710700 chip 2020
4.9 GHz Intel® 712700 chip 2022
5.4 GHz Intel® i1.3900H chip 203
5.4 GHz Intel® i13900HX chip 2024
5.7 GHz AMB Ryzen & 9950X chip 2025
5.2 GHz Intel® i910850K chip 2020
4.5 GHz AMB Ryzen @ 7950X chip 2022
4.5 GHz AMB Ryzen Threadrippef 5995WX chip 2022

S|—|=x|~|—|T|a|=+|o|a|o|oc|o

2. The spreadsheet i ncludes a timing an
products, abendiesdpamion @ uat el daExXimer iDme n-
1€ shifdlsr echaadeye i mported and assigned, al
bet ween predi ct eClosethedpreadsheet r ved shi fts.

3OpetnhGal cul adii alnsc. ConfirNMMR hRr dwac2dd 2i6s
ML HFE n s u r&Gl otbhael Cad ctaid ath ox sicsl Schkemmikted and

4. When the calculations compl et e o(na ingiunru
machine) 6ptendstCoaetplag e your machineds Ml
agai nst the Sample MLHF Time <col umn. Ho\
accuracy is typicall y-1i2e phrwrddurcd dotl es dppvm
har dwar e. How wel |l wudsdeMyo er rbcpHF coempal s

MLHF RMS RewswiuewsPts from the other NMR p

10 Sum W. C.; Ebada S. S.; Kirchenwitz M. et al. Neurite Outgrowtiinducing DrimaneType
Sesquiterpenoids Isolated from Cultures of the Polypore Abundisporus violaceus MUCL 363%i.
Prod. 2023 86, (11), 2457 2467. https://doi.org/10.1021/acs.jnatprod.3c00525

1 Huang, KP; Xu, L. L.; Li, S. et al. Uncarialines /A, new alkaloids from Uncaria rhynchophylla and their
anticoagulant activityNat. Prod. Bioprospec023 13, 13.https://doi.org/10.1007/s13658%3-0037 70
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ML-based). Timings provided foravtehrdagmeama ihn
a b oBreen ¢ h maH &kri cdhvgaa bdl 4e h(a rccowmd i gg@mMma t. i ons

5. When finislo@de addsnhde etthodRt fHi? dt@teo c.ol Ti mi

6. For those interested i ns uapdpdortti @wnaavl éAftouen
additional file is accessible through Hel
for QM cal cul-adarn®fns (| apgetro cloGnf i gur ati on
Suppord).Team

Evaluating NMR Assignments Il Stereochemistry [15 minutes]

For practical purposesspeticakoctheaenc c@al alas
ltassutmetalte overall agreement bet weedn amrde
experiment is sufficient for confirmati ol
l ess). A discussion on predicted NMR per
deferrddpbesthen (validation of this app
carried out -voor kHearns f(fi msnedr crot BINP paper r e

1 From theneural network folder inside thél'utorials directory, openthefile i pol adi ¢

F. This file contains a set of four dias
sestertéwhphidmeairdamdl2édes t he -sappbeicliiftiyc a-tgii ovre
center) to generate a |ist possible dia:
Demonstr aGe menr atf e ttlloswol meirst ls@ipy @nl sidrB d

2. OpeéSprelhdshléheet di astereomers are named
carbons 4, 5, and 11 (the entire group i ¢
from which it is generated). Reference an
wi t Bpar t acna kporleu mn . This column has been
purposefully; we wil/ revisit this foll o\

3. Op€al thlkeadiiaolnosg, confirm tNMR p s otaestko It
wit h202hee MELoHFk f | ow. &lonlfalr mCadhiwerid lalh @ o niss ¢

Subnihte j ob. It should take no more than
machi ne. Upon comp$awaDo rs.ctalyaua ummaiyl iearnyhec
(these files consist of the conformers r e
review but not specifically wused in this
4 . Ret uSmr etaod sthhdeeet f i rst two col umns wi ||
error and DP4 probability (%). Which dia

RMSE, MAE and MaxAE along with DP4 % ( wt
NMR ab Mol ¢e®ebeeditdled®g s pretnyur iogghtt ble backgr

12Shen, Y.; Li, Q.; Ding, N.; Yu, Met al.Bipoladisins A G, Uncommon Sesterterpenoids with Three Types
of Carbon Skeletons from Bipolaris maydis and Their Reversal Activity on Paclitaxel Resistahtz.
Prod. 2025 88, (6), 1286 1297. https://doi.org/10.1021/acs.jnatprod.5c00024
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to access), and can be p ted to the spre
t

| ef t of eadlMRmekd.ric in

5. Fr ®prehddshekt t he previ 8pal y acmaecpot|euonmne.d
Ri gchltbookt he headeForcr Bthetl eaciitde dééelh@o s e sul t i ng
formatDe cnigmatdo c hfoorsei mal ( rpdtalceers t han zer o
these results to your own. Are they consi

6. liopsoel adi si n F
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Section Il
Operations and Overview

The two chapters that make up this section provide an overview of the components which
control access t&partartd s gr ap hi c a lOpewasng Epartam and folfowimge  (
that, aguided tourthrough some of the me fundamental operations of the interface
(Walking Through Spartan). Together, these offer sufficient informationttegin use of
Spartan Description of the full range @partartd s capabi | itbSeetisn Vi s 0
which is intended to serve as a reference to the cu8rgnt r t feaiude ZEA definitive
Spartanapplication article is in revision and planned for publicatiolaia 2026.
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Chapter 1
OperatingSpartan

This chapter describes the general operating featurés pfa r t .dt shdwldébe perused
prior to starting the tutorials.

Starting and Quitting Spartan

To startSpartanunder Windowsglick on theWindows button, therclick on All Programs

and locate and opeS p ar t &ondbublé clickon the Spartan shortcuticon on the
desktop). To start under Macintoslouble clickon theS p a r t iaom ity théApplications
list. To open under Linux, bring up a terminal dpdespartan26. To quitSpartan select
Exit from the File menu (Windows) oQu i t S p afronh thenSHOp2a6r t anendu 2 6
(Macintosh), orclick the Close button=3 towardthe topright of theSpartaninterface,
Windows and Linux, (top left for Mac).

Menus and Icons

Program functions may be accessed either from the menu bar or from icons in the toolbar
which is directly underneath the menu bar. The menu bar may either be accessed as pull
down menusClassic List), for example, th&etupmenu:

File Edit Model Geometry Build Display Search N

Dk BEE L Lokl 40T iDG@-

H Submit

Options Activities Help

or from a list of icons presented in a paleBeatton Pad), for example, th®isplay menu:

J’ Qutput Q Properties u Orbital Energies
e— -
qurfaces ' Illl | spectra y=mx+b Formulas

-X’}\\ Plots Spreadsheet _ ¢4 Similarities
» L

ﬁ Reactions ﬁ Dual

Selection is made in tHgettingstab of thePreferencesdialog
(Preferences..under theDptions menu;Chapter 25).
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Icons for all menu functions (as shown alongside text in 6tdbsic ListandButton Pad

styles) are available on screen below the menus. There are too many icons to be
simultaneously displayed and the choice (beyond the default initially configured) is made in
thelconstab Preferences..under theOptions menu;Chapter 25). Icon size is also user
selectable in th&ettingstab Preferences..under theOptions menu;Chapter 25).

File

o LY

L Mew - Mew Molecule
a\_j\" Delete Molecule ':_}: Append Molecule(s). ..

Open... , Close
. Open Recent Documents

= Save /b Save As. ..

I‘q Save Image As. .. ‘;
';.‘ /¢ Access PDB Online. ... I? /¢ Extract Ligands

¥ Print

[ Embedded Data 2D view Toggle 30/2D
|G+

Exit

Al | gwtsib uiolsk edncelwo | e adddd e | aantod ecul e from a
Spardocnu ment |, read i n a molsawvaehkficltrdeatt eydo
bywnotphemglrdamslol yavisp rt toe&rngdr apémlbcexit erinfdalesr

examWoreadnd EXxc elSpfairdt@eas) memtt ®, t o access F
to extract |l igands from t hieseafohesst é&p
dat abase (S3kRPOD) n@par aDOBB View Toggl e.

Edit
-
n Undo FAiry Cut _J Copy
= I )
I Paste Select All \_{\ Find. ..
\_/\ Find Next ﬁ.ﬁ Center I \“’ Clear
N 1t

Allows you to transfer information to and from the clipboard, to undo the last operation,
to find text strings and molecule fragments, to center molecules on screen, and to clear the
active molecule by deleting it.
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Model

Maodel:
™
Wire Ball and Wire h Tube
L‘z Ball and Spoke bSpate Filling J Line
\ Hide
Toggles:

0 Global Model ‘ ) Coupled Lz Hydrogens
,ﬁb R

Labels Ribbons «.  Ramachandran Plot
& L3

® R @
“" Hydrogen Bonds Chirali ‘CFD'S
“p ¢ Hydrog Is ty ¢

'\ Configure. . .

Provides control of model style of your model, display of (R/S) chirality labels, hydrogen
bonds and chemical function descriptors, as well as coupling or decoupling mouse
function for molecules in a muitholecule document. Allows display of Ramachandran
plot for a protein structures brought in from PDB. Enables labels, including atom labels
by atomic charges or experimental or calculated NMR chemical shifts (or the difference
between them) among other quantities (custom label displays also available).

Geometry

I?F Measure Distance Q Measure Angle ‘?\ Measure Dihedral

% Freeze Center /} Set Torsions @ Set Similarity Centers

L — Gegedate
e Generate |somers Lil .' Generate Tautomers ﬂ Generate Reactants and Products

e Constrain Distance @ Constrain Angle e Constrain Dihedral

® L4 e ©
.J"" Define Point “’ Define Ligand Point V“ Define Plane
4 o
Define NOE Define CFD i Align
OE --*" i 2

Allows you to measure and constrain bond lengths, angles and dihedrals, make lists of steret
and regioisomers and tautomers, define points, ligand points and planes, define NOEs,
specify frozen atoms, alter default settings for conformational degreesealofn, select

centers for similarity analysis and align molecules.
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Build

Wiew j Edit Build j Edit Sketch
66 <3 £
\? Delete .\. Make Bond ..’ Break Bond

S
& Minimize \/i/ Guess Transition State

Allows you to sketch molecules in 2D or build them in 3D, and to edit molecules that you
have already sketched or built. Provides tools for making and breaking bonds, deleting atoms
or groups of atoms in 3D builder as well as both 2D and 3D minimizatts (dMFF) for

Aicl eaning upo 2D drawings and preparing
access to ChemDradw (Windows only). Allows you to define transition states in terms of
curved (reaction) arrows attached to reactants (or productsher 2D or 3D, and to guess

a transitionstate geometry based on a library of reactions. Permits experimental proton and
13C chemical shifts as well as observed HH and CH couplings to be associated with 2D
drawings or 3D structures.

Setup

L{'-P Calculations. . . QSurfaces
}?L Submit

Allows you to specify and submit calculations and graphical models, either locally or to a
remote resource vi@partants submission tools.

Display
iL Output Q Properties “ Orbital Energies
aY n I(_"I f
QSur‘Faces IJ ||' Spectra y=mx+b Formulas
\4"}\\‘ Plots Spreadsheet 1 Similarities
E wnEp
ﬂ Reactions ﬁ Dual

Allows you to display text output, molecular and atomic properties, QSAR descriptors,
thermodynamic quantities, orbital energy diagrams, surfaces and property maps and
infrared, Raman, NMR and UV/visible spectra, as well as to access experimental IR, NMR
and UV/visible spectra from freely available databases on the internet or from local files.
Sp ar t &umhér2zehances the utility of tfeummary Output providing a series of
tabbed tables containing spectroscopic data that may be copied or printed. ydlows
present data in a spreadsheet and make plots from and perform regression analysis on the:
data, to access the results of a similarity analysis and to compute reaction energies base
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either on user data or from entries in the SSPD (Spartan Spectra and Properties Database
NewinSpartasodofkbe dual di splay option provi
molecule in 2D (while the Ul is in 3D view mode) or 3D (when in the 2D Sketch mode) to
complement the existing visual mode.

Search

o; Structure Query a Reaction Query ( Databases

Allows database queries, searching and mining of the SSPD for calculated structures,
properties and spectra, and searching the SRD for calculated trassatierstructures.
Allows you to search the CSD (Cambridge Structural Databasé)to extract ligands from

the PDB (Protein Data Bank). Allows you to match an unknown infrared spectrum to
calculated spectra in the SIRD (Spartan Infrared Database) which is derived from the
EDF2/631G* entries in SSPD or to experimental spectra fioenXIRD (NIST database).
Allows you to guess a transitiestate geometry based on a library of reactions.

NMR

1
% Enter Expt. Chem. Shifts

HH Enter HH Couplings

JC‘H Enter CH Couplings

Allows you to attach experimental proton ai@ chemical shifts to a 3D structure, and to
specify observed HH and CH couplings.

Options

oY Preferences. . . D Colors @ Fonts. . .

y Graphics Fonts. . . N- Monitor

‘))\%" lcons

Calculator

Ef

Allows one to set display standards, specify databases, monitor executing ajoths
customize iconand menu displagind other aspects of the graphical interface. Allones

to access extern&8partancompuationalservers oconfigure the locamachineto accept

remotely submitted jobs

* Requires CSD to be licensed. Visitps://www.ccdc.cam.ac.uk/solutions/dstence/for info.
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Activities
&Tutoria\s

i Topics

oY
¥ Look up in Wikipedia. . .

uYouTube Videos

Allows you to display tutorials and topics inside $partan and to access our YouTube
videos and search Wikipedia.

Help

: : Spartan’26 Help

@ Spartan’'26 Manual
License Utility. ..

Qcheck for Updates. ..

(={z}) About Spartan'26. ..

Provides access to information8rp a r tgenerd aperation,tifepar t an 626 Tut
User 6s( Gwrn rdent version of this document)
Also provides access to tiper o g rLaengedltility . Thisallows for modification to the
license activation, extending maintenance, transferring to a new machine, and accessing the
license server to check if license update is available to dgply.inS p a r t ia & UdilRy6
allowing userstacChec k f or Tlhp dsa tweislél compare the
current release available and offeimk fto update if a newer version exists (note: while this
alerts of a new version, the user must choose to download/update, we do not do this

automatically).

A complete listing of menu functions is providedAppendix C.
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Additional Icons

A variety of other icons appear$partan both in individual dialogs and in the message
bar at the bottom of the screen.

» 4 Postto Spreadsheet Search Transition State Library

;T‘ +2| Lock/Unlock Constraints ~ [«)f=] Move Up/Down Dialog

. Server Shortcut § & Help/Tool Tips @ > @  Surface clipping planes

Play n Pause E Revert to Fullscreen
Step Stop &]|  Extend to Fullscreen

Restore Default Setting} -  wikipedia | | ook Up in Wikipedia

%/@Add or Remove Tables Make List EIT Fit

Tabs

Spar t assigas2 fab to each open document. These appear in a single row along
the bottom of the screen in the order that the documents were created or opened.
Backward and forward step keys«( and [»]) at the far right provide access to tabs
outside of those displaye@n the left of each tab is a check box. If checked, this
indicates that the document will be (permanently) displayed on screen, even if it is not
the selected document.

Mouse/Keyboard Operations

The following functions are associated with a standard mouse and keyboard.
Acknowledged, depending on platform there is reasonable variability in mice and mice
configuration. In generaive try to take advantage of the full range of modern mouse
features but accommodate older mice (or no rmicethe case of touch pad or touch
enabled devices)he table below is also available from within 8gartanGUI from
theHelpmenu>S p a r t Hetp&rrg.
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Using the Mouse
The following functions are associated with the fwdton mouse.

keyboard left button? right button @
- selection, X/Y rotate XIY translate
Shift range selection, Z rotate scaling
Control multiple selection, global X/Y global X/Y translate
rotate
Control + Shift global Z rotaté scaling
Alt group picking
Alt ("View" mode) group selectiofi
Alt ("Build" mode) bond rotate bond stretching
Control ("Build" mode) fragment X/Y rotate fragment X/Y translate
Control + Shift ("Build" mode) fragment Z rotate scaling
Double-click
left button Mouse Wheel
Zooming, scroll
up/down
-Bonding mode substitution, insertion
-Bonding mode select atord

a) Left and right buttons together with no modifier keys are used for defining a section box.

b) In this context, ‘Global' means all visible molecules.

¢) With both left and right mouse buttons selected a selection box for multiple object selection is available.
d) Select atom as opposed to selecting an open valence.

Mouse/keyboard operations may be broadly separated into two categories: ¢
(picking) and manipulation (translation/rotation).

These broadly fall into two categories: selection (picking) and manipulation
(translation/rotation/zooming).

Selection Clicking (left button) selects objects on screen and/or of menu items. Center
wheel or both left and right buttons together are used to define a selection box for
copying to the clipboard, as well as for group selection. Together witBHhifiekey,

the left button allows for selection over a range. Together wit@thgControl) key,

the left button allows for multiple selection. Both range and multiple item selection
apply not only to text items in lists, but to atoms and bonds in molecsilesla
Together with theAlt/Option key), the left button allows for selection of an entire
group (detached molecular fragment).

In (3D) Build mode double clickingleft button) on an atom exchanges it with the atom
or atomic fragment selected in the modelRibuble clickingon an atom while holding
down theCtrl (Win or Linux) or the Command key (Mac) leads to inversion in
chirality of the atom andouble clickingon the molecule while holding down both the
Ctrl (Win or Linux) Command key (Mac) andShift key, will invert the absolute
configuration of the molecule. In (2D) sketch modeuble clickingon an atom with
another atom selected in the sketch pane replaces it with the selectedatdiie
clickingon an atom with charge/radical selected in the sketch pad adds charge or radical
designation to the atom and adjusts hydrogen count. $Jalgag icon is selected from
the sketch palettelouble clickingon a bond increases the bond order by 1 (single to
double or double to triplePouble clickingon a triple bond replaceswtith a single
bond. Once an initial fragment, group or ring has been drdeuhle clickingon the
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background in either 2D or 3D mode will insert the selected item alongside the existing
structure.

Manipulation. The left button is used faotation,and the right button is used for
translation and scaling i@ p a r tmaimséreen. With no keys depressed, moving the
mouse while holding down the left button gives rise to rotation about the X/ and
(screen) axes, while moving the mouse while holding down the right button gives rise
to translation in thex andy (screen) directions. Together with t8aift key, moving

the mouse while holding down the left button gives rise to rotation abaztitection,

while moving the mouse while holding down the right button gives rise to scaling. The
center (scroll) wheel on the maumay also be used for scaling.

In Edit Build mode (only), the default is focus on the full set of fragments that make
up the molecule being constructed, and rotations and translations refer to this set of
fragments as a whole. Use of t@&l key changes focus to a single fragment (the
selected fragment), and rotations and translations now refer only to this fragment.

In Edit Build mode (only), moving the mouse while holding downAlitéOption key

and left mouse button rotates about the selected bond. Bond rotation may also be
accomplished by moving the mouse up and down inside the marked area at the left of
the screen while holding down the left button.

Additional keys control variouSpartanfunctions.

Keyboard Operations

Paglep Pa gDeo w MovegPadegdowna Peo wn bhtedo me
Ho me , End to theEhXtofomtife set Adfs oop
up and downOuptamuetas!l og. t he

iedi t /Bdiiitl dS k eatgane n t mode

I

l nser t fragment Tomi sacicenpl i shedttf
f ragmeathneo dleilit g | dionagnhlen slee & n

( optfiodanc ) clickn ngcreen. l nsertion |
doulkell @ cknt migac k gif @u n dsveil rego £
fragment .
Del etes a fragment, free
contents of a selectiomhb
accompl i shed byDeh oeledgi oagni debk
the fragment, etc.

Del et e Required following textdioal
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Touhd/ TTPad kOper ati ons

Standard Pad

Rotate

Translate

Zoom (translate in the Z pane)
Rotate in the Z plane

Rotate around bond

Two Button Pad

Rotate

Translate

Zoom (translate in the Z pane)
Rotate in the Z plane

Rotate around bond

Touch-Screen Operations

Onefinger press and rotate

Two-finger press and translate

Two-finger rest (move fingers up and down)
Hold Shift key down, Onédinger press ujr down

In New Build or Edit Build , press on a bond to select it.
A red arrow indicate selected bond. Move the cursor
over vertical strip on the lefif the interface and then
one-finger press and move the cursor up or down.

Onefinger leftpress and rotate

Onefinger rightpress and translate

Two-finger rest (move fingers up and down)

Hold Shift key down, on€inger left press (up or down)

In New Build or Edit Build , left-press on a bond to select
it. Ared arrow will indicate selected bond. Move the cursor
over vertical strip on the lefiand side of the interface and
then leftpress and move the cursor up or down

Tapping= clickinganddouble tapping= double clicking Range and multiple selection
have not yet been implemented. One finger motions on screen are equivalent to left
button motions. Two finger motions are equivalent to right button motions. Pinching is
equivalent to scroll wheel operations.

Selecting Molecules

While two or more molecules may be simultaneously displayed, only one molecule may
be selected. Only the selected molecule has access to all capabilities. Molecule selection
occurs byclicking on its structure model or on any of its associated graphical surfaces.

Wherethe molecule belongs to a document with more than a single molecule, selection
from among the different molecules may be made using the buttons or the scroll bar at
the bottom left of the screeflicking on step keys at the bottom left of the screen

animates the display of molecules in the document, that is , steps through them

sequentially. Animation speed is controlled from ettingstab (Pr ef er ences é
underOptions menu;Chapter 25).
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Clicking on@ stops the animation. If the spreadsheet associated with the document is open
(Spreadsheetinder theDisplay menu;Chapter 22), selection can also be madedhigking
on the molecule label at the left of the spreadsheet.

Two or more molecules from the same document may be displayed at once (although only
one may be selected). Molecules are marked for displahégkingthe box immediately
to the left of the molecule label in the spreadsheet.

Stereo Displays

Spartan supports regtyan stereo. Red/blue glasses must be worn. To enter stereo mode,
accesshe Preferences dialo@ptions menu. The&Settingstab contains a@n/Off selection
for Stereomode. Does not apply to the 2D sketcher.

Changing Colors and Setting Preferences

Colors andPreferences..under theOptionsmenu & p a r t mend,Ma6intosh) allows

for changing default background and graphical object colors, and for setting (and resetting)
program preference defaults, respectiv€ligapter 25. Further control of color is available

in the variousStyle dialogs accessible frofroperties under theDisplay menu;Chapter

22.

Monitoring and Terminating Jobs

The Monitor lists jobs that are either queued or executing on the local machine or on a

remote servemjonitor ). Queued jobs may be started and executing jobs may be terminated.

The current text output and molecular structure of executing jobs may be examined. The
Monitor is accessible from th®ptions menu Chapter 25).
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Chapter 2
Wal ki1 ng Slpharra

This chapter, in the form of a tutorial, introduces a number of basic operatid@ysairian
required for molecule manipulation, property query and spectra and graphics display. This
chapter isrequisitefor new Spartan users. It shows how to: i) open molecules, ii) view
different model styles and manipulate molecules on screen, iii) measure bond distances,
angles and dihedral angles, iv) display energies, dipole moments, atomic charges and
infrared, VCD,NMR and UV/visible spectra, and v) display graphical surfaces and property
maps, and via the spreadsheet, display multiple molecules from tleedsaonment. Other
spreadsheet operations are not illustrated, no molecules are sketchediliprand no
quantum chemical calculations are performietine final example illustrates one of the
neural networks incorporatedf@par t.an 62 6

1. StartSpartan Click (left mouse button) ofile from the menu bar that appears at
thetop ofS p a r tmaimwinslow ClickonOpen...from theFile menu that appears.

Alternatively,click on the = icon at the top of the screen. A file browser appears.

Move to theTutorials directory” andopenWalking Through Spartan(File menuOpen
Walking Through Spartarn).

.@\Tapriwal kThgo$ghrdarmttapmOpenor

doubleWalalpi ng Thr dugiNoBpartan
(I eft mous e alpaurnd ohi) nq@errd) ar
doubl endlbubke Weaphal | clodbib
clitbkoughout the text that foll ows.

* The results of quantum chemical calculations in this chapter have been obtained using the
¥ B 9 7D¥6-31G* density functional model.
** For Windows, theTutorials directory is found irProgram Files/Wavefunction/Spartar
It needs to be copied to another location available to the user (we recommend Documents or Desktop)
prior to opening it irSpartan
For Macintosh, this is located at the top of ti8partan® disc image. It needs to be copied to another
location available to the user (we recommend Documents or Desktop).
For Linux, theTutorials directory is found in the install directory. Copy thetorials
directory to a |l ocation that allows write per mi:
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A single file containingethane acetic acid dimerpropene ammonia hydrogen peroxide

acetic acid water, cyclohexanone camphor (RR), epicamphor (SS) camphor, 3-
benzoylaniling ethylene benzeneaniline, cyclohexanone and two copies of the natural
productcamalexin(3-(1,3-thiazot2-yl)-1H-indole) will be openedA ball-andspoke model

for the first moleculedthang will be displayed, and its name appears at the bottom right of
the screen. The appearance of the name indicates that the molecule is included in the Spartz
Spectra and Properties Database (SSPD).

2. Practice rotatingriovethe mouse while holding down the left button) and translating
(movethe mouse while holding down the right button). Use the scroll wheel to zoom
in and out alternately move the mouse (up or down) while holding down both the
right-mouse button and tHghift key.

To rotate, move one fing:
mo vtewfoi ngertelsec r & eero.oonupt i, nt cwho
fingegefdneonmmovienfoi ngpast.

Click on Model from the menu bar.

Model:

&
Wire Ball and Wire Tube
] ot J
3 Ball and Spoke b Space Filling J Line
v
\ Hide

Toggles:

@ Global Madel ‘ ), Coupled ._‘!z Hydrogens
,ﬁb o

Labels Ribbons .. Ramachandran Plot
& *

@
? ‘} Hydrogen Bonds Rfs Chirality .‘ CFD's

l’\ Configure. . .
¢

(¥

(™
«“ @
@
©
(®
Wire Ball-and-Wire Tube Ball-and-Spoke

50



One after another, selédtire, Ball and Wire, Tube and finallyBall and Spokefrom the

Model menu. All four models foethaneshow essentially the same information. The wire
model looks the most like a conventional line formula. It uses color to distinguish different
atoms, and one, two and three lines between atoms to indicate single, double and triple
bonds, respectively.

The baltlandwire model is identical to the wire model, except that atom positions are
represented by small colored spheres, making it easy to identify atom locations. The tube
model is identical to the wire model, except that bonds are representeddogytiolilers.

The tube model is better than the wire model in conveying-tfirmensional shape. The
ball-andspoke model is a variation on the tube model; atom positions are represented by
colored spheres, making it easy to see atom locations.

SelectSpace Fillingfrom theModel menu.

Space-Filling

The spacdilling model is different from the other model styles in that bonds are not shown.
Rather, each atom is displayed as a colored sphere that represents its approximate relativ
size. Thespaecki | | i ng model pr ovi de s Wiilelimesbetvgeane o
atoms are not drawn, the existence (or absence) of bonds can be inferred from the extent t
which spheres on neighboring atoms overlap. If two spheres substantially overlap, then the
atoms are almost certainly bonded, and converdetyoi spheres barely overlap, then the
atoms are not bonded. Intermediate overlaps suggest weak bonding, for example, hydrogel
bonding.

3. Click once on the right arrow k at the bottom left of the screen. This will move
to the next molecule in the documeatetic acid dimerlts name will appear at the
bottom of the screen. use the backwa#d ~ or forjierd  step keys toagetito
acid dimerin the document. From the spailéng model, look for overlap between
the (OH) hydrogen on one acetic acid molecule and the (carbonyl) oxygen on the other.
Return to a balandspoke modelClick on theModel menu and seledtlydrogen

Bonds
?—I: _____________ j
Ball-and-Spoke model for acetic acid dimer with hydrogen bonds displayed
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The two hydrogen bonds, that are responsible forptse or orientation of the most

energetically favorable dimer complex, will be drawn.

4. Distances, angles, and dihedral angles can easily be measure8paithn using
Measure Distance Measure Angle andMeasure Dihedral, respectively, from the
Geometry menu.

1?P Measure Distance A_? Measure Angle \?\ Measure Dihedral

% Freeze Center A Set Torsions @ Set Similarity Centers

L —
<gmm Generate Isomers ‘.il ‘. Generate Tautomers

o Constrain Distance @ Constrain Angle e Constrain Dihedral

L] L ] L
T f# Define Point .‘% Define Ligand Point % _‘# Define Plane
~
- Define NOE "4 Define CFD Ji Align

a) Measure Distance This measures the distance between two at@isk once
on 3t o move t o ptopere ClickontheGeametsy ment and
selectMeasure Distance(or click on the#?* icon if it appears at the top of the
screen)Click on a bond or on two atoms (the atoms do not need to be bonded).
The distance (in Angstroms) will be displayed at the bottom of the screen. Repeat
the process for different bonds or pairs of atoms. When you are finished, select

View from theBuild menu (orclick on thebﬁ icon at the top of the screen).

View j Edit Build j Edit Sketch
66 S £
\? Delete .\. Make Bond ..’ Break Bond
Minimize Guess Transition State

b) Measure Angle This measures the angle around a central a@itk once on
3to move to t haemonia Qlitk omtloeGenmairy neenu and

selectMeasure Angle (or click on the &2 icon if it appears at the top of the
screen)Click first on H, then on N, then on another H. Alternativelyck on
two NH bonds. The HNH angle (in degrees) will be displayed at the bottom of

the screenClick on bﬂ when you are finished.

c) Measure Dihedral This measures the angle formed by two intersecting planes,
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one containing the first three atoms selected and the other containing the last
three atoms selecte@lick once on3 to move to the next moleculkydrogen
peroxide Click on theGeometry menu and seledfleasure Dihedral (or click

on the* icon if it appears at the top of the screen) and ttiekin turn on the
four atoms (HOOH) that make up hydrogen peroxide. The HOOH dihedral angle
will be displayed at the bottom of the scre@hick on 66 when you are finished.

5. Energies, dipole moments and atomic charges (among other calculated properties) are
available fromProperties under theDisplay menu.

?l Output Q Properties “ Orbital Energies
Q Surfaces ’ 'il I|I Spectra y=mx+b Formulas
\é\ Plots Spreadsheet 4 Similarities
- ]

ﬁ Reactions

a)Energy: Clickonce on 3t o move acetic dcid €lickmoretiet m C

Display menu and sele@roperties (or click on € icon if it appears at the top of

the screen). Th&lolecule Propertiesdialog appears. It is divided into six parts
designated by tab®&lolecule provides the energy and other information relating to
the isolated moleculeQSAR provides quantities that may be used as QSAR
descriptors, and’ hermodynamics provides the entropy, enthalpy, Gibbs energy,
zercpoint energy and heat capacitpH (298.15)provides heat of formation data
from NIST (if available) and the SSPD (if available) from the T1 model, and an
estimatedpHf r om DF T-V/6-3FBD ¥ &( 2 d f7X-R/F-3J1G¥ NMRI
relates calculated and experimental NMR chemical shiftsUiilities introduces
standard atom labels, resets model atdm colors as well as conformational
degrees of freedom to standard values, fixes bond typing, changes absolute
configuration adds missing hydrogens and adjusk$ bond lengths. Note that the
last three of these require that calculations need to be repeated. Make certain that the
Moleculetab is selected.
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Molecule Properties g X
Maolecule QSAR  Thermodynamics AHf(298.15) NMR Estimates Utilities
4 MName: acetic acid

4 Formula: C:H.0

4 EHOMQ: -2.77 eV va ELUMO: 246 eV
.+ Conformers: 1 L4 Weight: 60.053 amu
4 Point Group: Cs w4 Mass: 60.021 amu

4 WBY7X-D/6-31G* Energy: -229.010331 au
4 WBITX-D/6-31G* Opt. Energy: -229.010331 au

+. Dipole Moment: 1.63 debye, [ Display Dipole Vector

7 wikipedia PubChem

- :
g Label: |acet\c acid A4

This provides the energfor acetic acid in atomic unit&€aergy in au).

b) Dipole Moment: The magnitude of the dipole momeBiigole Momentin Debye)
is also provided in thBlolecule Propertiesdialog. A large dipole moment indicates
large separation of charge. You can attach the dipole moment vectdrere the +
side refers to the positive end of the dipole, to the model on the scregrediyng
the box to the left oDisplay Dipole Vectorto the right ofDipole Moment.

The vector wildl not be displ
di pomd memithbba epoirftfe@b| ecshar
because in this case it dep
the molecule in space.

K

* The calculated energy depends on a number of factors including computational model, basis set (where
applicable) and environment. For a discussion, #s@#vities menu Topics: Total Energies and
Thermodynamic and Kinetic Data
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c) Atomic Charges: To display the charge on an atachgk on it with theProperties
dialog displayed Atom Properties replaces the currently displaydroperties
dialog.

Atom Properties

Name: Carbon
4 Electrostatic: -0.706
Symbol: €

Atomic Number: & va  Mulliken: -0.582

Mass Number: | 12 - 4 Natural: -0.805

2 Chem. shift: 12.2
Chirality: <none> |Toggle Chirality

[ Freeze
4 Expt. Chem. shift: 20.0 +

4 Exposed Area: 19.532 A*

Experimental Data From: | <current molecule> - | | Apply Globally

Edit: (Current Molecule)

Expt. Chem. Shift: 200 -~

+ Item references experimental data from: <current Molecule>

>4
bl ] Label: |C2 -

Three different atomic chargeSlectrostatic, Mulliken andNatural, are given in

units of electrons. A positive charge indicates a deficiency of electrons on an atom
and a negative charge, an excess of electrons. Repeat for other atoms. Confirm that
the positivelycharged atom(s) lie at the positive end of the dipole moment vector.

When you are finished, close the dialogdiigking onEa at the top.

The three sets of atomic c
someti mes markedly so. Not e
mol ecul e cannot be uniquely
t hneuclchar g@uablhaet o mu mbigtns,opto s s
t csajowangl ecfibeh 9 magpdar t inauwll
The different <calculated <ch
counting the number of el ec

Infrared Spectra: Molecules vibrate (stretch, bend, twist) even if they are cooled to
absolute zero. This is the basis of infrared (and Raman) spectroscopy, where absorptior
of energy occurs when the frequency of a particular molecular motion matches the
frequency of the light. Infrared spectroscopy is important for identifying molecules as
different functional groups vibrate at noticeably different and characteristic

frequencies
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Clickonce on 3to move to the waterxToanmaté @ c ul

vibration, selecEpectrafrom theDisplay menu (orclick on ; if it appears at the top
of the screen). This leads to an empty spectra pane at the bottom of the screen.

Spectra: ﬁ A — = X

(L —
(I

Clickon at the top left of the pane and se from the available spectra.

IR VCD Raman NMR UV/ivis

IR Spectra: B3LYP/6-31G* Scale: 0.952

DIR' ‘Calculated DIR [ Experimental

Lozd Experiments! Dats
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The calculated IR spectrum of water from 40@D0 cm'® appears in the pane.

IR Spectrum (cm™)

4000 3500 3000 2500 2000

o

1000 500 0

Calculated

An upward and downward triangle server as a probe indicator, allowing for further
inspection of the plot.

There are three lines, one of moderate intensity around 37280t very weak around
3608 cm' and one very strong around 1624 trim turn,click on each of these peaks. In
response, the molecular model will vibrate. The line of moderate intensity corresponds to
an asymmetric OH stretching motion, the very weak line corresponds to a symmetric OH
stretching motion and the strong line correspondeeéd+OH bend.

To translate the plot inside the pane, position the cursor over the spectrum and move the
mouse left or right while holding down the right button. To expand or contract the scale
of the IR plot from its default range, position the cursor over the speendnuse the

scroll wheel on your mouse (or alternatively move the mouse while holding down both
the right button an&hift key). To reset the spectra plot to the original valaksk on

), in the bar at the top of the spectra pane. To increase (or decrease) the size of the plof
you first need to undock it bglickingon & at the upper right. You can then size it as

you would any other window. To redock the pldick again or & .

To see a complete listing of frequencies and intensdieg on L% (Tableg) at the left
of the spectra pane.

P A - = E R

IR Spectrum (cm ')
2500 2000
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Click on each entry in the table to highlight the frequency in the spectrum and animate the
vibration.Click on ___6to dismiss the table aralick on 4 to remove the spectrum.

@. Changhsagfersepecdir adnmegh 6 r ans

anal t etrhven g 5 b bakrepu istiemwi & o u
screpar atorerst lrsep e c tprossme n ol NN
i n sti hdee nbuaart ht eoopt hsep e pa mardo vuem r
d o wihd r a ntshsea ankoeviewfoi n g e £ bsep e c t
Tal t bsec aplientcwioi nge e bsepect r um.

Clickonce on 3tyooheranonethetnext molecule in tHest. The spectra pane
is still on screen but should be empty. (If it is not on screen, Sgpectrafrom theDisplay
menu orclick on if it appears at the top of the screen to rest@bck on ‘| | in the bar
at the top of the spectra pane andfo® gR ... | . The calculated infrared spectrum of
cyclohexanone appears. |

IR Spectrum (1/cm)

4000 2500 2000

o
&
]
&

1000 500

Calculated

The calculations actually provide a list of frequencies and an associated list of intensities
(some of which may be zero or very close to zero). The spectrum that is displayed uses thes
data but has been broadened (to account for finite temperaturejaded @o account for

the fact that the underlying energy function is assumed to be quadratic aasweH
limitations of different models). The same broadening parameter (temperature) is applied to
all molecules and all levels of calculation. The samaisg parameter is used for all
moleculesbut it depends on the theoretical model.

The largest peak appears at 1759 @nd corresponds to a CO stretch. The fact that the line

is both intense and isolated from other features in the spectrum makes it a very useful
indicator of carbonyl functionalityClickon t hi s peak and examin
for cyclohexanone on screen above the spectrum.

Click again on== and this time sele O] s . The experimental IR spectrum (from the
freely available NIST database) is superimposed on top of the calculated spectrum.

IR Spectrum (1/cm)

4000 3500 3000 2500 2000 1500 1000 500

Calculated
Experimental
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Note that the two spectra are similar but not perfectly matched.
When you are done, sele® from the bar at the top of the spectra pane.

7. VCD Spectra: VCD spectra are often used to digfuish between enantiomers (that is,
establish absolute configuration). Along with NMR for structure and diastereomer
confirmation, VCD is highly useful in establishing proper stereochemistry.

Click once o@ to move to the next molecule in the documeamphor(RR). With
the spectra pane on screelick on= =in the bar at the top of the spectra pane, click on

theVCD tab and sele*  The calculateCD and IR spectra for camphor (with

RR chirality at bridging carbongsJlick again o to advance to the next list member,
epicamphor(SS) Note the sign (direction) of t
(from the RR epimer). Future updates will include import of experimental VCD spectra

for overlaid comparison€lick on (® to close out of the opened spectra.

8. NMR Spectra: Along with mass spectrometry, NMR spectroscopy is the most
powerful tool available with which to assign molecular structure. Many (but not all)
nuclei exhibit NMR spectra, but proton ali@ are by far the most important.

Click once on to move to the next molecule in the documeamphor. With the
spectra pane on scre@tick on= =in the bar at the top of the spectra pane, click on the
NMR tab and sele@]| 'S« . The calculated®C NMR spectrum appears.

Calculated

150 120 90 60 30 0

3¢ Spectrum

This comprises nine lines, in the range of 150 to 0 ppm (there is a tenth line
corresponding to the carbonyl carbon at 216 ppm). You can zoom out to see this line
by using the scroll wheel on your mouse. More instructive is to zoom in on the range
from 60to O ppm to get a better look at the other lines.

Click on one of the probe triangles to select the probe and move the mouse while
holding down the left button over the spectrum. When you come to a line, the chemical
shift will appear at the top of the spectrum and the atom (or atoms) responsible for this
line will be highlighted on the model displayed above the spectrum.
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Calculated

Again, click on-l- in the bar at the top of the spectra pane and @J_‘@t» eeeeee -,

13C Spectrum

24

The experimental®C spectrum obtained from the freely available NMRShiftDB
collection will be superimposed on top of the calculated spectrum.

— Calculated

— Experimental

36

24

3¢ Spectrum

12

You will see that the overall agreement between calculated and expeririéntal
spectra is quite good. As with infrared spectra (see preceding discussion of
cyclohexanone), the data resulting from the quantum chemical calculations has been

empirically corrected.

Click again or=l= and selecaMs== .  An

bond HH coupling constants are set to zero appears.

i

deal i zedo

Calculated

I
2 L]

'H no *J Spectrum
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Spectra manipulations are as before and the hydrogens responsible for selected line:
are highlighted in the model. No experimental spectrum is available, but the quality of
the match would be expected to be similar to that previously observed with camparis

of 13C spectra.

Click again or== and seledDMwm from the palette. The spectrum that appears is
more complicated and much closer to what would be observed experimentally. In this
example, HH coupling constants have not been calculated from quantum mechanics,
but they have been estimated based on lovat@ment.

Caleulated

1l ‘ |
2 15

"H Spectrum

Zoom in on specific lines (scroll wheel) to see the detailed splitting patterns. For
example, the two protons ag @re both split by the proton at.CThe doublet at 2.36

ppm shows a much larger splitting than the doublet at 1.85 ppm (you need to zoom in
considerably to see that this is a doublet). This reflects the fact that the proton
responsible for the line at 2.36 ppm makes a dihedral angle afi#8the proton at

C4, whereas the proton responsible for the line at 1.85 ppm makes a dihedral angle of
80°.

Finally, note that you can switch among the three calculated NMR spectra (as well as
the experimentaf’C spectrum) for camphor lmjicking on the associated button in the

bar above the spectra pane. When you are done, remove all three §pieitcn (9
three times in succession to remove the spectra.

UV/visible Spectra: Absorption of light in the visible or ultraviolet range of the
electromagnetic spectrum leads to electronic excitation from the gstated to
excitedstates and (in the case of absorption in the visible), is responsible for a
mol ecul ebs copeoctr W¥copyimdte only offer
important screen to identify molecules that may be damaged by exposure to light.

Clickonce on 3 to move 3bemzowahilme Thesspdctra paneé e c
should still be on screegflick on and seIedDr“{’/“i ‘‘‘‘‘‘‘‘ . No empirical corrections
have been applied to the calculated spectrum that appears.

61



10.

Calculated

200 300 400 500 600 700

UV/Vis Spectrum

Click again or== and select the UV/vis tab and click |[EAX s . The experimental

UV/ visible spectrum from the freely available NIST database will be drawn on top of
the calculated spectrum.

Calculated

Experimental

Ve
\

i | Y ]
200 300 400 500 600 700

UV/Vis Spectrum

The two spectra are visually similar at least qualitatively. However, calculated and
experimental UV/visible spectra are likely to be sufficiently different that the theory
wi || not often be able to account i§or
likely to be more successful is in anticipating changes in color resulting from subtle
changes in structur€lick on 4 when you are done. Also, remove the spectra pane
either byclickingon ‘|| at the top right or by selectir®pectrafrom theDisplay menu

or byclickingon g at the top of the screen.

Spartanpermits display, manipulation and query of a number of important graphical
guantities resulting from quantum chemical calculations. Most important are the
electron densityr simplydensity as it is commonly referred to (that reveals how much
space a molecule actually takes up), boad density(that reveals chemical bonds),
and keymolecular orbitals (that provide insight into both bonding and chemical
reactivity). In addition, thelectrostatic potential mapan overlay of the electrostatic
potential (the attraction or repulsion of a positive charge for a molecule) on the electron
density, is valuable for describing overall molecular charge distribution as well as
anticipating sites of electrophilic addition. Another indicator of electrapaddition is
provided by thdocal ionization potentl map an overlay of the energy of electron
removal (ionization) on the electron density. Finally, an indicator of nucleophilic
addition is provided by th&UMO| map an overlay of the absolute value of the lowest
unoccupied molecular orbital (the LUMO) on the electron density.
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a) Click once onto move to the next molecule in the listhylene Click on the
Display menu and sele@®rbital Energies (or click e if it appears at the top of the
screen). An orbital energy diagram for ethylene will appear at the left of the screen.
This provides the energies of all six occupied valence molecular orbitals and the first
ten unoccupied molecular orbitals.

LT

LMo

Orbital Energy (eV)

HOMO

-20 4

-25

Note: Rightclicking on the MO diagram and choosing Properties from the resulting
contextual menu provides access to display of up to the first 10 occupied and
unoccupied orbitals. Orbitals outside this range can be requested individually from the
Surfacesdialog SetupandDisplay menu).

Click on the energy level in the diagram label¢@MO. In a second,
bond in ethylene wil!/ appear. Not e t hat
correspond to positive and negative values of the orbital (the absoluis aitpitrary).
Examine the other occupied orbitals @igking on their respective energy levels in the
diagram) as well as the loweastoccupied molecular orbital (thdJMO). Note that

you can move from one level to the next by moving the mouse up or down while holding
down and then releasing the left button. You can also use the up and down arrow keys
on your keyboardClick onview ba when you are done.

ASwi ppBi ngporrd o wnv drhe@r biemal gy
di agtroaonv et hteo hni egyitre r | eonveekrgy e | .

b)Clickonce on 3to move to t lbenzeme€lickonthe® | ec
Display menu and seleQurfacesfrom the palette (oclick on € if it appears at the
top of the screen). THeurfacesdialog appears.
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@ Surfaces X
O/l Surface Description Status IsoValue Resolution Label
I electrostatic potential map Completed 0.002 efau’(Fixed) med Surfacel
< >
Add - | More Surfaces... Delete Global Surfaces [ Auto-Gen is active.

Selectelectrostatic potential mamside theSurfacesdialog checkthe box to the left

of the name). An electrostatic potential map for benzene will api@iamk on the map.

The Style menu will appear at the bottom right of the screen. S€lactsparent from

this menu. This makes the map transparent and allows you to see the molecular skeletot
underneath. Go back to $olid display Style menu) in order to clearly see color
differences. The default color scheme follows the coloring in a rainbow:

redid oriangeilll gwie eml ue
By conventionred indicates a negative potential (the benzesygstem) attraction to a
positive charge while blue indicates a positive potentialgthgstem) or repulsion by
a positive charge. An alternative scheme with only three colors (red, white and blue)
may be selectedClick on theDisplay menu and sele@roperties (or click on O if it
appears at the top of the screen) alitk on the surface.

Surface Properties
electrostatic potential map

Property Range: (kJ) Style:
| -97.83 ﬂ 7228 | Reset solid o

. Min:-97.83 ., Max:72.28 ResetM/M | [ Bands: 8
Color Style:
IsoVal: | 0.0020 e/au” oy ——— »
Clipping:

Display:

2 Vval-97.3 k ia P-Area: 0.00A*

4 [ selected Area:

[ Inaccessible Markers
[ tegend
w4 MAcc Area:9832 A [, Acc P-Area: 0.00 A* [ sjlhouette

2 Area: 11176 A? 4 Vol 0406 A®

Global Surfaces []

:E' Labe\:‘sur'facm ‘ A4

* Discrete displays are the default. You can change the default to continuous displays by turningaoftithe
checkbox in theMolecule tab of thePreferencesdialog Preferences..under theOptions menu;Chapter

25).
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11.

c)Clickonce on 3to move t o t andinenaedxselectocal |l e c L
ionization potential magnside theSurfacesdialog. By convention, red regions on a
local ionization potential map indicate areas from which electron removal (ionization)
is relatively easy, meaning that they are subject to electrophilic attack. These are easily
distinguished from regions where iaation is relatively difficult (by convention,
colored blue). Note that thertho and para ring carbons are redder than timeta
carbons, consistent with the known directing ability of the amino substituent.

d)Clickonce on 3to move t o tclcohereroxgandecheck e c u
LUMO inside theSurfacesdialog. The resulting graphic portrays the lowesergy
empty molecular orbital (the LUMO) of cyclohexenomhis orbital is delocalized onto
severaltomsand it is difficult to tell where exactly a pair of electrons (a nucleophile)
will attack the molecule.

A clearer portrayal is provided by a LUMO map that displays the (absolute) value of
the LUMO on the electron density surface. By convention, the color blue is used to
represent maximum value of the LUMO and the color red, minimum value. First,
remove the UMO from your structureuncheckLUMO in the Surfacesdialog) and

then turn on the LUMO maglieckLUMO|mapin the dialog). Note that there are two
blue regions, one directly over the carbonyl carbon and the other ovierctiréon.

This is entirely constent with known chemistry. Enones may either undergo carbonyl
addition or conjugate (Michael) addition.

O O
CHgLi (CHgz)sCuli
carbonyl addition Michael addition
CHs

New inS p ar t ia cda8206models that generally fall under the heading of machine
learning models (colloquially, throughout the manual, these are referred to as neural
network routines, or more simply neural ne@lick once more ory to move to the

next modelcamalexin dft(the full SSPD identifies this as(3,3-thiazol2-yl)-1H-

indole. This example includes the results of geometry optimization and NMR chemical
shifts from¥B97X-D/6-31G* density functional calculations. The model display has
been simplified to omit ydrogens, and the molecule is rendered in the tube display
with calculated chemical shift labels turned on for 4 specific carbon centers.

Click once more orF to move to the next modeamalexin est dft nnThis molecule

is a copy of the previous and -B/6-HG* has
density functional calculations, the difference in this case is that equilibrium geometry
was determined by a neural network routine, rather than quantum mechaoie the

step keys back and forth to compare chemical shift results.

HO CHs
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12.

From theDisplay menu, select th&preadsheetS p a r tirmemal spreadsheet is
useful for data organization, analysis, linear regression, and customized functions
including multtmolecule display. Resize the spreadsheet so that you can see the bottom
two entriesClick inside the check box to left of botlamalexin dftandcamalexin est

dft nn. This will turn on display obothmolecules. You can manipulate both samples
independently (selection is madedigking on the molecule you wish to select). Note,

it may be desirable tGouplemu | t i pl e mol ecul eds positi
applied to multiple molecules. This is achieved by togglingabepled (on or off as
needed). Position both copies so that the chemical shifts are visible for comparison.
How well did the neural network routine perform in comparison to the density
functional sample?

When you are finished, close the document by sele@logefrom theFile menu or
alternatively byclickingon the 5 icon at the top of the screen.
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Section Il
Introductory Tutorials

The first step in performing a molecular mechanics or quantum chemical calculation
typically involves specifying molecular geometi§partan offers four ways to do this:
building in 3D, sketching in 2D, accessing a database and accessing a variety of coordinate
formats from thd-ile menu. Se€hapter 16for a list of supported file types.

To build molecules in 3D§partanprovides a palette of common atomic fragments, menus

of common functional groups and rings, access to the clipboard and tools for making and
breaking bonds and for deleting atoms or groups of atoms. The 3D building paradigm is
quite general and covers matly organic molecules discussed in chapters which make up
this section, but also inorganic and organometallic molecules, as well as polypeptides and
polynucleotides. Tutorials illustrating the essential features and capabili8psddrd s 3 D
builder fa organic molecules are provided@mapter 3.

Building in 3D may feel unfamiliar or uncomfortable for many chemists, who, after all, have
been taught to draw molecules in 2D on paper or on a whiteboard. The advent of tablet
computersand touels cr een P Césc rmmekreds X ndr a vernatige a n
to 3D building. Spartan provides a simple but highly functional 2D sketcher directed
primarily (but not restricted) to organic molecules. Simple inorganic and organometallic
molecules may also be sketched. Common atoms, functional groups asdarn@ll
contained in a single palette. Conversion to 3D structure is automatic, but requires explicit
specification of cation, anion, or radical centers (in order to add the proper number of
hydrogens to the sketch) as well as designation of stereotchehile sketch capability

is designed for touch screen devices (and is modeled afiSpdueanapp for iOS devices),

it is fully functional using a mouse and keyboard or a touch pad. Tutorials illustrating the
essential features and capabilitiesSpartand s 2D s ket ¢ h eChaptarde pr o\

Properties relating to geometry, for example, bond lengths and angles, are discussed in thes
two chapters and a few simple examples are provided. The intention is to touch on only the
most commonlyused features, leaving discussion of more advanced dmscto tutorials

in later chapters.

The tutorials in the remaining chapters in this section may be completed starting from either
the 2D sketcher or 3D builder whichever is more comfortable for the user. Tutorials in
Chapter 5 illustrate the range of molecular properties and spectra available from quantum
chemical calculations, while those @hapter 6 illustrate a variety of common graphical
models that can be displayed. No calculations are actually required for these tutorials.
Rather, results are taken from tBpartan Spectra and Propeds Databas€SSPD and
correspond to calculations using either wWig97X-D/6-31G* density functional method
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The first tutorials that actually requeguantum chemical calculations are provided in
Chapter 7.

Completing the full set of tutorials in this section will take a few hours and make only a
modest demand on computer tifi@ examplesn the lastsection) This will not make you

an 0 ex fwaltekposeyou to enough that you amomfortable navigatg Spartan

A Adv anc e d, i the nektseactioduild on this foundationand introduce a wider
range of the programdéds features and capal
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Chapter 3

Building Organic Molecules in 3D

The tutorials in this chapter introduce and illustrate tools to build 3D molecular structures.
These include atomic fragments, functional groups and rings contained in the organic model
kit together with tools for making and breaking bonds, deleting aaochsefining structure.

Organic Model Kit

Click on | ](New) to bring up the 3D model kit. The organic model kit contains a selection
of atomic fragments corresponding to elements commonly found in organic molecules. The
kit may be scrolled if your display is too small to displaly it.

Model Kit s X

Organic Inorganic Peptide

Nucleotide Substituent ChemDraw (_t | f @ @ 6 é

N «——*ASgpg 27
\yc_ LGSY
\.,\(.C— sp* Carbon v (_{ éf ééazy

L ||
‘ Se- J “N= o- ‘ —f ‘
'a2YAO SNd>3 YS-éUf'iN = ‘ o ‘
‘ So- 3N - ‘ -Br ‘
RN EN
D N-.E dZLJé —a—é)j/' j# Groups V Rings ‘
|

«——wAiy3a af
a2NB aSyz L Clipboard «——/ fALB2F D
{YATS A¥bNIpme | v | wn | v || «——L Yy /ARLGZ N

LdZAt R aSye> Oy A% 7 [e

* Additionally, you can save space by removing the icons at the bottom of the modeldkieckShow Toolbar
from theMiscellaneoustab of thePreferencesdialog Options menu;Chapter 25).
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Different hybridization states are provided for some elements (from left to right and then
top to bottom):

C(sp) N(sp’) P(sp) H

C(sp) N(sp) O(sp’) F

C(sp) N(sp) O(sp?) Cl
C(aromatic) N(aromatic) S(sp) Br
Si(sp’) N(planar) S(sp) I

A fragment is chosen bglicking on its icon, which is then displayed in a box at the top of
the model kit. The name of the fragment is displayed in the selection bar underneath, for
example v = *. Once selected, the fragment may be used to initiate building,
to add alongside of an existing structure or bond onto an existing structure. To initiate
building, double clickanywhere on scre€lo add alongside of an existing structuieyble

clickin a blank area on screen. To bond to an existing structiglepn a free valencen6t

an atom). (Free valences are colored yellow on the selected molecule.) Bond type in the
case of atomic fragments with multiple bond types, for exampleaspon, depends on the
nature of the free valence selected.

Clicking on theGroups button near the bottom of the =~ *=
model kit changes the focus from fragments to groups = 4k
one of which will be shown in the box at the top of the =< ey
model kit and named in the selection bar directly 7. amc
underneathClicking on the selection bar brings up a
menu of available groups.

NN pgido

“e=0 Carbaonyl

Once selected from the menu, a group may be used
initiate building, to add alongsidé an existing structure s
on screen, or to add to an existing structure.

Carboxylic Acid/Ester
—h=C Isocyano

—Nf: Nitro

“We0 Nitroso

2P-0  Phosphine Oxide
45=0  Sulfone

S=0 Sulfoxide

* For users of much earlier versionsSpartanthat have grown accustomed to (or new users who prefer) a
singleclick motion to initiate building, this preference can be set fronDibitions menu >Preferencedialog

> Settingstab, by deselecting theouble-Click Start check box andlicking the OK button. The choice to
move to adoubleclick start for 3D building was made to maintain consistency with the behavior of the 2D
sketch builder.
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pay Cyclopropane

O cycobutane Clicking on theRings button near the bottom of the

O Cyclopentane model kit changes the focus to rings, one of which will
OF  Cyclohexane be shown in the box at the top of the model kit and
CF  cydobeptane named in the selection bar underne&tncking on the
S selection bar brings up a menu of available rings.

O aphbalene Once selected from the menu, a ring may be used to
L5 antacen initiate building, to add alongside of an existing
S structure on screen, or to add to an existing structure.
e Ring-merging is available (that is clicking on a bond to
Xr nene merge rather than attaching via singtend.

Note that only hydrocarbon rings are available. Heteroatoms may be substituted for carbons
for example, substituting an oxygen for one of the carbons in cyclohexane leading to
tetrahydropyran. With cyclohexane on scresitk on sp oxygen[_= ] in the model kit

and therdouble clickon one of the cyclohexane carbons.

The amide and carboxylic acid/ester groups and the cyclohexane, cycloheptane,
naphthalene, phenanthrene, indene and fluorene rings have more than one unique fre
val ence. The free valence that is to be
box at the top of the model kit). The marked position circulates among the possible positions
with repeatedclicking on the icon Selection of amaxial or equatorial free valence in
cyclohexane and cycloheptane is indicated by the kabel eq appearingalongside the

icon.

Acrylonitrile

1. To bring up the organic model kdlick (left button) on thd-ile menu and select
(click on) New. Alternatively,click on[ Jif it appears at the top of the scréen.

Click on trigonal planar sphybridized carbo from the fragment library.

*1cons are fully customizable from the Optians m
particular icon is displayed is at the discretion of the user.
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A model of the fragment appears at the top of the model kit. Bring the cursor anywhere on
screen andlouble click(left button). Rotate the carbon fragmedtag the mouse while
holding down the left button) so that you can clearly see both the double free valence (
and the two single free valencés.(

2.

sp? carbon is still selectedClick on the double free valence. The two fragments
are connected by a double bond, leaving you with ethylene, meaning that ethylene
is in the Spartan Spectra and Properties Database (SSPD). Thethgieae

will appear at the bottom right of the screen. If you make a mistakelikd
instead on the single free valence, selérdo from theEdit menu (orclick on

) if it appears at the top of the screen). You can also start over by selecting
Clear from theEdit menu (orclick on il if it appears at the top of the screen).

Click on theGroups button at the bottom of the model latick on the selection

bar at the top of the model kit, and selegtino from the groups available from
the menuClick on any of the four single free valences on ethylene (they are
equivalent). This bonds the cyano group to ethylene, leaving you with
acrylonitrile. Its name will appear at the bottom right of the screen.

Click on [2e at the bottom of the model kit. (You can also selldiciimize from

the Build menu orclick on [Be if the icon appears in the toolbar at the top of the

screen.) The molecular mechanics energy (36.2 kJ/mol) and symmetry point
group (G) are provided at the bottom right of the screen.

SelectView from theBuild menu (orclick on theba icon in the toolbar). The

model kit disappears, leaving only a batld spoke model of acrylonitrile on
screen. The name appears at the bottom of the screen as acrylonitrile is also in the
SSPD.

C

ball-and-spoke model
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This model can be rotated, translated and zoomed by using the mouse in conjunction with
keyboard functions. To rotate the moakhg the mouse while holding down the left button;

to rotate in the plane of the screen also hold dowrStiie key. To translate the model,

drag the mouse with the right button depressed. To zoom the model, use the center mouse
wheel (scroll wheel) if available, or hold down t8kift key in addition to the right button

while draggingthe mouse up (zoom in) or down (zoom out).

~ Rotahneo!| ebynoeriomdei nawed hsec r e
Y~ Rotate the molecule in tt
two fingers. Translate by m
two fingers.

6. Closeacrylonitrile (Close from theFile menu orclick on the '3 icon in the
toolbar).

Cyclohexanone
0

=1

1.  Click on theFile menu and seled¢tew Build from the palette oclick on | | at
the top of the screegflick on theRings button near the bottom of the model kit,
click on the selection bar and chooSgclohexanefrom the menu of rings.
Doubleclick anywhere on screen.

2. Select spcarbom>Ifrom the model kitDouble clickon any carbon atormpt
a free valenck The sp hybridized center will be replaced by arf sgbridized
carbon.

Fragment replacement is sub
antdo haev ai | abbi v&I|teyh oeexsampépl ac
of 3csapr bo Ac drybesmp requires tha
are availabl e.
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Selectsp? oxygen[_=_| fromthe model kit. Click onthe double free valence on thef sp
carbon. You have made cyclohexano@éck on Re at the bottom of the model kit to

produce a structure withsGymmetry.Click on bﬂ The nameyclohexanoneappears at
the bottom of the screen as the molecule is in SSPD.

3. Closecyclohexanone

Limonene
2 3 4
1 6 5

1. SelectNew from theFile menu (orclick on the._ icon in the toolbar) to bring
up the model kitClick on theRings button near the bottom of the model Kit,
click on the selection bar and chodSgclohexanefrom the menu of rings.
Doubleclick anywhere on screen.

2. Click on the Groups button near the bottom of the model ldtick on the

selection bar and choose #ikenyl group.Click on theequatorialfree valence
on G (see figure above for numbering). You have made vinylcyclohexane.

3. Click on theMake Bond icon (%) at the bottom of the model kit. One after

anotherclick on theaxial free valence on £and then thexial free valence on
C>. You have made-éthenylcyclohext-ene.

4. Select sp3 carbc{n\}}— from the model kit and one after anotleck on the
free valence on C1 and on the free valence of the vinylic caalttached to the
ring. You have made limonene. The name will appear at the bottom of the screen

as limonene is in SSPIZlick on [Re at the bottom of the model kit to give a
refined geometry and finallglick on (66).

5. Closelimonene

Chaps8 74



Nicotine

1. SelectNew from theFile menu_]. Click on theRings button in the model kit.
Click on selection bar at the top of the model kit and ch&®seene Double
click anywhere on screen.

2. Click on the selection bar and chodSgclopentane Click on one of the free
valences on benzene. You have made phenylcyclopentane.

™~

3. Click on the sp nitrogen in the model kit| '~ anddouble clickon the
appropriaterpetg carbon (not a free valence) in the benzene ring. You have made
3-cyclopentylpyridine.

4.  Clickon sg nitrogen in the model kit g8 | anddouble clickon the appropriate
carbon in the cyclopentyl ring. You have made nornicotine.

5. Click on sg carbon in the model kit we- |andclick on the free valence on the

nitrogen in the pyrrolidine ring. You have made nicoti@éck on Re at the

bottom of the model kit to clean up your structure. The naiowine will appear
at the bottom of the screen as the molecule is in SSPD.

6. SelectR/S Chirality from the Model menu ®is). The R/S chirality will be
displayed. The S isomer is the naturally occurring isomer of nicotine. If you have
built the R isomer and wish to invert the chiral center, hold dowgtitekey on
your keyboard andoubleclick on the chiral center.

7. Closenicotine.
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Coumarin

0__o
2
/3

4

SelectNew from theFile menul 1. Click on theRings button in the model
kit. Click on the selection bar at the top of the model kit and chiBeseene
Doubleclick anywhere on screen.

Click on theGroups button,click on the selection bar and chodskenyl.
Click on one of the free valences of benzene to make styrene.

Click on the selection bar and chodSarboxylic Acid/Ester. A yellow dot
should mark the free valenoe carbonin the group shown in the window at
the top of the model kit. If instead it marks the free valence on oxgtek,
inside the window to move iClick on the free valence on the methylene end
of the vinyl group that isisto benzene to mak®s-cinnamic acid.

It may be necessary to rotate around the bond marked A and B marked below
to properly position the molecule for bonding.

o HO
A
_~'B

In turn,click on bonds A and B. A red arrow will curl around the bond and an

icon G will appear at the top of a narrow shaded area at the far left of the
screenClick inside this area and move the mouse up and down. Position the
bond such that the OH bond is near the phenyl ring as shown below.

Mo voenfei nug@e mddo w nn sti hdee @ ta hf ed reof ft
the screen to r dtoamtde abou
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When you can clearly see the two free valencisk on ®e at the bottom of the
model kit and, one after anothetfick on the two free valences. You have made
coumarin, its name will appear at the bottom of the screen.

5.Closecoumatrin.

Sparitgabl usien DT hma ki | nda Inegd u Il
CoummemutehasTduoiclodimasitmigeu sreidagpr o
selBeecntzfeme@nRitmmgesnduo u-bl @ ok i ns e rotn
screenCy Sled fentamRat fMmpsndiqu-b | ®ak ¢
of the CC bonds in benzene stho
oxygedoabbdeaowmk repdyacexyCgen (se
previous pa’gaybo@bmnki®enk | € Ch o
oxyqam@mdidhti & hdeo u-b b eodt hsepc ar Cd i .c k

orMak e Ii%ndacridomkthaxb/mbrencélsin
car beanrsditG& compl ete coumari n.

No theo,we v kefay sti wrgi wg b b b nidrsv o s s in
h'y b r icdei nztleearxs g mip waey, c | o It e ncgasree & d n ¢
of wi f free seintt tesa,s £ woy c | o I e xesistehi@ar
t r adresc dlhihm.ass enap en e c e $ ® anvtyehceh i r ocafl
o net hree s url it-h gisgead bTohniss.c c o mpb ynp s h @
down dontt€d) | keomnijaomnd Mac) , p o
cursor overdobhkl eacbookiandgd
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Chapter 4
Sketching Organic Molecules 2D

The tutorials in this chapter introduce and illustrate tools to sketch organic molecules in 2D
and then to convert them into realistic 3D structures.

Not only are 2D sketches (Adrawingso) mo
they are typically easier to produce especially for complex molecules that may incorporate
fused rings or require stereochemistry to be defined. The advent ofdoeein computers
makes the argument for sketching as an alternative to building even more compelling.
Molecules that require several minutes to build in 3D can be drawn in seconds. The key is
automatic and reliable conversion from 2D drawings to 3D strugture from 3D structures

to 2D drawings.

Sketch Palette

The sketch palette contains tools for making and manipulating 2D drawings, including tools
for adding cues to designate stereochemistry.

'////
(e [n]o[F
_J
=l [5

These include atoms that are most commonly found in orgaoliecules (H, B, C, N, O, F,

Si, P, S, Cl, Br and I), the phenyyclohexyl and cyclopentyl rings and the carbonyl,
acid/ester and amide functional groups. The button immediately below H and B atoms
allows for entering additional elements, functional groups, and ligands. The palette also
contains stereochemical markarsd charge/ radical markers. Complete details are found in
Chapter 20.

* A row of icons appears immediately above the sketch palette. These are intended to add arrows to designat
reaction transition states and to append experimental NMR chemical shifts and observed HH and CH couplings
to the sketch palette
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Sketching a Molecule

To start a sketch, first seledlitk on) an atom, group, ring or wildcard icon in the palette
and therdouble clickin the white portion of the screen (the drawing area). To draw a bond,
first click on an atom, group, ring or wildcard icon in the palette to designate what is at the
end of the bond, then position the cursor over the atom in the drawing area where you want
the bond to start, move t he cduagos otrh ew hciulres
the place in the drawing area where you want the bond to end and release thé/lulitijale

bonds are made by dragging over existing bonds.

1. position 3. release
—_— O gives ——
2. drag
1. position 3. release
O 4_ position gives
2. drag 5. drag \

6. release
1. position 2. drag 3. release
B — gives ==

6 release - 9@9 4 position

@\Toma kado o rt b utchsec r wle @y ewa n tt 8 t anrot
o nfei ntgeehreyrcama m tt e nadnldi R & p Ipaocse btyi o n
touch, drag by move andboeé¢ eac

Manipulating a Sketch

To translate the sketch, move the mouse over the screen while holding down the right button
To rotate the sketch (in the plane of the screen), move the mouse up and down while holding
down both the left button arghift key. Use the scroll wheel to resize the sketch.

* With S p a r t,and alréative way of drawing multiple bonds is simplgidable clickon a single bond.
Double clicking(on a double bond) draws a triple bond dodble clickingon a triple bond reverts to a single
bond. The one exceptiondsuble clickingon a bond when a ring is selected in the palette as this signifies ring
fusing.
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N,N-Dimethylaniline

~N

1. SelectNew from theFile menu (orclick on | | at the top of the screen) to
bring up the sketch pa@lick oni® in the palette andouble clickon screen.

2. Clickonmi n the palette. Position the
benzene ringdragit up and release. You have drawn aniline.

3. Click onE in the palette. Position the cursor over the nitrogleag it up

and to the left and releaa is still selected. Again position the cursor over
the nitrogendrag it up and to the right and release.

4. Click on .,j’r in the palette to clean up your drawing aslidk on ba to

produce a 3D structure. The nameN-dimethylaniline will appear at the
bottom of the screen as the molecule is in SSPD.

5. CloseN,N-dimethylaniline
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trans-Stilbene

1. SelectNewfrom theFile menu " to bring up the sketch pa@lick ona in the

palette. Position the cursor on the screkagit to the right and release. Position
the cursor on one end of the line (CC bond) that you have just ddaagnit to
the other end and release. You have drawn ethylene.

2. Click on Position the cursor over the left end of the double bdray it
down and to the left and release. You have drawn styrene.

3. is still selected. Position the cursor over the right end of the double bond,
dragit up and to the right and release. You are done.

4. Clickon ,,_j,’ to clean up your drawin@lick on 66 to convert it to a 3D structure.

The namdrans-stilbenewill appear at the bottom of the screen as the molecule
is in SSPD.

5. Closetrans-stilbene
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Indigo

1. SelectNew Sketchfrom theFile menu__. Click on@ anddouble clickon screen.

\7 is still selected. Position the cursor over(€ee numbering in diagram above),
drag it to the right and release Your sketch should appear as below.

L~

3. Selectu from the palette. Position the cursor aboyggdtagit away from the ring

and release. Again position the cursor abovedtag it along the CO bond to the
oxygen and release Alternatively,double clickon the CO bond that you have just
made to turn it into a double bond. Repeat f¢r €ou are left with a drawing.

0]

o}

4. Selecm from the palette and one after anotteuble clickon G and G'.

H 0
/
N

T

5. Selecta from the palette. Position the cursor abovedtagit to G’ and release.
Alternatively,double clickonthe G-C26 b ond .

| from the palette andouble cll/ckon the bond connectingsCand Ga.’
Repeat for Geand Ga.

7. Clickon 4,_;,’ to clean up your drawing aralick on bﬁ to turn it into a 3D structure.

The namendigo will appear at the bottom of the screen as the molecule is in SSPD.
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8. Closeindigo.

3-Cyano-4-methylcyclohexenyl Radical

This tutorial shows you how to use a wildcard to specify a functional group and how to
designate a radical site.

1.

% in the palette andouble click

SelectNew from theFile menu__. Click on
on screen.

Click on B in the palette. Position the cursor over(6ee diagram above for

numbering), drag it up and to the right and release. You have drawn
methylcyclohexane.

B is still selected. Position the cursor over, @rag to G and release.

Alternatively double click on the G-C> bond. You have drawn -4
methylcyclohexene.

Doubleclick on the wildcard icon that is located immediately below H and B in
the paletteClick on theGroups tab andclick on CN. CN now appears as the
wildcard icon. Position the cursor oveg @nddrag it away from the ring and
release. You have drawncyance4-methylcyclohexene.

One of the following icons will appear in the palette directly below the sulfur
icon. If it is not the radical marker, click to adjust:

Vo

With the radical marker selectethubleclick to modify center.
Click on ,,;’ to clean up your drawing aradick on 66 to make a 3D structure.

Close3-cyana4-methylcyclohexenyl radical

* This is the exception referred to earlier regardiogble clickingon a bond to change it
from single to double (or double to triple).

Androsterone
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The steroid androsterone is typical example of a molecule that is difficult to build (3D) but
quite easy to sketch (2D).

1.

@

SelectNew from theFile menu_to bring up the sketch pa@lick onm anddouble
click on screen. Cyclohexane is still selectBduble clickon the G-Cio bond (see

diagram above).

Cyclohexane is still selecteDouble clickon the G-Cg bond.

Click on}#¥ anddouble clickon the Gs-C14 bond. You have now drawn the complete
steroid skeleton.
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4.

It is necessary to explicitly specify hydrogens at Cs, Co and Ga in order to
i ncorporate the necessary stereochemi

drawing. Click on _ position the cursor oversCdrag away from the ring and
release. Repeat forg(Co and Ga.

Clickon B position the cursor overig; drag up and releasi. Repeat for Gs.

Clickon n Position the cursor overs@irag down and tahe left and release.

n is still selected. Position the cursor ovar,@rag up and to the right and release.

Convert the single (CO) bond at«@o a double bond. Again position the cursor over
Ci17, dragalong the bond to oxygen and release. Alternativigyble clickon the CO
single bond to turn it into a double bond. Your structure should now look as follows.

Click on [gd- Position the cursor over:§ drag along the bond to the methyl group
that you drew in step 5 and release. Repeat ferRosition the cursor oversGrag

along the CH bond that you drew in step 4 and release. Up wedges will appear for all
three centers.

Click on 8. Position the cursor overs@rag along the CO bond that you made in
step 6 and release. Position the cursor ogetdi@g along the CH bond that you made
in step 4 and release. Repeat for the CH bondsatCG4. Down wedges will appear
for all four centers.

Spartandé2fs an alternative way
stepsad®dd by Dteps A

A.Cl iocni m hsek epaheCtltieenk, 1Bt emai ns
sel exd xidthceo ncwE&ydr agunrde| ease.

B.Cl iom®&. __remains selected. One after
the cursoelC aveer@@wn and rel ease.

C.Clioml=antdheﬂ.or0ne after the other, p
overg @Gmdr @gown and rel ease.

D.CIiocnlﬂantdheu.Positthceuumts‘o@:.r,drag
down and toektbdaeséeft and

Chapt 85



10. Clickon ,,;’ to clean up your drawin@lick on 66 The namendrosteroneshould

appear at the bottom right of the screen as the molecule is in SSPD. If it does not, you
have made an error somewhere. Selietit Sketch from theBuild menu orclick on

i if it appears at the top of the screen to return to the sketch pad.

11. Androsterone incorporates seven chiral centers. To view the R/S assigcliokioh
the R/S Chirality entry in theModel menu ®ls . R/S labels will appear next to each
of the chiral centers.

12. Closeandrosterone
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Chapter 5

Spectra and Properties of
Organic Molecules from SSPD

The tutorials in this and the two chapters that follow involve the molecules that you built or
sketched in the preceding two chapters. The emphasis shifts from providing input structures,
to analyzing the results of quantum chemical calculations (in tiugtae following chapter)

to actually doing calculations (in the final chapter in this section).

The Spartan Spectra and Properties Database (SSPD) provides atomic and molecula
properties and IR, thermodynamic properties, and NMR spectra for >300,000 molecules,
cal cul at ed ul¥63hGF dendityefunctidh@ modlel. In addition, the collection
contains more than 2,000 transitioretal organometallics and organolanthanides.

p=

1. Build limonene| |, minimize [Re and exit the builderba . Alternatively, sketch

Iimonene and exit the sketcf@é )

2.  Click on the namémoneneat the bottom of the screen. Make sure WB97X-D/6-
31G* is selected from the dialog that appears @itk on Replace Properties and
spectra for limonene are now available.

13C Spectrum of Limonene

3.  SelectSpectrafrom theDisplay menu orclick on | | at the top of the scree@lick

on*“_ * at the top of the spectra paeaposing tabbed dialog with available calculated
spectra (in red) and (possibly) available experimental spectra (in blue).
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IR Raman MNMR UVvis

"H Spectra:

1
|:| Il Calculated

"H no °) Spectra:

1 1
|:| I’U,'J Calculated |:| ”F’\.Expem’mental
- £

Load experimental Data

"*C Spectra:

13 13 13
C Calculated |:| c Experimental |:| C Reference

Load experimental Dar

COSY Spectra: (Experimental data loaded)
,, COsY ,, COsY
[:I ‘—, Calculated [:l ‘—,  Experimental

Load exparimental Dats

HSQC Spectra:
I:] ‘_'f?c Calculated
HMBC Spectra: (Experimental data loaded)
- HMBC - HMBC ¢ HmBC
Calculated Experimental Cverl
[:I H” alculate: [:l HH perimenta [:I L\N verlay

Load Experimental Data Load Overlay Data

Selectd "G« from the NMR tab. The calculatédC NMR spectrum appears in the
spectra pane. There are ten lines corresponding to ten unigue carbons in limonene. Uy
and down triangles demark a moveable cur€tick on either (or on the dotted line
connecting them) to select and with the left mouse button (or your finger), move
horizontally over the spectrum. When you intersect an NMR resonance, it will be
highlighted in the spectrum, the value of the chemical giitated, and the carbon

(or carbons) in the structure responsible will be highlighted in the structure model (on
the main screen).

Again, click on at the top of the spectra pane, but this time, Sele€t--- . The
experimental®C spectrum of limonene will be superimposed on top of the calculated
spectrum. Visual comparison will give you an idea of the quality you can expect from
NMR calculations. To get an even better idea, shift the range of the scale (initially
from 150 to O ppm), move the cursor over the spectrum and zoom in with the center
mouse wheeReturn to the original setting loficking on ‘3‘3\ in the bar at the top of

the screen
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Move one finger over the
k .
@\flngers over the spectrum
pinch two fingers to zoom

6. Closelimonene

Proton Spectrum of Indigo

1. Build indigol |, minimize Qe and exit the build :
Alternatively, sketch indig and exit the sketch%

2. Clickon the naméndigo at the bottom of the scree@lick on Replace Properties and
spectra for indigo are now available. If the name does not appear, then you have made
an error. In this case,-enter either the builder by selectigdit Build from theBuild

menui, or the sketch pad by selectikgit Sketch from theBuild menu,_/'?; and
correct your model.

3. The calculated proton NMR spectrum of indigo can be displayed in two ways. The

simpler fideali zed _c‘)_ p-boadsHHIcduplibgi constants ars u m
zero. SelecBpectrafrom theDisplay menu | | to bring upthe spectra pane aotick
on in the bar at the top to show available calculated spectra (in red) and possibly

available experimental spectra (in blue). Seld!« from the paletteThe
spectrum that results shows only lines corresponding to the five unique hydrogens. To

see a dafami |l i adiakagpiman™ ™) but th;'sptileme:stelaedl:l]jljlji aaaaaaaaaa .

The same four lines appear, but all are split (as in an experimental proton spectrum).
The lines at 6.72 and7.88 ppm are doublets due; 8n@ G, respectively (and split

by Cs and G, respectively). The lines centering at 6.89 and 7.44 are quartets (doublet
of doublets), due to £and G, respectively (and split bys@&nd G and G and G,
respectively).

4. Closeindigo.

* The experimental spectrum comes from the NMRShiftDB. RequireBnenaccess, source subject to
availability.
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Infrared Spectrum of trans-Stilbene

1.  Build transstilbene ", minimize [2\e and exit the buildebd. Alternatively, sketch
trans-stilbene2p and exit the sketch&g.

2. Click on the namérans-stilbeneat the bottom of the screen and therRaplace

3. SelectSpectrafrom theDisplay menu ‘| |. Click on in the bar at the top of the
spectra pane and selemt® - . The calculated IR spectrum wans-stilbene
appears in the spectra pane.

4.  As with NMR spectra, up and down triangles demark a moveable cursor. Select and
move it horizontally over the spectrum. You will see that as you intersect a line in the
spectrum, it will turn yellow and the value of the frequency will appear at the bottom.

I n addition, the molecular model Avi bl
undergoes. Examine the motions of one or more lines of moderate intensity in the
vicinity of 1500 cm'® (at 1446, 1494 and 1609 ¢ You might find it useful to
expand tle scale (use the scroll wheel) or to shift it (move the mouse horizontally
over the spectrum while holding down the left button). You can return to the original
settings byclickingon \x)% in the bar at the top of the pane.

5.  Click on==from the bar at the top of the spectra pane andiifign--- .The
experimental IR spectrum @rfans-stilbene obtained from the freefywailable NIST
database will be superimposed onto the calculated spectrum. You will need to be
online. Note that the two spectra are similar although the experimental spectrum
exhibits a number of (small) lines not fouincdthe calculated spectrum.

To elei st B3eN6c al ¢ UlRarteeqdu @ sve & & B(eC
3N6frequascgitgosheax p e r isnpeenctt alg en
wi t ht emsil tditbehsede 5 p enotsinvteé n 8 g u
clionkiat the left o€hedhlendpe

l ines (in the calculated IR
ani mates the vibrational moti on.
6. Closetrans-stilbene
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Chapter 6

Graphical Models for Organic
Molecules from the Spartan Spectra
and PropertieBatabase

The tutorials in this chapter illustrate two of the most commuasgd graphical models, the
electrostatic potential map for elucidating molecular charge distributions, and the local
ionization potential and LUMO maps for anticipating electrophilic and lemghilic
reactivity, respectively.

Entries in the Spartan Spectra and Properties Database (SSPD) not only include the
molecular structure, energy, properties and spectra, but also the wave function. This allows
graphical model s t o b-thefrleygou e sYtoeud RE Blrdliesdui ssef
obt ai ned f r-D/6A31GE*mmede]raBér Thxn calculated results therequired

data to completthis chapter.

Electrostatic Potential Map for Nicotine

S

—=

=
N

1. Build nicotine File menu >New), minimize the structureBild menu), and return t8D
view. Alternately, sketch nicotine from t@® view and return t@D.

2. Click on the namaicotine at the bottom right of the interfac€lick on Replace The
previous structure will be replaced with the entry from the SSPD (including the wave
function).

Note: If you see the nan8[(2R)-1-methylpyrrolidin-2-yl]pyridine, instead, go ahead and
click replace (you will note in the SSPD preview, next to the model, you also see the word
[Enantiomer]. This indicates that you have buti(ZR)-1-methylpyrrolidin2-yl]pyridine,

but what exists i n trianerSr&pRdENg wikkisotesuitisaceass! e ¢
to precalculated data faricotine.
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3. SelectSurfacesfrom the Display menu orclick on &P if it appears at the top of the
screen.Click on Add (at the bottom of theSurfaces dialog that results) and select
electrostatic potential mapfrom the menu. This requests an electrostatic potential map (an
electron density surface onto which the value of the electrostatic potential is color mapped).
The lineelectrostatic potential mapppears at the top of the dialog.

The graphics calculation will run automatically following your requé&Shen it completes

in a few seconds;heckthe box to the left oélectrostatic potential mapn the Surfaces

dialog. The surface itself corresponds to the eledemsity andgrovides a measure of the
overall size and shape of nicotine. The colors indicate values of the electrostatic potential
on this surface.

By convention, colors toward red correspond to negative potential (stabilizing interaction
between the molecule and a positive charge), while colors toward blue correspond to
positive potential. The two nitrogen atoms show the largest negative potegdialYou

will see that the nitrogen in the pyridine ring is more negative than the nitrogen in the
pyrrolidine ring.

4. Quantify your observation. Seldatoperties from theDisplay menu orclick on € if it
appears at the top of the screen @itk anywhere on the electrostatic potential map to bring
up theSurface Propertiesdialog.

Surface Properties ® X
electrostatic potential map
Property Range: (kJ) Style:
| 20000 N 20000 | | Reset | [said v
4 Min:-198.71 L4 Max:89.35 | Reset M/M Bands: T
Color Style:
: | 0.0020 2= 99.18% ~
leiite efau Red-Green-Blue v
Clipping:
2 Vvak-197.2 kK La P-Area;12.22 A*
. [ selected Area: X
Display:
L Area: 197.64 A® L Vol 189.00 A* [ inaccessible Markers
: 197, R : 189,
[ Legend
42 Acc Area: 13816 A* 1.  Acc. P-Area: 11,13 A? [ silhouette
Global Surfaces
* ¥
e Label: |Surface'\ | -

* If they do not complete automatically, check the box to the lefutd-Gen Graphicsunder theMiscellaneous
section inthe Settingstab in thePreferencesdialog from theOptions menu Chapter 25) é
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Checkihe box to the left dDisplay Legendtowards the bottom right of the dialog to display

the property range on screen. To translate the legioklpn the legend to select, then hold
down the right mouse button and move the mouse. The legend is useful when making
qualitative comparisons of property values. Turn the map such that you can clearly see the
pyridine nitrogen andlick on the area that imostred. An arrow marks the point on the
surfaceand the value of the potential is shown to the right of the legend. Do thd@ame

the pyrrolidine nitrogen.

L@\Tap on the | egend to_seI(
around the screen. Pi nch
small er or | arger.

5. Nicotine is relatively small and it is easy to associate regions on the map with the

underlying molecular skeleton. This becomes more difficult with increasing molecular size.

Change the presentation from ®Bigyle menu located inside tt&urface Propertiesdialog

or at the bottom right of the screen. Sel€chansparent or Mesh. You now ca
througho the map to the underlying mol ec

6. Closenicotine and any open dialogs.
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Local lonization Potential Map for N,N-Dimethylaniline

\N/

1. Build or sketchN,N-dimethylaniline andlick on 66

2. Click on N,N-dimethylaniline at the bottom of the scree@lick on Replace Your
structure will be replaced by that in SSPD.

3. SelectSurfacesfrom the Display menu €. Click on Add at the bottom of the
Surfacesdialog that results and seldatal ionization potential mapfrom the menu.
This requests a map showing the energy
potential 0) as a function of its |l ocat:i
only take a few seconds. When completdaickihe box to the left dbcal ionization
potential map in the Surfacesdialog. The color convention is the same as for the
electrostatic potential map, although the scale is completely different. iboczdtion
potentials are always positive. The default scale (5 to 15 eV) can be changed to highlight

the differences. Sele@&roperties from the Display menu€D andclick on the local

i oni zation potential mRrgperty Rangetgoe M 3d Oat
close the dialog. Colors toward red correspond to small ionization potentials (greatest
electrophilic reactivity) and colors toward blue correspond to large ionization
potentials. Note that the red regions on the map are oveorthe and para ring
positions. This is exactly what is experimentally observed.

4. CloseN,N-dimethylanilineand any open dialogs
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LUMO Map for Androsterone

1.  Sketch androstero and exit the sketch«é;é.

2. Clickon the namandrosteroneat the bottom right of the screen. If the (correct) name
is not provided, then you have made a mistake. In this caseteethe builder by
selectingEdit Sketch from theBuild menug, and make any necessary changes.
Click onReplaceto replace your structure by that in the SSPD.

3. SelectOrbital Energies from theDisplay menu orclick on @@ if it appears at the
top of the screen. An orbital energy diagram will appear at the left of the screen. To
examine the molecular orbital corresponding to a line in the diagfi&ion the line.
You will see that the LUMO is a "~ * orb
it is not at all clear whether it is more or less concentrated on the face away from the
two methyl groups. This subtle distinction might be important, fovauld be
expected that nucleophilic addition would occur from the face on which the LUMO
is more concentrated. A |[LUMO| map provides a much clearer picture.

4. SelectSurfacesfrom theDisplay menu&®. Click on Add and selecfLUMO| map
from the menu. The graphics calculation will require only a few seconds. When
completedcheckthe box to the left oLUMO| mapinside theSurfacesdialog. The
largest (absolute) values of the LUMO are colored blue. Rotate to examine both the
faces (with and without the two methyl groups). From the |LUMO| map you can
clearly see that the LUMO is more concentrated on the face away from the methyl

grous.

hé samphleUM@orres pdeexigecbe i
i marily |l ocalized on thebe
e case, and it may-ebherggces
| ecoulbadt M@ LUMQ et 8pardlalnows:
bital to be superi mposadeo

|
pr
t h
mo
or

5. Closeandrosteroneand any open dialogs.
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Chapter 7

Spectra, Properties and

Graphical Models fronQuantum
ChemCadadlkul a

The tutorials in this chapter provide the earliest and simplest examples of specifying and
performing quantum chemical calculations. As in the previous two chapters, they refer to
molecules examined @hapters 3and4. Calculations are performed utilizing theB97X

D/6- 31G* model, and time estimates are based on this model using ecquexdesktop
machine (3 GHz Intel I7 processor, 16 GB RAM, 800 GB solid state drive) running in
parallel under Windows 10 Pro. Alternate computational models can be used inoplace
wB97XxD/6-31G*. Completion times will vary accordingly.

Acrylonitrile

i ~
H H
We return to acrylonitrile for the first tutorial that actually involves
guantum chemical calculations.

1. Build or sketch acrylonitrile.

2. SelectCalculations...from theSetup menu orclick on| ¢y if it appears at the top of
the screen and perform the following operations irCthleulationsdialog that appears.
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@ Calculations X
Equilibrium Geometry ~ |at |Ground ~ | state in | Gas - Total Charge: | Neutral (0) ~
Calculate:
with | Density Functional T | | wBITX-D - ||6-31G* - Unpaired Electrons: o
Subject To: Constraints Frozen Atoms
Compute: IR Raman UVjvis NMR Coupling Constants: QSAR
¢ 0 5
Q Options Global Calculations v oK Cancel A Submit

5. SelectEquilibrium Geometry from the top menu to the right Galculate. This
specifies optimization of equilibrium geometry. Gtound state inGaswill appear
in the menus to the right &quilibrium Geometry .

6. SelectDensity Functional, wB97X-D and6-31G* from the three bottom menus to
the right ofwith. This specifies that theB97X-D/6-31G* density functional model
will be used for this calculation.

7. Click on Submit at the bottom of the dialog. A file browsasppears.

@) Save As - Submit X
Savein: | Tutorials j ¥ E-
*_ MName . Date modified Type
Quick access || acrylonitrile.spartan 5/28/2024 1:26 PM SPARTAN File
Desktop
"
Libraries
This PC
Netwark
E >
Submit to [Logal -] e |
File name: |acry|un'rlri\e.spartan ﬂ Cancel
Save as type: |Spartan Doc’s {*.spartan) j

Because the molecule is in SSPD (even though we will not use the data), the name
acrylonitrile is presented in the box to the rightrole name

Either use it or type in whatever name you like and thiek on Save You will be notified
that the calculation has been submitted (is running).

@ spartan'24 *

o D:\Tutorials\acrylonitrile.spartan is running.
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Click on OK to remove the message from the screen.

Af taemp | e ko abbees m b miatnide d hcka | ¢ uH aa
compl et ed, you wi ||l not be
ot her i nformati on associat e

8. You will be notified when the calculation has completed.

@ Spartan'24 *

o Di\Tutorials\acrylonitrile.spartan has completed.

ClickonOK to remove the message from the screen. S@kigiut from theDisplay menu
orclick on & if it appears at the top of the screen. Displayed initially is a brief summary
(Summary tab, describing the task and providing the molecule name and molecular formula
together with the total charge (if not neutral) and number of unpaired electrons (if not 0),
the calculation model (method and basis set) and the energy.

& acrylonitrile:CHsN »®
Tyl

Summary Output Verbose Output | Molecule Reference Job Log
SPARTAN'26 Win/64b 1.0

Name: C:H:N
SSPD: acrylonitrile

Formula: | C:H:N

Job type: Equilibrium Geometry
Method: = @B97X-D
Basis set: | 6-31G*
Energy: | -170.764625 hartrees
» Molecular Orbital Energies

> Atomic Charges
» Calculated Bond Orders -

Find: O previous ONext U Match Case

The summary may be all that you really want (or need) but more detailed information can
be obtained by selectir@utput from the menu at the top of the dialog.
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& acrylonitrile:CHaN £

Summary Output Verbose Output ~ Molecule Reference Job Log

SPRRTAN'26 MECEANICS PROGRAM:  (Win/64b) Release

Find: D@ Previous ©Next [ Match Case

You can scan the output from the calculation by using the scroll bar at the right of the
window or byclicking (left button) inside the output window and using the scroll wheel on
your mouse. Information at the top of the dialog is similar to that reported in the summary,
although additional details are provided. Eventually, a series of lines appear, under the
headng Optimization These tell the history of the optimization process. Each lin8tépy
provides results for a particular geometry. Ideally, the energy will monotonically approach
a minimum value for an optimized geometry. If the geometry was not optimiz
satisfactorily, an error message, such @BRTIMIZATION has exceeded N stepgor
similar) will be displayed following the last optimization cycle. Optimization failure is not
common, so if it occurs, check to see if you have correctly built the structure.

Near the end of the output is the final total ene(gl70.76462 atomic units for acrylonitrile
if you used the. B97X-D/6-31G* model)’, and the computation tim€lick on&s at the
top of the output dialog to close it.

You may examine the total energy and dipole moment among other calculated properties
without having to go through the output. Seleabperties from theDisplay menu to bring

up theMolecule Propertiesdialog (make certain that tidolecule tab and not th@SAR,
Thermodynamics goH, NMR, Estimatesor Utilities tab is selected).

*  SeeCalculations... (Setup menu; Chapter 21) for a discussion of how total energy relates to heat of
formation and strain energy.

**  The number you actually get will likely differ in the last decimal place due to maphécesion.
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Molecule Properties I

Molecule  QSAR  Thermodynamics  AHf(298.15) NMR Estimates ~ Utilities
2 Name: acrylonitrile
4 Formula: C;HsN
2 EHOMO:-10.02 eV s ELUMO: 049 eV
2 EGap:1051¢eV
4 Conformers: 1 va  Weight: 53.064 amu
4 Point Group: Cs s Mass: 53.027 amu
2 wBI7X-D/6-31G* Energy: -170.764625 au
2 wBI7X-D/6-31G" Opt. Energy: -170.764625 au

4 Dipole Moment: 3.97 debye, () Display Dipole Vector

- wikipedia PubChem

:6 Label: acrylonitrile S

To see the dipole moment vector (indicating the signdarettion of the dipole moment),
checkthe box to the left oDisplay Dipole Vector. Wire, baltandwire or tube models are
best for this display.

'/

®
Uncheckthe box to remove the dipole moment vector.

Click on an atom. TheMolecule Propertieg dialog will be replaced by thé&tom
Propertiesdialog.  [ron s - x

Name: Carbon
4 Electrostatic: -0.174

Symbol: C
el © va  Mulliken: -0.146
Mass Number: | 12 - 4 Natural: -0.356

4 Chem. Shift: Pending <
Chirality: <none> |Toggle Chirality

[ Freeze
. Expt. Chem. Shift: Not Specified % +

va Exposed Area: 13.516 A*

Experimental Data From: | acrylonitrile ~ | | apply Globally

Edit: (Current Molecule)

Expt. Chem. Shift: Edit ~

+ Item references experimental data from: acrylonitrile

:6 Label:‘CZ | w

Among other things, this provides three different sets of atomic chaftgsrostatic,
Mulliken andNatural. To obtain the charge on another atom, singptk on it. Inspect all
the atomic charges on acrylonitrile (blicking on the appropriate atoms). When you are
finished,click on &4 at the top of thétom Properties dialog to close it.
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SelectSurfacesfrom theDisplay menu@®. Click on Add at the bottom of th&urfaces

dialog thatresults andelectelectrostatic potential mapfrom the menu. This requests an
electrostatic potential map (an electron density surface on which the value of the electrostatic
potential is mapped). The graphics calculation will run without needing to resubmit the job.
When it completes in a few secondBeckthe box to the left oflectrostatic potential map

in theSurfacesdialog. The surface itself corresponds to the electron density and provides a
measure of the overall size and shape of acrylonitrile. The colors indicate values of the
electrostaticpotential on this surface; by convention, colors toward red correspond to
negative potential (stabilizing interaction between the molecule and a positive charge), while
colors toward blue correspond to positive potential. The nitrogen (the most eleatromeg
atom) isred the hydrogens (the most electropositive atoms) are blue.

9. Closeacrylonitrile and any open dialogs.
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Cyclohexanone
0

A

This tutorial offers another example of running quantum chemical calculation on a very
simple molecule. It also provides an opportunity to further illustrate graphical models for
elucidating the stereochemistry of organic reactions.

1. Build or sketch cyclohexanone.

2. Select Calculations... from the Setup menu | ;. Specify Equilibrium Geometry,
Ground andGasfrom the top menus to the right Galculate, andDensity Functional,
¥ B9 7DX and 6-31G* from the menus specifying computational modelick on
Submit and accept the nanegclohexanoneWait until the calculation completes before
proceeding to the next step.

3. Cyclohexanone undergoes nucleophilic attack at the carbonyl carbon, and it is reasonable
to expect that -unbceupiedanblecalan orietdl @Ghe LUM®D)ewslitbe
localized here. To visualize the LUMO, bring up 8wefacesdialog Surfacesfrom the

Display menu orclick on €. Click on Add and selectUMO from the menu. Also
request an electron density surface onto which the (absolute) value of the LUMO has
been mapped in color (a-salled LUMO map)Click on Add and selectlUMO| map

from the menu. The two graphics calculations will run automatically and will require only
a few seconds.

4. Checkthe box to the left dfUMO in theSurfacesdialog. You will see that the resulting
graphic is a ~* orbital primarily | ocal
that nucleophiles (electron pairs) add to the carbonyl carbon. See if you can tell which
face of the carbonyl carbon the LWVis more concentrated on.

5. Uncheckhe box to the left dEUMO in theSurfacesdialog (to turn off the display of
the LUMO). Thencheckthe box to the left ofLUMO| mapto display the electron
density surface onto which the (absolute) value of the LUMO has been mapped. By
convention, colors toward red indicate small (absolute) values of the LUMO (near
zero), while colors toward blue indicate large (absolute) values afUMO. We are

| ooking for a fAblue spoto. Note that
corresponds tdie maximum value of the LUMO and is where nucleophilic attack will
occur.

6. You will see that the blue spot over tlwdgal face of the carbonyl carbon is bigger (and
bluer) than that over thequatorial face. This indicates preferential attack by
nucleophiles onto thaxial face. Quantify the difference by measuring the (absolute)
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value of the LUMO on the two faces. SelBeopertiesfrom theDisplay menu€d and
click anywhere on the LUMO map surface to bring upSheface Propertiesdialog.

Surface Properties

|LUNMO| map

Property Range: (¥(e/au)) Style:
| 0 N oos | Reset | wmesh v
4 Min:0.00  Ji Max005 |Reset M/M Bands: 7
Color Style:
Isoval:|0.0020 efau® - || 99.12% - Red-Green-Elue 5
Clipping:
% Val: 0.043682 +(e/au®) ® & @

. [ selected Area: Display:

[ Inaccessible Markers
[ Legend
L Acc. Area: 88.24 A* [ silhouette

4+ Area: 133.87 A va Vol118.14 A®

Global Surfaces [

| [+

:E' Label: |Surfa(52

Checkthe box to the left oDisplay Legendto display the property range on screen. The
legend is useful when making qualitative comparisons of property values. Turn the map such
that you can clearly see tlaxial face of the carbonyl carbon amtick on the area of
maximum blue. The (absolute) value of the LUMO at the surface point you have selected is
provided in the dialog to the right ®al. Note the value and then turn the map over such
that you can see thequatorial face of the carbonyl carbon amtick on the region of
maximum blue on thisace. You will find that they support your qualitative conclusions
from viewing the image.

7. Closecyclohexanoneand any open dialogs.
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3-Cyano-4-methylcyclohexenyl Radical

CHy

.

3-cyana4-methylcyclohexene radical will be used to introdgcgphical models associated
with radicals (molecules with onepaired electron).

1. Build or sketch &yana4-methylcyclohexenyl radical.

2. SelectCalculations...from theSetupmenu SpecifyEquilibrium Geometry at
Ground state inGasfrom the top menu to the right Galculate, Density Functional
andwB97X-D and6-31G* and from the menus specifying computational model.

This molecule has one unpaired electron. Chahgmired Electronsfrom0to 1. Click on

Submit at the bottom of th€alculations dialog. Name it3-cyano4-methylcyclohexenyl
radical. (A name will not be provided as the radical is not in the SSPVait (a few
minutes) for the calculation to complete before proceeding.

3.  SelectSurfacesfrom theDisplay menu®@®. Click on Add and selecspin density
from the menuClick on Add and selecspin density mapfrom the menu. You have

requested two different representations of spin distribution. The first presents spin
density as a surface of constant value, while the second uses color to map the value o

the spin density onto an electron density surface. Fimatuest the singlgccupied
molecular orbital.Click on Add one more time and seleatHOMO (the highest
occupied molecular orbital & spin that is, the orbital that contains the unpaired
electron)from the menu.

4. The three graphics you requested will run without having to resubmit the job and will

require only a few seconds to complete. When they are dbaekthe box to the left
of spin densityin theSurfacesdialog to display the spin density surface. Note that the
spin density is delocalized over two of the ring carbons and onto the cyano group.

* Spartanchecks that the structure and the number of electrons specifiecCfrarge and
Unpaired Electronssettings are compatible and if they are not will return an error message.

** With very few exceptions, SSPD contains only neutral cletedl (pairedelectron)

molecules.
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5. Remove the spin density surfacen¢heckthe box to the left o§pin densityin the
Surfacesdialog) and therrheckthe box to the left o$pin density mago display a
surface on which the spin density is mapped onto the electron density. Note that the
areas of maximum spin (colored blue) closely match those where the surface is large
in the previous image.

6. Remove the spin density mapn¢heckhe box to the left o$pin density map and
then checkthe box to the left oAHOMO (the molecular orbital which holds the
unpaired electron). Aside from the colors (different signs of the orbital), note that this
graphic is nearly identical to the previousligplayed image of the spin.

7. Uncheckthe box to the left chAHOMO. Click on More Surfaces...at the bottom of
the Surfaceg dialog, and sele@licefrom theSurfacesmenu andpin densityfrom
the Properties menu.Click on OK. A new lineSlice, spin densityappears in the
window at the top of the dialogSelect it bycheckingthe box at the left. A plane (a
slice of spin density) surrounded by a frame appears in the middle of the model on
screenClick inside the frame to select. The frame will turn gold. Position the cursor
outside the frame, then use the scroll wheel to zoom the plane. You can also translate
and rotate the plane independently of the molecule using the usual mouse operations
Alternatively, you can move the molecule and plargetber by firstclicking on the
molecule (the frame will now turn white) and then using the mouse. For all operations,
be certain to keep the cursor positioned outside of the frame. Size and orient the slice
as you wish.

8. Close3-cyana4-methylcyclohexenyl radicaand any open dialogs

* You can change the display style fr@ontours to Solid or Transparent using theStyle
menu at the bottom right of the screen. This will appear only when the slice is selected.
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Coumarin

o o
9]
Coumarin illustrates the calculation of a UV/visible spectrum.

1. Build or sketch coumarin.

2.The namecoumarin appears at the bottom of the scre€lick on it, make sure that
wB97X-D/6-31G* is selected from the dialog that appears @iwk on Replace

3. SelectCalculations...from theSetupmenu_ ;. SelectEnergy from the top menu to the

right of Calculate. (Density Functional, wB97X-D and 6-31G* should already be
selectedfrom three menus immediately below.) You already have the equilibrium
structure from SSPD and only need to obtain the energy and wave function as the basis
of a UV/visible spectrum calculatio@heckthe box to the left ofJV/vis (to the right of
Compute). Click on Submit. Accept the nameoumarin.

4. The calculation will take several minutes. While coumarin is relatively small, calculations
on several lowying excited states in addition to the ground state are required to produce
a UV/visible spectrum. When completed, selgpectrafrom theDisplay menu """," | .

Clickon inside the spectra paa@ad selectoi=-« . The calculated UV/visible

_________________________________________________________________________________________________

Calculated

________________________________________________________________________________________________

™ o = 2

UV/Vis Spectrum

5. Click again or= = and this time sele(dA% == . The experimental UV/visible spectrum

from the freely available NIST database will be superimposed onto the calculated
spectrum.
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______________________________________________________________________________________________

— Calculated

_______________________________________________________________________________________________

o B w00
UV/Vis Spectrum

6. Closecoumarin.
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Section IV

Advanced Tutorials

The tutorials in the chapters in this section build upon and extend those in the previous
section.Groups of Organic Moleculesintroduces spreadsheets, associated statistics, and
plot capabilitiesSpectra of Organic Moleculep r ovi des fAreal 0 examp
and NMR Spectralnorganic and Organometallic Moleculesillustrates applications to
Aneomgani co mol ecules, in particul @ganc mol
Reactionsdescribes and illustrates strategies for finding andwegfa reaction transition

state Medicinal Chemistry illustrates examples of interactions of small molecules (drugs)

in biological systemsFlexible Moleculesaddresses issues involved in identifying the
lowestenergy conformer of a flexible molecule and in establishing the relative energies of
alternative (highee ner gy) conf or mer s, the | atter b
and spectra. Some of thedttls in this section require significant computation time, in
particular, those involving quaum chemical methods applied to flexible molecules. With
this in mind, a number of tut drriyalLsa bhsav.e |
the Spartan Spectra and Properties Databast further illustrate a variety of important
features without having to consume computer time (or your time waiting for the calculations
to finish).

Quantum chemical calculations utilize thd97X-D/6-31G* model. Time estimates are
given for completion of the tutorials based on this model Wdagprelaptop 6.4 GHz Intel

i9 processor32 GB RAM, 2 TB solid statedrive) runningin parallel undeindows11.
Other computational models can be used in placeB&7X-D/6-31G*. Completion times
will vary accordingly.

Icons are provided for all menu entries as they are requested. Icon displays may be
customized according to user preferercer{stab undePreferencesn theOptions menu;
Chapter 25).
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Chapter 8

Groups of Organic Molecules

The tutorials in this chapter introduce and illustrate a number of basic operations involved
In processing groups of molecules, as well as the associated spreadsheet for organizing anc
fitting data and facilities for making plots.

Computational investigations, like experimental investigations, are rarely restricted to a
single molecule, but typically involve a series of related molecules. Here, it may be of
interest to compare geometries, energies or other calculated propettespmipare trends

in calculated and measured properti®partan provides facilities for these purposes. In
particular, it allows molecules to be grouped, either manually, or automatically as a result
of a conformational search, from following a particuldrational motion, or from a scan

of one or more geometric variables. Once grouped, molecules may be aligned to make
similarities or differences more apparent based either on their structure, chemical
functionality or atom labels. Calculations may bef@ened either on individual molecules

or, just as simply, on the complete group of molecules. On-eaié computers, several
molecules can be run at once. The results of calculations on a group can be examined an
analyzed individually or altogether teek out trends. In particular, reaction and activation
energies may be obtained and statistical measures, among them the DP4 measure, may |
applied to calculated NMR spectra.

Associated with a group of molecules (or an individual molecule) is a spreadsheet. This
allows convenient access to virtually any calculated quantity that can be given a numerical
value. Additionally, data may be entered manually into the spreadshestsfetred from
another application such as Excel. Data in the spreadsheet may be manipulated, linea
regression analyses performed and plots displayed. Alternately, the dat§partan
spreadsheet may be transferred to Excel (or other applicationgijtfarfanalysis. An Excel
worksheet can be

stored inside &partandocument if desired (séembedded Data
under the~ile menu;Chapter 16).

The tutorials in this chapter introduce and illustrate a number of the basic group operations
available inSpartan These include building a group from scratch and processing groups
resulting from both a conformational search and from systematically varying a torsion angle.
Also provided is an example of fitting an experimental observable to one or more calculated
properties by way of linear regression. FinalReactionsdialog is illustrated both as it
operates on molecules in a group and on moleculégedefrom substitution of grouped
molecules.
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Di enophil-Rlsdem Oyellsaddi ti ons

The most common Diel8lder reactions involve electraemch dienes and electregeficient
dienophiles.

7\ x ./ X =R, OR

+ X
—\ Y = CN, CHO, CO,H
Y Y

The rate of these reactions generally increases with increasingor ability of the diene
substituent, and with increasingacceptor ability of the dienophile substituent. This can be
rationalized by noting that donor groups raise the energy of the higtmgtied molecular
orbital (the HOMO) on the diene, while acceptor groups lower the energy of the-lowest
unoccupied moledar orbital (the LUMO) on the dienophile. Thus, the HOMOMO gap

is reduced, leading to increased interaction of diene andghée@nd enhanced reactivity.

better donor groups —  LUMO

Orbital 400@@ groups

Energy | HOMO {-}— “

diene dienophile

To test this hypothesis, you will examine whether or not experimental relative rates of Diels
Alder cycloadditions involving cyclopentadiene and a variety of cyanoethylenes correlate
with dienophile LUMO energies.
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1. Build__and minimizeRe acrylonitrile, HC=C(H)CN. SelecWiew from theBuild

menubc\. Copy the structure to the clipboard. Eithigiht click on the background
and choos&€opy from the resulting contextual menu or sel€cpy from the Edit
menu_ |.

2. SelectNew Molecule (not New) from theFile menul’]. This allows for adding an
additional molecule to the current document. The screen will be cleared and the model
kit displayed.Click on Clipboard at the bottom of the model kit amtick on screen.
Acrylonitrile will appear.Click on Groups in the model kit, selec€yano and add to
the appropriate free valence on acrylonitrile to makedicfanoethyleneClick on

e

3. Repeat this procedur@&yild New Molecule, followed by Clipboard, followed by

Groups, followed by [Re four more times to buildis andtrans-1,2-dicyanoethylene,

tricvanoethylene and tetracyanoethylene. When you have built all six moletiales,
on

The 2D sketcher could be us:
acr yl onigthrio ceke r & rshe | Gocpfyr @ rnee n
that app8keschSHégolMalwe Skled c h
t hFe mhenu,clroghscr ee ®aafiréd mmEine c t
AddcyagoougnakZ®,dli cy ano &telpylad

sequemal dree ma imoil egawnidie sal ll ib&:ﬁ.

4. The molecules have been grouped together, that is, put into a single document,
allowing calculated properties to be accessed via a spreadsheet.Spetaatsheet
from theDisplay menu.

Diels-Alder dienophiles:M0001 X
P

[mo001

Label
O 1]
[moooz
[ moo03
[ mooos
[ mooos
[ mooos

fix) Add - Delete Sort —Formulas Scroll to Focus

To select an individual molecule in the groalgk on its label 0001, ...) in the lefthand
column, or wuse the § and 3klefgcickathe hebder b o
cellbbel i t o sel ect trigheclickand selecRename Selegted Uging e n
SSPDfrom the contextual menu that results.
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This results in replacement of the default labels by proper names froBp#nean Spectra

and Properties Database.

Copy
Paste
Select All
Add.
sort
Format Selected...
Color Selected...
# Delete Selected
Delete Duplicate Molecule(s)...

Rename Selected Molecules(s) Using SSPD

Copy Selected Molecule(s) to clipboard

Diagnostics
Append Molecule(s)...

Export Selected..
= Print

© Properties

cri+C
Chrl+v.

Cirl+p

@) Diels-Alder dienophiles:acrylonitrile

<

Label

Macrylonitrile
[J1.1-dicyanoethene

[ cis-1,2-dieyanoethylene
[trans-1,2-dicyanoethylene
[tricyanoethylene
[tetracyancethylene

v
>

ftx) Add -

Delete

Sort — Formulas Scroll to Focus

5. SelectCalculations...from theSetup menu| and specifyequilibrium Geometry

at Ground Statein GasusingthewB97X-D/6-31G* model Make certain th&lobal
Calculations at the bottom of the dialog eheckedo ensure that the settings will be

applied to all the molecules in the list.

6. Click on theSubmit button at the bottom of th@alculations dialog. Name iDiels-
Alder dienophilest will take several minutes for this calculation to complete. After it

completes, enter the following experimental relative rates into the spreadsheet

Experimental relative rates for

Diels-Alder cycloadditions of cyclopentadiené

tricyanoethylene

cis-1,2-dicyanoethylene 1.94

5.66

|Oglo Ioglo
dienophile (relative rate) dienophile (relative rate)
acrylonitrile 0 1,1-dicyanoethylene 4.64

trans-1,2-dicyanoethylene 1.89

tetracyanoethylene

7.61

* J. Sauer, H. Weist and A. Miele@hem. Ber, 97, 3183 (1964).
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Double clickinside the header cell for a blank column in the spreadsheet, type
Log(rate)= andpresstheEnter key (return key on Mac). You need to press theter
(return) key following each entry (or use tl¥] key). Sort by relative rateClick on

the column headdrog(rate), and therclick on Sort at the bottom of the spreadsheet.

7. Clickinside a header cell for a blank column afidk on Add... at the bottom of the
spreadsheet (alternativelyght click inside the header cell for a blank column in the
spreadsheet, and seléald... from the contextual menu that resuliS)ick on theE
LUMO button under thdlolecule tab.

Add -

Molecule  QSAR  Thermodynamics ~ Molecule List ~ Summaries  Linear Regression

Name Formula Point Group Molecular Wt. (amu)

Energy (au) Opt. Energy (au) Expt. Heat(kJ/mol) T1 Heat (kJ/mal)

Dipole (debye) Conformers E HOMO (eV) E LUMO (V)

Energy Units:
Energy (au)
(SSPD X\) Auto-Select -

The spreadsheet, which contains both the calculated LUMO energies and experimental
relative rates, has served its purpose. Remove it from the scretokoyg on gz at
the top).

8. SelectPlots...from theDisplay menu<<. This leads to an empty plot pane at the

right of the screerClick on in the toolbar(top of the pane SelectL og(rate)
from the list of items in th& Axis menu andE LUMO(eV) from theY Axes list.
Then,click on Create.

*The Y axis specification is plural AAxesoO as use
than one Y axis is specified, color is used to distinguish data points and plot lines.
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X Axis: Y Axes:
Logirate) - Log(rate)
E LUMO (eV)
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9. By default, only data points are display€dick on €, in the toolbar at the top of
the pane. This leads to display of &dit Plot dialog.Checkthe box next t&Curve,
click on the button to the left dfeast Squaresandclick on Doneto display a least
squares fit of the reaction rates to LUMO energies. The-lsgatres line will be
drawn.

@ Edit Plot X

Title: | ]

X-Axis

Label: Log(rate) |

Y-Axis

E LUMO (eV)

Label:[E LUMO (ev) |

curve: | O Point to Point (O Smooth ® Least Squares O Fourier

Range: From:To:T\tks: Reset N

Fit: -0.4x +0.13 Done

Log(rate)

10. CloseDiels-Alder dienophilesand any open dialogs.
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Addition vs. Substitution

Alkenes normally undergo addition reactions whereas aromatic compounds normally
undergo substitution reactions. For example, bromine reacts with cyclohexenettarggve
1,2-dibromocyclohexane (the addition product) ndirbmocyclohexene, whereas it reacts
with benzene to give bromobenzene (the substitution productyamst 5,6-dibromo1,3
cyclohexadiene.

8 Br Br
@ +Brp C[ O( e
Br
Br Br
O ﬂ Oi Vs, O/ + HBr
Br

In this tutorial you will use results from the Spartan Spectra and Properties Database (SSPD
as accessed fro® p a r treaatian €nergy calculator to establish the preferred product for
each reaction. Specifically, energies from td897X-V/6-311+G(2df,2p) density
functional model stored in SSPD will be employed. No calculations are involved.

1. One after another, build or sketch cyclohexdrams1,2- dibromocyclohexane,-1
bromocyclohexene, benzene, trans 5,6-dibroma1,3-cyclohexadiene,
bromobenzene, bromine (Brand hydrogen bromide (eight molecules in total). Put
all in the same document. UBlew | | to or sketchfor the first molecule antilew
Molecule}’"| to build or sketcleach successive molecule.

2. SelectSpreadsheefrom theDisplay menuu. Left clickinside the header cell for
the leftmost column, themght click and selecRename Selected Using SSPAB the
menu that appear€lick on OK in the dialog that results. The molecules can now be
referenced using chemical names. Close the spreadsheet.

3. SelectReactionsfrom theDisplay menu g .
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1 - || gclonexene -

1 - | bromine - 1 - | trans 1,2-dibromocyclohexane ~

Reactions:

Reaction LE (k//mol) Boltzmann

1 bromine + cyclohexene — trans 1,2-dibromocyclohexane 16224 0:100

WBYTX-V/6-311+G(2df 2p)//wBYTX-D/6-31G*

Energy Units:  Show: Temperature:
Source: SSPD -

Calculate: | A E - kjmol - Names  ~ 288.15K

Close

ChooseSSPD Databasérom the menu to the right &ourceandgE from the menu

to the right ofCalculate at the bottom of the dialog. Compute the energy for Br
addition to cyclohexene: selecyclohexeneand bromine as Reactantsandtrans-

1,2 dibromocyclohexane(leave the second product selection <atone> as
Products. Repeat for the corresponding substitution energy (same reactants but the
products are -bromocyclohexene and hydrogen bromide) and for both addition and
substitution reactions of benzene (reactantdbareeneandbromine and products

are trans-5,6-dibromo-1-3-cyclohexadiene and <none> for addition and
bromobenzenandhydrogen bromiddor substitution).

Are all reactions thermodynamically favorabéxgthermiy? Identify any reactions
that are not and provide a rationale as to why. Why is there a change in preferred
reaction in moving from the alkene to the arene?

Yoa aing owi saH s@l cnHlaambd drh & £@ ¢ T h e nabdi dresrt
poiemteagie mpecaruettdEnemasiydhsceecond al s
entropy. | n¥BB FIXh® 1 &4 s eiss used t o
contributions.

4. Close the document and any open dialogs.
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Hydration of Carbonyl Compounds

The hydration of carbonyl compounds has been extensively studied primarily because it
serves as a model for a number of important reactions, nucleophilic addition to carbonyl
compounds among them. In this tutorial, you will &gmrtartd s | i near regr e
tool to correlate calculated properties of carbonyl compounds with measured equilibrium
constants for their hydration. The molecules are all in SSPD so no calculations are needed.

o HeO >\..\\OH K [hydrate] ~ [hydrate]
> “H,0 oH 77 [H.O][carbonyl] ~ 55.5 [carbonyl]

1. Build or sketch all the compounds listed in the next page for which experimental
equilibrium constants are availabiuild or sketch start withNew [ ™ from theFile
menufor the first molecule andNew Molecule from the File menu ' for each
successive molecule.

2. Click on the name of whichever molecule is selected at the bottom of the screen.
Confirm that thewB97X-D/6-31G* model is selected andick on Replacein the
dialog that results and then 8l to replace all molecules with entries from the SSPD.

3. SelectSpreadsheetfrom theDisplay menul_l to bring up the spreadshe&touble

click inside the header cell of an empty colurtype Log(Keq) and pressthe Enter
key (return key on Mac). Then enter the experimental equilibrium constants from the
table below.
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Experimental Keq for hydration of carbonyl compounds
l0g(Keq/55.5) log(keq/55.5)

PhCOCH -6.8 CRCOCH: -0.2
CH:COCHs -4.6 PhCOCEk 0.1
PhCHO -3.8 H.CO 1.6
t-BUCHO -2.4 CRCHO 2.7
CH3:CHO -1.7 CRCOCR 4.3
* J.P. Guthrie, Can. J. Cher3, 898 (1975)56, 962 (1978).

You need topressthe Enter (return) key following each data entry. Sort the list
according to the value of Log(KedJlick inside the header cdllog(Keq) and then

click on Sort at the bottom of the spreadsheet.

@) Hydration of Carobnyl Compounds:acetophenone X

Label Log(Keq) E HOMO (eV) Electrostatic(01) [l
[ acetophenane *68 -8.99 -047
[acetone -4.6 -8.87 0.52
[Ibenzaldehyde 3.8 -2.21 -0.38
| 2,2-dimethylpropanal -2.4 -8.95 -0.40
[Jacetaldehyde 1.7 917 043
[11,1,1trifluoropropan-2-one 0.2 -9.93 -0.41
2,2 2-trifluoro-1-phenylethan-1-one 0.1 -0.46 -0.38
[formaldehyde 1.6 -3.53 -0.36
O 2,2, 2-triflucroacetaldehyde 2.7 -10.36 -0.32
O perfluoroacetone 4.3 -10.89 -0.32

v

< >
fix) Add - Delete Sort =~ Farmulas Scroll to Focus

SelectProperties from theDisplay menu, click the , icon to the left oE HOMO .

Click on the oxygen atom for whatever compound is displa@édk on

A4

to the

left of Electrostatic (under Chargeg in the Atom Properties dialog (that has
replaced theMolecule Properties dialog), to place oxygen charges into the

spreadsheet.

Click on Add... at the bottom of the spreadsheet, and ttleak on theLinear

Regressiontab at the top of the dialog that results.
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Add e

‘ Molecule | QSAR | Thermodynamics | Molecule List | Summaries | Linear Regression |_

Using:

E HOMO (eV)
Electrostatic(01)

Log(Keq)

|: |
&
4

Error:

<nane>» ™

SelectLog(Keq) from the Fit menu and botEHOMO (eV) and Electrostatic
(O1)" from theUsing list. Click on Apply. A new row Fitl) will be added at the

bottom of the spreadsheet. Sel€cbperties from the Display menu O click
anywhere on th&itl row. TheRegression Propertieslialog appears.

Regression Properties & X

Fit: Log(Keq) | Using: | E HOMO (eV)
Electrostatic(01)

Error: | <none> v
Fitvals(Fit1)

4 RMS:1.314

4 R:0839

:E' Labe\:‘F\n | hd

This provides information about the fit of Log(Keq) to the charge on oxygen, in
particular, the value of RThe closer to unity, the better the fit.

7. SelectPlots from the Display menu</<. Click on in the bar at the top of the

plots pane. Seledtog(Keq) from theX Axis list andFitVals(Fitl) from the box
belowY Axesandclick on Add.

8. To see the correlation (measured and fit ratiek on Edit €, from the toolbar at

the top of the paneCheckthe Curve box andclick the Least Squaresbutton.
Finally, click the Done button.

9. Close the document and any open dialogs.

* Your numbering may differ as it depends on the order that atoms were introduced during building, but the
reference is to the carbonyl oxygen.
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Acidities of Carboxylic Acids

Acid strength is among the most important molecular properties. It is readily available from
calculation, either in terms of absolute deprotonation energynore commonly,

AH —= Al + H*
as the deprotonation energy relative to that of some standard &eiljl (A
AH + A —= A~ + APH

The energy calculations discussed so far apply strictly tgplase aciditiésand likely do

not reflect acidities in solution. This prompts a search for alternative descriptions. One
possibility is the value of the electrostatic potential in the vicinity of the acidic hydrogen in
the neutral acid. Electrostatic potential maps waddainly be expected to reveal gross
trends in acidity, for example, the acidic hydrogen in a strong acid, such as nitric acid, should
be more positive than that in a weak acid, such as acetic acid, which in turn should be more
positive than that in a v weak acid, such as ethanol.

Nitric acid acetic acid ethanol

In this tutorial, you will use electrostatic potential maps to quantify changes in acid strength
due to subtle variations in structure. You will use the Spartan Spectra and Properties
Database (SSPD) to eliminate the need for quantum calculations.

* This is not to say that quantum chemical treatments of solvated molecules have not been developed or havi
not been implemented withiBpartan but rather that in our opinion are not reliable enough to provide
quantitative data.
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One after another, build or sketch trichloroacetic, dichloroacetic, chloroacetic,
formic, benzoic, acetic and pivalic acids. Put all molecules into the same document.
UseNew | from theFile menu for the first molecule and usew Molecule; " or

from theFile menu for each successive molec@éck on bd when you are done.

All of the molecules that you have built are available in SSRiok on the name of
whichever molecule is selected at the bottom of the screen, make sw8#7a¢-
D/6-31G* is selected from the menu in the dialog that restlitsk on Replace and
finally on All. Structures obtained frorwB97X-D/6-31G* density functional
calculations will replace those you have built. The wave function is also provided
with the database entry.

SelectSpreadsheetfrom theDisplay menuu. Expand it so that you can see all
seven molecules, and that two data columns are avail@bléle clickinside the
header cell of the first available data colurtype pKa and pressthe Enter key
(return key on Mac). Enter the experimentalgks ( gi ven i n t he
the appropriate cells under this column. You neegréssthe Enter (return) key
following each entry.

acid pKa acid pKa
trichloroacetic (GCCO:H) 0.7  benzoic (GHsCO:H) 4.19
dichloroacetic (GICHCQOH) 1.48 acetic (CHCO.H) 4.75
chloroacetic (CICHCOH) 2.85 pivalic ((CHs)sCCO:H) 5.03
formic (HCG:H) 3.75

Experimental data from: E.P. Sargeant and B. Demparization Constants of Organic Acid
in Aqueous Solution lUPAC no. 23, Permagon Press, 1979.

To display all molecules at onceheckthe box to the left of the molecule name
(Label column) in the spreadsheet for each entry. To manipulate the molecules
independently of one anothetick to deselecCoupled from theModel menu& ).
Arrange the seven molecules on screen such that you can clearly see the acidic
hydrogen on each.
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SelectSurfaces from the Display menu & and thenclick on Add and select
electrostatic potential map When the electrostatic potential map calculations
compl ete (they wil Ichetkke boxatrthle lefoctlettostatigp | e t

potential mapin theSurfacesdialog. SelecProperties from theDisplay menu€D
andclick on the electrostatic potential map to display3keface Propertiesdialog.
Clickon, ,|(thePosticon) to the left oMax inside theSurface Propertiesdialog.

The maximum value of the electrostatic potential (corresponding to the acidic
proton) will be posted to the spreadsheet. Leave the dialog on screen.

Plot experimental pKvs. maximum in the electrostatic potential. Selots from
the Display menui/< and then seleqiKa under theX Axis menu andProperty
Max (Surface) from theY Axeslist. Click on Create. Click on € to edit the plot
andcheckthe box next taCurve. Choose thd.east Squaresoption andclick on

Done Does there appear to be a correlation betwegm@apithe maximum value of
the electrostatic potential?

Close the document and any open dialogs.
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Positional Selectivity of Substituted Naphthalenes

Thermochemical stabilities of positional isomers may depend on several factors, including
a tendency to minimize unfavorable rdionded intramolecular interactionst€ricy and

to minimize overall dipole momenglectrostatick Naphthalene offers a good example with
only two different positions.

X
OO X
1-substituted naphthalene 2-substituted naphthalene

In this tutorial you will usevB97X-V/6-311+G(2df,2p) energies from the Spartan Spectra
and Properties Database (SSPD) to establish differences in heats of formation between 1 an
2-substituted naphthalenes. Instead of building a series of substituted naphthalenes, you wil
useSpartartd s substituent model kit to construc
thetposition and the ot her f-positiore bachleiatiorfso r
are involved.

1. One after another build methane, ammonia, water, hydrogen fluoride, hydrogen
cyanide and formic acid. Put all in the same list (de@/to enter the builder for the
first molecule andNew Molecule for each successive molecule). Select
spreadsheetfrom the Display menu ||, double clickinside the leftmost cell for
each molecule and replace the identifigi0Q01, €) by proper fu
names ihethyl amino, hydroxy, fluoro, cyano and carboxylic acid. Put the
contents on the clipboar@lick in the header cell to select all molecules, thight-
click and selecCopy from the contextual menu that results. Alternatively, select
Copy from theEdit menu_ |. Close the document (it is not necessary to save the
document).

2. SelectNewfrom theFile menul| | and build naphthalene.
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Then, selecBubstituent from the menu at the top of the model kit to bring up the
substituent builder.

Model Kit =]
|
]

[ COrganic ” Inorganic ” Peptide

[ Nucleotide ” Substituent H ChemDraw

methyl
ethyl
n-propyl
isopropyl -
n-butyl

sec-butyl <

‘Generate LI-St‘

S 2

Click on Cust. A near the middle of the model kit, theght click inside the box
near the bottom and seldtstefrom the contextual menu that results. Alternatively,

left click inside the box and seleeastefrom theEdit menu ‘_';. Names of the six
functional groups that you built in the previous step will appear in the box. As you
clickthrough the list, balandwire models of their structures will appear in the small
screen at the top of the model kit. Note that one of the hydrogens (white balls) for
each is highlighted in gold. This hydrogen will be removed to make a free valence
for attachment. The carboxylic acid group has two different hydrogens, one on
carbon (leading to a carboxylic acid) and one on oxygen (leading to a formate). If
the hydrogen on the carbon is not already highlightédk on it and it will be
highlighted.Click on the free valence on naphthalene that will lead-4alistituted
naphthalenes. The molecule on screen will now appear with a marker to indicate
substitution at the-position.
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SelectNew Moleculefrom theFile menti” . SelectOrganic from the tab at the top
of the model kit and again build naphthalene. Sebedistituent from the menu to
bring the substituent model kit. Make certain tGatst. A is selected (if not¢lick

on it). Click on the free valence on naphthalene that will lead-sulstituted

naphthalene<Click on 66 to remove the model kit.

SelectSpreadsheefrom theDisplay menu, . Double clickinside the leftmost cell

for the first molecule and replace the default identif®@01) with 1-substituted
naphthalenes Double clickinside the corresponding cell for the second molecule
and replace the default identifier Bysubstituted naphthalenes

SelectReactionsfrom the Display menu g . ChooseSSPD Databasdrom the
menu to the right cBourceandnE from the menu to the right @alculate. This
signifies that energies obtained from theB97X-V/6-311+G(2df,2p) model
associated with each of the entries in SSPD will be employed. Sedetistituted
naphthalenesasReactantsand 2-substituted naphthaleneasProducts andclick

on Compute at the bottom of the dialog. Reactions will be written (and reaction
energies computed) for all six substituents. TB@tzmann weights column
provides a weighting of positional preferences.

Close the document and any open dialogs.
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Tautomers of Nucleotide Bases

Protons bound to heteroatoms in heterocyclic compounds are likely to be very mobile in
solution and, where two or more heteroatoms are present in a structure, different isomers
(tautomers) may be in equilibrium. Consider the nucleotide base, like cytoginehere a
methyl group has replaced the sughosphate backbone at thdsition.

NH, NH NH

‘ SN ‘ NH (LL)NL
rTl/Ko N/&O I?I OH
CHs CHa CHs

The existence of a lownergy tautomer could have {fi@gaching consequences, given that
the valence structure of cytosine is key to hydrogen bonding in DNA. In this tutorial, you
will examine the possible tautomers ofniethylcytosine for evidence of leenergy
structures.

1. Build or sketch imethylcytosine, th&SPDidentifies this as-4aminal1l-methyk1,2-
dihydropyrimidin2-one.

2. Note that the wordautomer appears at the bottom right of the screen, indicating

that tautomers exist. SeleGenerate Tautomersfrom the Geometry menus.¢.

Step through the tautomers using [Meand[®] keys that appear at the bottom right

of the screen. To put the tautomers in a tiitk on (=] at the bottom right of the
screen andlickonOK intheonrs cr e e n @GemeyadeamJautomerLisb t hat
results.

3. SelectCalculations...from theSetupmenu_ ¢, with the list of tautomers. (To avoid
confusion, it is a good idea to close the molecule you used to get the tautomers.)
Specify calculation oEquilibrium Geometry using thewB97X-D/6-31G* density
functional model. Submit the job with the naoyosine tautomers

* Note, however, that were the energy of an alternative tautomer only 10 kJ/mol higher than that for the
normal structure, this would translate into a relative abundance of only about 1% at room temperature. Thus,
any alternative tautomers would need to leeyvclose in energy to the lowestergy tautomer to have
noticeable effect.
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After the calculations have completed (perhap4d30ninutes), sele@preadsheet

from theDisplay menu| . Click on the cell corresponding to the original structure
for 1-methylcytosineClick on Add at the bottom of the spreadsheet and ttmk

on theMolecule List tab; undeEnergy from Molecule selectrel.E andBoltzmann
Weights from the available quantities akd/mol from theRelative Energy Units
menu.Click on the background to release the dialog. Are either of the alternatives
close in energy to the normal form of cytosine?

If you find that one of the alternative tautomers is within 10 kJ/ mol -of 1
methylcytosine, performvB97X-V/6-311+G*(2df,2p) energy calculations on this
tautomer as well as-hethylcytosine. These may require upwards of an hour of
computer time. What does theWXfunctional with the larger basis set report for
relative energies?

For a more realistic example, examine the RNA nucleotide, close any open files, and
return to theNew Build mode. Click on th&lucleotidetab in theModel Kit. Make

sure that the check box next 8equenceis not selectedClick on C to select
cytosine, and from the dregown menu under this, seléeNA. Doubleclick on

screen to insert cytidine (cytosine riboside). Repeat the procedure of generating the
tautomer list Geometry menu, Generate Tautomers and thenclick on [=] to
Generate a Tautomer List

Submit the following calculatioBnergy with Est. Density FunctionalandwB97 X-
V/6-311+G*(2df,2p). To the right ofStart From specify Equilibrium Geometry

using Est. Density Functionaland wB97X-6-31G*. Submit the job. Revisit the
spreadsheet and again, make relative energy comparisons. What do the neural
network calculations suggest with regard to the Boltzmann distribution?

Close any open documents and any remaining open dialogs.
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Chapter 9

Spectra of Organic Molecules

The tutorials in this chapter illustrate applications involving the calculation of IR and also
illustrate the use of calculated IR spectra to identify an experimental unknown. Additionally,
calculation of proton and’C NMR spectra are demonstrated. DP4 analysis is illustrated to
identify which stereoisomer best fits an experimeli@NMR spectrum.

In addition to equilibrium geometries, conformations and conformational energy
differences, reaction energies, as well as diverse molecular properties, calculations provide
infrared and Raman spectra, NMR spectra and UV/visible spectra. IR and Ramaa spectr
arise from the transitions between ground and excited vibrational states, NMR spectra from
transitions between nuclear spin states and the UV/visible spectra from transitions between
ground and excited electronic states.

Chemists use spectra, in particular, NMR spectra to provide essential clues needed to assig
the structure of an unknown molecule. That is, features in the spectrum may be used to
support a proposed structure assignment, whereas their absence sugdbstasbagnment

is likely to be incorrect. On the other hand, a calculated spectrum starts with a known
structure. A high degree of similarity with a measured spectrum may be taken as evidence
that the calculated molecule is the same (or at least verjasito) that for which the
spectrum was measured. Lack of similarity suggests that the two molecules are not the same

The first two tutorials in this section deal with infrared structure and use the ERBEFG/6

model. The first details the steps needed to calculate the infrared spectrum of methyl formate
and to relate the spectrum to the underlying molecular structutd¢harsecond illustrates

use of the Spartan Infrared Database to identify a molecule based on its infrared spectrum.

The remaining tutorials deal with NMR spectroscopy and use®9 X-D/6-31G* model

and (optionally) the SSPD database. The first of these details the steps involved in
calculating and displaying a proton spectrum fandthylindole, and the second, the
spectrum of caulophyline, both of which are rigid molecules. The third considetthe
NMR of cis-1,2-dimethylcyclohexane, a molecule that rapidly (relative to the time scale of
the NMR experiment) moves between two equivalent conformers. Discussiosm MR
spectra of molecules with multiple degrees of conformational freedom and several
accessible conformers is provided in a later chapter. The final tutorial examines the
dependence of carbon chemical shifts on stereochemistry and illustrates thfeDiz¢
analysis to decide which best fits the experimental NMR spectrum.
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I nfrared Spectrum of Methyl For mate

In the harmonic approximation, the frequency at which a diatomic molecule vibrates is
proportional to the square root of the ratio of the force constant (the second derivative of the
energy with respect to change in bond length) and the reduced massothet pf the
masses of the two atoms divided by their sum). Frequency increases with increasing force
constant or stiffness of the bond and decreases with increasing masses of the atoms involve

in the bond.
f orccoen s
fequencya \|Tedumeas

In order to generalize this expression to a polyatomic molecule, it is necessmg &
coordinate system that leads to a diagonal matrix of second ermggtdes (secalled
normal coordinatgs These differ from internal coordinates (depicting charges in specific
bond lengths and angles), and for a polyatomic molecule will typically involve the motions
of several (and likely all) atoms.

The intensity of absorption of infrared radiation by a diatomic molecule is proportional to
the change in the dipole moment with change in bond length. Since the dipole moment for
a homonuclear diatomic molecule does not change with distance, this nmetansltétules
such as Nand Q are transparent in the infrared. The intensity of each of the individual lines
in an infrared spectrum of a polyatomic molecule follows from the change in dipole moment
along the associated normal coordinate. Some afdh®al coordinatesnay not lead to a
change in dipole moment, for example, the symmetric stretch in carbon dioxide where both
CO bonds are simultaneously moving, and infrared absorptions will not be observed.
0—C=0
This tutorial illustrates the steps required to calculate and display an infrared spectrum and
to compare it with an experimental spectrum. You will explore how the ease or difficulty of
molecular motion (the value of the force constant) and changesmmcatoasses affect
frequency.

1. Build or sketch methyl formate. Selealculations...from the Setup menu
and specify afequilibrium Geometry calculation using thEDF2/6-31G* density
functional modelGround state, inGasand Neutrall otal Charge with 0 Unpaired
Electrons. CheckthelR checkbox (o the right oiCompute) andclick the Submit
button Accept the nammethyl formate
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After the calculation has completed (less than a minute), sepesditra from the
Display menu “""‘,'r"'.‘"). Click on the in the toolbar at the top of the spectra pane
and, from theR tab selecti®/ ... from the palette of icons. The experimental IR
spectrum of methyl formate is available in the freely available NIST datablde.

on the=* again and sele@'®|| s from the icon palette. Calculated (in red) and
experimental (in blue) infrared spectra are now superimposed.

IR Spectrum (cm™")
3500 3000 2500 2000 1500 _ 1000 500

Experimental

— Calculated

Click on either the up or down triangles that define a cursor and slide the mouse
while holding down the left button across the spectrum. Position tihe intense
line in the (cal cuklZE78 et )Notesthaethe molecularn e a
model (on screen above the spectra pane) vibrates. The motion corresponds to
stretching of the CO double bond.LPosi
This motion corresponds to a combination of stretching motions of the two CO single
bonds.

SelectSave Asfrom theFile menu?" to make a copy of methyl formate; name it
methyl formate d3Click on 66 to enterView mode. SelecProperties from the

Display menu€d andclick on one of the three hydrogen atoms on the methyl group
to bring up theAtom Properties dialog. ChangeMass Number from 1 to 2
Deuterium. Repeat for the other two methyl group hydrogen atoms. Resubmit the

calculation (it will require only a few seconds) by selecti®gbmit from theSetup
menu.

*  Because force constants (second derivatives) do not depend on mass, the calculation is very

simple and will require only a few seconds.
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5. Compare the frequencies of the undeuterated and deuterated forms of methyl formate
and identify which change the most and which change the least. To do this open the
originalmethyl formatedocument and display the calculated IR spectra. To examine
the calculated frequenciedick on theTablesicon L:ﬁ]) A table of frequencies and
intensities is presented. Examine the frequencies associated with CH vibrations on
the methyl group. Repeat the procedure examining frequencies associated with CD
vibrations on the methyl group. You can move between the dodsrbgnlicking
on the appropriate tab at the bottom of the screen.

6. Close all documents and any open dialogs.

SearchingSpartard s | nfrared Spectral Dat abase

Pattern matching (Afingerprintingo) a m
experimental spectra contained in a database is common practice and is appropriate fo
identifying molecules that have previously been characterized. However, NMR hasdepla

i nfrared spectroscopy as the method of <ch
uncharacterized) molecules. Pattern matching to databases of calculated infrared spectra i
not routine. One reason is that the results of calculations (d s#trational frequencies

and intensities) do not look like experimental infrared spectra, at least, spectra obtained at
normal temperatures. However, a fit of the calculated data to a Lorentzian function in which
peak width at half height is treated aparameter makes the two spectra visually quite
similar, not at all surprising as this loosely corresponds to temperature. In fact, an infrared
spectrum measured at low temperature comprises a series of sharp lines (rather than bands

Practical calculations assume that the frequency of an infrared absorption is proportional to
the square root of the second derivative of the energy at a minimum in the potential surface
for a particular vibrational coordinate, that is, to the curvatutbesurface. The scalled
quadratic approximation leads to a surface thattas steep, resulting in calculated
frequencies that are larger than measured frequencies. For the most part, the error is
systematic, with calculated frequencies being betwééraBd 15% larger than measured
frequencies, depending on the theoretical model. Hafi@ek models show an error near

the top of the range, while density functional and MP2 models show an error near the bottom
of the range. Semempirical models do nothew a consistent error pattern. Such a
systematic error can be compensated for, at least in part, by incorporating a single linear
scaling parameter into the fitting function.

Spartanfits calculated infrared spectra to the measured infrared spectra using a Lorentzian
function that incorporates two parameters, alwgar parameter accounting for peak width
and a linear scaling parameter.
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This tutorial illustrates the way in which searches of the Spartan Infrared Database (SIRD)
are setup and carried out and the results examined. SIRD is an additional access route to tf
molecules contained in the Spartan Spectra and Properties DatabBfy €38 derives

from EDF2/631G* calculations. You may choose from a small selection of measured
infrared spectra (or supply your own spectra as a .dx file).

1. You need to have 8partandocument open in order to access SIRD. Sélest

from theFile menu ", and then sele@atabasedrom theSearchmenu ¢ . Click
on theSIRD tab to bring up th&partan Infrared Databasedialog.

Spartan Infrared Database
SSPD wBOTX-V  wBUTM-V  w8OTMI2) SRD  SRD NPD  CSD

DB Entry; Unknown: 4,000

Name Score(step1) Ranksistep2)

Populstion

Retrieve @ Search @ Filters Select Spectrum  Clear Spectrum

Click on Select Spectrumat the bottom right of the dialog. Navigate to pectra
of organic moleculesubdirectory under thEutorials directory.

Select one of the following files amtick on Open.

(0]
=
CN
| Z
N
0 NH,
chromone-3-carbonitrile dibenzopyrrole 8-amino-2-methylquinoline

* For Windows, this directory is found iARrogram Files/Wavefunction/Spartar& For security reasons, the
program file directory is protected. Copy the folder to your desktop or to another location available to the user
prior to opening it inSpartan For Linux, this is found in the directory whe®partanwas installed. For
Macintosh, this is located at the top level on$ipartart26 disc image.

The experimental infrared spectrum of the selected molecule will appear in the
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window at the top right of the dialog with the name underneath. Immediately to the
left is a scroll box containing the most intense lines in the spectrum (obtained from
a fit of the experimental spectrum to a Lorentzian function).

Spartan Infrared Database s %
SSPD wBSTH-V  wASTMY  wBTMZ) SRD SRD  NPD  (SD
D8 Entry Unknown:

| v |
156 oo

2 5% o003

s [
4 646 0.04 é
5 673 0.01

& 741 028

Scroll To: 8-amino-2-methylquinoline IR.dx

[Name Score(step1) Ranksistep?)

Population

Retrieve @ v search @  Fiers Select Spectrum  Clear Spectrum

\_search /\_plot /\_analysis /

2. Click onFilters at the bottom right to bring up ti8earch Filtersdialog.

& Search Filters %
Substructure Filter Functional Group Filter: [ Fermula Filter:
[] Perform Inverse Filtering to
Oaliyl [ benzyl Keep Following Pass 1:
[ propargyl [ phenyl ‘54]3 : ‘
[ aldehyde [ ketone C to U Filter: U to C Filter:

[ carboxylic acid [ ester ¢ Cutoff: U Cutoff:
Copy Current Molecule [ amide [ acid chloride U Cutoff: € Cutoff: -
Clear Edit [lurea [ carbamate Tolerance: Tolerance:

[ anhydride

[ alcohal [ ether
[ thiol [ sulfide
[ sulfoxide [ sufone
[0 1° amine [ 2° amine
[ 2° amine

[ hydrazone [ oxime

[ nitrile O nitro
[Jisocyanate [Tisothiocyanate
[ diene [ enone cancel

This provides for substructure and formula filters as well as functional group filters.
You can, if you wishgheckan appropriate entry. For example, if you have selected
chromone3-c ar boni tril e acheckingmirile firamn &morgwheo |,
Functional Group Filters would limit the search to molecules with nitrile
functionality.Click on OK to exit the dialog.
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3. Click on Search at the bottom of theSpartan Infrared Database) dialog. The
search may require a minute or two. When it has completed, scan the list of hits at
the bottom of the dialog for the name of your query. It will be at or near the top of
the list: Click on the name. The calculated infrared spectrum (red) will be
superimposed onto the fit of the experimental spectrum (blue) in the window at the
top right of the dialog.

4. Close all documents and any open dialogs.

* This will not always be the case. Errors inherent to the calculations as well as the absence of detail may resull
in better matches to fAincorrecto but closely rel
database, so it is possible todianly related molecules.
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Proton NMR Spectrum of 1-Methylindole

Proton NMR spectroscopy was the first tool available to chemists that allowed definitive
assignment of the molecular structures of
largely replaced infrared spectroscopy and to a large extent chemicalgfrsinécturel*C

NMR i s now more dominant, but proton NMR
arsenal.

An NMR spectrum follows from the fact that nuclei possess spins that can either align
parallel or antiparallel to an applied magnetic field, giving rise to different nuclear spin

states. The relative energy of 1theesseagthst a
of the applied magnetic field, by way of a simple relationship:
>xeE g;Bo

gis the gyromagnetic ratio (a constant for a given type of nucleus)s Pl anc k 6's
di vi ded ks the strengtinaf theBmagnetic fieddl the nucleus While the two
nuclear spin states are normally in equilibrium, this equilibrium can be upset by applying a
second magnetic field. The absorption of energy as a function of field strenggbriance
between the states can then be detected.

The key to the utility of the magnetic resonance experiment is that the energy at which a
nucleus resonates depends on its location in the molandlés measurably different for

each (chemically) distinct nucleus. The reason is that the applied magnetic field is weakened
by electrons around the nucleus. Nuclei that are well shielded by the electron cloud will feel
a lesser magnetic field than thabat are poorly shielded and will show a smaller energy
splitting. The difference, given relative to a stardj is termed ahemical shift By
convention, both proton artdC chemical shifts (treated later in this chapter) are reported
relative to tetramethylsilane (TMS) as a standard.

While eachunique proton in a molecule gives rise to a single line (resonance) in the
spectrum, the spins on nearby protons add or subtract to the external magnetic field. This
leads to a splitting of lines; the splitting pattern depends on the number of neighboring
protonsand their geometry. In practice, only tond (.~ ) and threebond ( )
interactions or coupling are important. Discounting splitting, the intensity of the lines is
approximately proportional to the number of equivalent protons thairilcote. For
example, the proton NMR spectrum ofriethylindole would be expected to show seven
lines, six with unit intensity corresponding to the protons on the indole ring and one line
with three times the intensity corresponding to the three equivalent ngetlyd protons.

* More generally, the relative intensity of the sum of the lines corresponding to a proton that has been split is
approximately proportional to the number of chemically equivalent protons.
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In this tutorial, you will use thevB97X-D/6-31G* model to calculate the proton NMR
spectrum of dmethylindole and compare it with the experimental proton spectrum in the
absence of threbond HH coupling.

1. Build or sketch Imethylindole. Selec€alculations...from the Setup menu ,,;.7.

Specify calculation of equilibrium geometry using thB97X-D/6-31G* density
functional modelCheckNMR to the right ofCompute andclick on Submit. Accept
the namel-methylindole The calculation may require a couple minutes.

2. When the calculation has completed (or after you have retrieved results from SSPD),
selectSpectrafrom theDisplay menu | | . Click on = in the bar at the top of the

spectra pane and from tiNMR tab selecid!{s == (proton NMR spectrum in
which there is no HH coupling).

Calculated

'H no %J Spectrum

Move the mouse while holding down the left button over the spectrum. When you
intersect a line, a numerical value for the chemical shift appears at the top of the
spectrum and the proton is highlighted in the structure model.

3. Click again on and this time selecOMl= (experimental proton NMR
spectrum with HH coupling constants set to 0). The experimental spectrum will be
retrieved from the freely available NMRShiftDB databased displayed with the
calculated spectrum. You will need to be online.

* The NMRShiftDB is primarily a collection of®C spectra, although some proton spectra including that for
1-methylindole are available.
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Calculated
e ——
4
— Experimental

'H no *J Spectrum

The comparison gives you an idea of the level of agreement that can be expected
between calculated and experimental proton spectra.

Calculated

6

'H Spectrum

You can focus in on details by a combination of zooming the spectrum (scroll wheel)
and shifting the displayed range (move the mouse while holding down the right
button). You will see that lines due to protons at@, Csand G are doublets, while
those due to protons ag @nd G are quartets (doublet of doublets).

Closel-methylindoleand any open dialogs.
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There are several reasons why NMR spectroscopy, in partititaNMR, is one of the

most important routine analytical techniques available for characterizing organic molecules.
The analysis is straightforward, can be carried out quickly requiring relatively small samples
and is nordestructive. The resulting spectrusnquite simple, comprising but a single line

for each and every unique carboHowever, assigning’C spectra is by no means trivial,
even for seemingly simple molecules. The problem istti@positions of the lines in the
spectrum (the chemical shifts) are very sensitive to the environment in which the carbons
find themselves. Experiments exist to sepafa@ resonances based on the number of
attached hydrogens, however, where two o0
environmentso, it may be very difficult t
for quaternary carbons.

This tutorial uses the alkaloid cytisine to illustrate the use of calcui¥@espectra to assist
in assigning the measured spectrum of the molecule.

13C NMR Spectrum of Cytisine

N F

1. Either build or sketch cytisine. Image on previous page. This can pose a challenge,
if you end up NOT seeing the name cytisine appear in the lower right of the interface
(upon completing your drawing/sketch), you can also buildn@hl string. From
the New Build or Edit Build mode, in theDrganic tab of theModel Kit, click on
theInChl button. In the resulting dialog, you can paste the following string:

INChl=1/C11H14N20/c1411-3-1-2-10-9-4-8(5-12-6-9)7-13(10)11/h13,8-9,12H,4 7H2/t8-,9+/m0/s1

and then cliclOK. At the top of thévlodel Kit , a 3D image of the molecule cytisine

will appear.Doubleclick to insert this on screen. Sel&calculations...from the
Setupmeru | ¢, and specify calculation of equilibrium geometry with th897X-
D/6-31G* density functional modeCheckNMR to the right ofCompute and leave

the NMR setting aCurrent Model . Click on Submit and accept the nanogtisine

The job will require a-IQumber minutes

* CH coupling does split carbon resonances but is almost always eliminated by what is termed proton
decoupling.
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2. When the calculation is done (or after you have retrieved the molecule from SSPD),
selectSpectrafrom theDisplay menu | | . Click on in the bar at the top of the

spectra pane and sele (experimental®C spectrum). The experimental
13C spectrum is drawn.

Experimental

0 120 20 60 30

13¢ Spectrum

3. Use the calculated spectrum to associate the individual lines in the experif@ntal
spectrum with specific carbons in the structure of cytisdliek on* ™ and this time

superimposed on top of the experimental spectrum (in blue). This both gives an
impression of the performance of the quantum chemical calculations and also allows
you to assign the lines in the experirta@spectrum to specific carbor@ick on one

of the triangles that designate the cursor and move the mouse while holding down

the | eft button over the spectrum. A
chemical shift and will highlight the carbons responsible for this line in the wteuct
model.

Optional

4. Open theSpreadsheetandright-click on the entry (under the Label) colun@iick
on Rename Selected Molecule(s) Using SSPBgainright-click, this time on the
namecytisineand choos®eplicate Selected Molecule(s) in New Documerithis
will create a new document, enter Balculationsdialog, and specify Energy using
the. B97X-D/6-31G* density functional model. To the right $fart from, select
Equilibrium Geometry using Est. Density Function&97X-D/6-31G*. Checkthe
NMR to the right ofCompute and change the NMR settingEmergy Model. This
specifies determination of structure (Equilibrium Geometry) using one of the NN
(neural network) models, followed by a subsequent Energgléspoint energy)
calculation using the quantum chemicaB97X-D/6-31G* Density Functional
model, and finally an NMR calculation will be performed based on the quantum
chemical energyClick on Submit and provide the namgytisineNN The job will
require less time to complete (perhap3 @inutes).

5. Compare NMR Shift results. From the origicgtisinedocumentright-click on the
carbonyl carbon and chooBeoperties from the resulting contextual menu. From
the Atom Properties dialog, note the value of the reported Chem. S@iftk on the
tab at the bottom of the GUI next to yoaytisineNN document. Repeat the
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procedure above, how similar are the chemical shifts on the carbonyl carbon in the
document where geometry was determined by the neural network (Est. Density
Functional > B97X-D/6-31G* model)? Repeat the procedure on other centers. Are
the shifts generally in good accord between the two calculations (bearing in mind
one took 24 times longer than the other)?

Close botlcytisineandcytisineNNany open dialogs.
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At normal temperatures, the NMR spectrum of a conformationéiible molecule
represents an average (Boltzmameighted average) of the NMR spectra of all accessible
conformers. Only when the temperature is lowered will the spectrum reveal its
conformdional components. The molecutes- 1,2-dimethylcyclohexane is a special case
where the (two) conformers are actually the same (identical).

13C NMR Spectrum of cis-1,2-Dimethylcyclohexane

Me

3 2 Me
: Me Me

Me

The room temperaturéC NMR spectrum comprises only four lines at 34.9, 31.9, 24.2 and
16.4 ppm relative to TMS, corresponding to an equal weighting @h@ G, Cz and G,

and G and G and the two methyl carbons, respectively. When the sample is cooled the
spectrum reveal eight distinct lines.

1. Either build or sketcleis-1,2-dimethylcyclohexane. Sele@alculations...from the
Setupmenu ¢, and specify calculation of equilibrium geometry with #iB97X-
D/ 6-31G* density functional modeCheckNMR to the right ofCompute and leave

the NMR setting aCurrent Model. Click on Submit and accept the nanwés-1,2-
dimethylcyclohexaneThe calculation will take less than 10 minutes.

2. When the calculation is done, sel&gectrafrom theDisplay menu ‘| |, click on
in the bar at the top of the spectra pane and frorhiIMg tab selecty) ¢ ...
(calculated™C spectrum). There should be only four lines, the positions of which
should correlate fairly well with what is observed experimentally at room temperature
(within 1.5- 2 ppm)*.Spartanhas recognized that there are two equivalent structures
and has calculated the average.

3. Closecis-1,2-dimethylcyclohexan@and any open dialogs.

* 13C chemical shifts fromvB97X-D/6-31G* calculations have been empirically corrected.
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NMR spectroscopy, in particul&iC spectroscopy, is without doubt the method of choice to
establish the thredimensional structure of organic molecules. Onlyray diffraction
provides more definitive results, although the requirement of a crystalline sample often
limits its applicationlt is now practical to routinely calculate the NMR spectra of moderate
size (MW on the order of 500 amu) organic molecules. Accurate calculations provide a
Avirtual NMR spectrometero offering org:
structure determiation, that is direct comparison of a measured spectrum with calculated
spectra for one or more chemically reasonable candidates.

Stereochemical Assignments from*C Spectra

In this tutorial, you will first obtait*C chemical shifts foendoandexostereoisomers of-2
methylnorbornane using theB97X-D density functional model, then enter the
experimental shifts for one of the two isomers and use the DP4 metric to decide which
provides the better match. Note that isonMt$ST be labeled identically in order to make
meaningful comparisons.

1. Sketch 2methylnorbornane. Start with a sixember ring, draw a orgarbon bridge
bet ween two carbons, add Aupd stereoch

O-0-O-QL

You need to add a stereochemical marker to distinguish betem#gmand exo

stereoisomers, but before you do so, copy the sketch to the clipBaginti clickon

screen and selec@opy from the menu. Add th§f marker to give theendo
stereoisomer. Sele@ketch New Molecule(not New Sketcl) from theFile menu,

right click on screen and seleastefrom the menu. Add thigeg marker to give the
exostereoisomer.

Click on 66 to give 3D structures for both isomers.

A

exo endo

2. Bring up the spreadsheéft-click on theLabel cell to select all molecules, theght-
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click and choos&kename Selected Using SSPSpecify calculation of equilibrium
geometry us itDE@LGt demrsity fuBcionaX model arsheckthe NMR
box. Make sureGlobal Calculations is checkedand submit the job. The job (two
molecules) will require a few minutes to complete.

When the calculations are completed, select the first molecule. Add experimental shifts
(from the table below). This can be accomplished from eitheExipeé Data menu,

or by bringing up theProperties dialog and one after the othelicking on the
individual carbons and then on t&eit drop down menu to the right &xpt Chem

Shift:. The number pad is used to enter the experimental shift values given in the table
below:

Experi imeNMRDlat a

Ci1 422 Cs 30.€
C, 34.6 Cs 22.L
Cs 40.7 Cs 38.¢
Cs 38.2 CHs 17.2

Click on bd to revert theAtom Properties dialog to theMolecular Properties

dialog. Click on theNMR tab (in theMolecule Properties dialog). Make sure the
Experimental Data From is set to whichever molecule you have entered in
experimental shifts from araick the Apply Globally button.Click on . , to the left

of DP4 in the dialog. Bring up the spreadsheet to see the DP4 score for the two
stereoisomers. The scale is a percentage from 0 to 100 with the larger numbers
corresponding to better fits. (You can also examine DP4 scores froRrdperties

dialog if you flip between the stereoisomers).

The DP4 calculation is dependent on availability of both experimental shifts and
calculated shifts. The specification Bkperimental Data From determines where

this data comes from. In general, it is easiest to specify a single isomer as the source
The <current molecule> selection should be reserved for cases where the
experimental data is input into an initial structure, but additional (stereo)isomers are
subsequently generated from the initial structure as @abetry menuChapter

19). In this case, the experimental shifts are included for each isomer generated from
theGenerate Isomerdool in theGeometrymenu. Because the endo and exo structure
wer e bui | twe fiookahe additional step of using the clipboard to ensure
consistent atom labeling. This is n@cessary when stereoisomers are generated from
S p a r tGaneréats Isomergool.

Close the document and any open dialogs.
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Chapter 10

Inorganic andOrganometallic
Molecules

This chapter illustrates applications to inorganic and organometallic molecules constructed
using the inorganic builder iBpartartd s mo d e | Kit.

Organic molecules typically comprise only a relatively few elements and obey conventional
val ence rules. The geometry apuiitingonnal
(s or dAlinearo (sp). As such they are ez:
the other hand, construction of many inorganic and organometallic compounds in particular
those involving transition metals may require the enhanced flexibility prdvigethe
inorganic builder.

Transitionmetal inorganic and organometallic compounds may also require different
guantum chemical methods from those that have proven to be satisfactory for organic
molecules. While there are a large number of experimental structures, almost entinely fro
X-ray diffraction, accurate experimental thermochemical data on molecules incorporating
transition metals is virtually neexistent making assessment of the various models
problematic.

The PM3 and PM6 serg@mpirical models have been explicitly parameterized for most
transition metals and generally (but not always) provide a reasonable account of geometries
However, they would not be expected to properly account for reaction enerdlesyas
generally perform poorly for reactions involving molecules without méteisitreeFock

and MP2 models are known to produce poor geometries where transition metals are involvec
and cannot be recommende@n the other hand, DFT models appear to b guccessful

for calculation of geometries of molecul@scorporating both transition metals and
lanthanides (although their performance for energy comparisons remains to be clarified).

* 1t should be noted that experimental thermochemical data for inorganic molecule especially for those
incorporating transition metals is far less common (and likely less reliable) than that for organic molecules.
The poor performance of MP2 is likely a result of its dependence on a Hadtkavave function.
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Sulfur tetrafluoride cannot be constructed usthg a r torganio Isuilder. This is because
sulfur is not in its normal bent dicoordinate geometry, but rather in a trigonal bipyramid
geometry with one of thequatorialpositions vacant. However, the molecule can easily be

made using the inorganic builder.

1. Bring up the inorganic builder kglicking on! | and therclicking on thelnorganic
tab at the top of the model kit.

Chaptd
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The inorganic builder comprises an atom laticking on this brings up thBeriodic Tablé)
followed by a selection of atomic hybrids. Buttons access menus of groups, rings and
ligands, additional librariesMore) and the clipboard. Finally, a selection of bond types is
provided at the bottom of the model kit.

2. Click on the atom bar to bring up tReriodic Table

H He
Li | Be Model: Unspecified ~ | B C N O F Ne
Na | Mg AlSi P | s |a ar

K C S |Ti V|Cr Mn Fe Co Ni |Cu Zn |Ga Ge As| Se Br Kr
Rb Sr| Y Zr Nb Mo||Tc Ru Rh|Pd Ag Cd In |Sn Sb Te I |Xe

Cs | Ba|la |Hf Ta W Re Os Ir Pt Au|/ Hg|| Tl |Pb Bi Po At Rn

Ce Pr|Nd Pm Sm Eu||Gd Tb Dy Ho Er Tm Yb |Lu

Th Pa| U Np Pu Am Cm Bk Cf |Es Fm Md No Lr

Select €lick on) Sin the Periodic Tableand the five coordinate trigonal bipyramid
structure| & | from the list of atomic hybridsDouble clickon screen. A trigonal
bipyramid sulfur will appear at the top of the model kit.

3.  Again,click on the atom bar, seleEtin the Periodic Tableand the on&oordinate
entry| - from the list of atomic hybrids. Alternatively switch to the organic builder

(click on theOrganic tab) and selec F icon. One after anotheclick on bothaxial
free valences of sulfur, and two of the theggiatorialfree valences.

4. It is necessary to delete the remaining free valence (oeqgaatorial position);

otherwise it will become a hydroge@lick on ? and therclick on the remaining
equatorialfree valence.

5. Clickon [Re . Click on 66 SelectCalculations...from theSetupmenu Specify

calculation of equilibrium geometry* using th97X-D/ 6-31G* density functional
model anctlick on OK.

* Not all methods are available for all elements listed. Elements for which a specific method (selected in the
Calculations dialog) are available will be highlighted following selection of a theoretical model or basis
set from theModel menu that appears in the center of Begiodic Table Note the availability of some
heavier elements (>Kr) assumes use of the LANL2DZ basis set 8pitianwill employ automatically
when required.

It should be noted that were an incorrect geometry specified at the outset, optimization would lead to the
correct structure, as long as the starting geometry possessed no symmptini{@roup). Thus, square

planar SEin Dswsy mmetry would remain square planar, w
(distorted only slightly from I symmetry to @ symmetry) would collapse to the proper structure upon
geometry optimization.
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6. SelectSurfacesfrom the Setup menu,click on Add and selecHOMO from the
menus the at results antick on OK.

7. Submit the job. Accept the nanselfur tetrafluoride. When completed, select

Properties from theDisplay menu€D andclick on an atom, for example, sulfur.
Three different atomic charges will appear in thgo(n Properties) dialog
(corresponding to different methods for establishing atomic charge). Of these, the
procedure based on fitting the electrostatic potential is generally considered to be the
best. Are the electrostatic charges consistent with covalent or ioniaig@ndi

8. Checkihe box to the left dHOMO inside theSurfacesdialog. The HOMO is largely
concentrated along thexial direction which lacks a fluorine, consistent with the
notion that sulfur is surrounded by six electron pairs (five involved in SF bonds and
one a Al one pairo.

9. Closesulfur tetrafluoride and any open dialogs.

Benzene Chromium Tricarbonyl

<

|
Cr il CD
oc” “co

benzene chromium tricarbonyl

Comparison of electrostatic potential maps for benzene chromium tricarbonyl and free
benzene will allow you to classify Cr(C&as an electronlonor or an electreacceptor
substituent.

1. SelectNew from theFile menu| ] andclick on thelnorganic tab at the top of the
model kit.Click on the atom bar and sel€gt from thePeriodic Table Select the
four-coordinate tetrahedral structU_= | from the list of atomic hybridsDouble
click anywhere on screen.
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2. Click on Ligands in the model kit and sele@&enzenefrom the menu of available
ligands.

Acetylene
Ethylene

Allyl

= o
r X

/L?
C 4

Butadiene

Cyclopentadienyl

Carbon Manoxide

Nitrogen Oxide

Ammonia

L
L/

Water

L &
AN A

Phosphine

Click on one of the free valences on the foaordinate chromium center.

3. SelectCarbon Monoxide from theLigands menuand click on the remaining (three)
free valences on chromiurGlick on e to produce a refined structure.

Benzene chromium tricarbony
easbhd ygnstusidthged ket lchstirrdek et c |
doubl ®ctkhwei cdr d sre,ltehbeer | Dalbtica
andl iooxkrDoukll ei mlsi de tDhoeu kdllezc

second time on the wil dnc ars
t hLei g atnalscadmadhk benzene | i gand
frmDoubl eoncltihcek wi I d card i
will now displ ay bleingatmalsclain

ocarmomoXxidg@nawil eadesir €«m ClI
up t he Jsaned! dohn kg

4. SelectNew Moleculefrom theFile menu [’ ] . Click on Rings, selectBenzeneand

click on the screerClick on [Se and then orbd. The document now contains both
benzene chromium tricarbonyl and benzene.

5. Both benzene and benzene chromium tricarbonyl are available in the Spartan Spectre
and Properties Database (SSRUjck on the name of whichever molecule is selected
at the bottom of t h&97X-D/8-Z6*ns,selectadlardliclic e r t
onReplace Click on All in the dialog that results.
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SelectSurfacesfrom theDisplay menu&®. Click on Add and chooselectrostatic

potential map from the menu. Make certain th@tobal Surfacesis checked. Do not
close theSurfacesdialog.

You donot need to submit, as g+#haefplhy @ s
When completed sele8preadsheefrom theDisplay menu |, andcheckthe box

to the left of the label for both entries. This allows both molecules to be displayed
simultaneously on screen. By default, the motions of the two molecules are coupled.
To uncouple their motions allowing the two molecules to be moved independently
select (turn off Coupled from theModel menu. Orient each molecule so that you can
clearly see the benzene face (exposed face in the case of the organometallic).

Check electrostatic potential mapn the Surfaces dialog. Compare electrostatic
potential maps for both free and complexed benzene, with attention to the exposed
benzene faceDoes the Cr(CQ)group donate or withdraw electrons from the ring?
Would you expect the aromatic ring in benzene chromium tricarbonyl to be more or
less susceptible to electrophilic attack than free benzene? More or less susceptible tc
nucleophilic attack?

Close all documents and any open dialogs.

Electrostatic potential maps (as well as other maps) for molecules in aSpagtandocument will be
put onto the same (color) scale. This allows comparisons to be made among different members.
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Substitution of one of the carbonyl ligands in cyclopentadienyl manganese tricarbonyl by
another tweelectron donor ligand may either proceed via an associative or dissociative
mechanism. At first glance both mechanisms would seem to be unfavorablestieative
pathway because it involves a-é&kectron intermediate and the associative pathway because
it passes through a 28ectron intermediate. However, the associative mechanism may not
be as bad as it first appears as it might be possible to redeceotrdination of the
cyclopentadienyl ring frorh® to h® giving rise to an 1&lectron association intermediate.

Indenyl Effect

n3
oY co

Such a possibility is supported by the observation that substitution of cyclopentadienyl by
an indenyl ligand leads to increased association rates. The indenyl effect as it is known, is
attributed to the possibility of enhanced aromaticitiofoordinated indenyl relative to’

-

In this tutorial, you will use the PM3 model to calculate geometries for the reactants,
intermediates and products for associative ligand exchange by trimethyl phosphine of
cyclopentadienyl and indenyl manganese tricarbonyl complexes, and thveRaix-D/6-

31G* model to calculate energies.
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Build all eight molecules (the two reactant complexes, the two intermediates and the
two product complexes as well as trimethyl phosphine and carbon monoxide) and
put into a singleSpartan document. Assuma® coordination of cyclopentadienyl

and indenyl ligands in reactants and products lahd@oordination for the two
intermediatesh® cyclopentadienyl is available from tHdgands menu, andh®
indenyl is in the ligands document accessedligskingon (v ) to the right oMore.

h? cyclopentadienyl ant® indenyl ligands are not available from menus and need
to be built. To buildh® cyclopentadienyl, first complex am¥ allyl ligand to
manganese, move to the organic builder, addagbons ) to both inward

pointing allyl free valencesslick on Make Bond (%) and then on the doubfeee

valences on the two fragments that you have just added. To build thdenyl
complex, start with thi® cyclopentadienyl complex, seld@¢nzendgrom theRings

menu (in theOrganic builder) anddouble clickon t he f@Adoubl e bo
ligand. Make certain that you minimize the energy of each of the eight structures
before proceeding to the next step.

SelectCalculations from the Setup menu and specify calculation of equilibrium
geometry using the sermmpirical PM3 model. Make certain th&lobal
Calculations at the bottom of the dialog is checked. Submit the job with the name
indenyl effect

When completed (a few minutes at most), compare the structure of the two reactants
(or products) with those of the corresponding intermediates. Verify that the
cyclopentadienyl and indenyl ligands have shifted ftorto h® coordination.

Reenter th&Calculations dialog (Calculations under theSetup menu) and specify
calculation of energy using theB97X-D/ 6-31G* density functional model.
Resubmit the job. The eight calculations will require several minutes to complete.

Use the reaction energy calculat®e@actionsfrom theDisplay menu) to calculate
the energy of |ligand substitution in b
or Aworseo |ligand than carbon monoxi de
in the indenyl complex relative to that in the cyclopentadienyhplex? Next
calculate the energy of the two intermediates. Relative to reactants, which is more
stable, trimethyl phosphine cyclopentadienyl manganese tricarbonyl or trimethyl
phosphine indenyl manganese tricarbonyl?

Closeindenyl effectand any open dialogs.

* You could do the geometry and energy calculations in a single step. InsidalthwWations dialog, specify
energy with thevB97X-D/6-31G* density functional model and set the menus to the rigBtat From to
Equilibrium Geometry , SemiEmpirical, and PM3. Of course, this does not allow you to examine the
geometries before doing the density functional calculations.
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Chapter 11

Chemical Reactions

This chapter outlines and illustrates strategies for locating and verifying transition states
for reactions as well as exploring changes in product distributions as a function of
substituents and reactant stereochemistry.

The treatment of chemical reactions adds an entirely new dimension to the application of
quantum chemical models. While unique valence structures may generally be written for
most molecules and based on these structures, reasonable guesses at bomad deaugyihess

may be made, it is often difficult to designate appropriate valence structures for transition
states, let alone specify detailed geometries. There is a complete absence of experiments
data for the structures of transition states. However, itt@mstate geometries may be
calculated. To aid in guessing starting geomet8gsyrtanprovides both a small library of
calculated transitiosstate structures for common reactions and a facility for automatically
matching an entry in this library with the reaction at haftle Spartan Reaction Database
(SRD) as the library is called, also can be searched by substructure to yield all available
transition states of reactions related to the one of interest.

Spartan also provides a procedure for driving usefined coordinates. Aside from
conformational analysis (see discussioiChmapter 12), the major application of this is to
force reactions, thereby permitting identification of transition states.

The tutorials in this chapter illustrafep a r tawamatis procedure for guessing transiion
state geometries based on SRD. They also illustrate the use of vibrational analysis (infrarec
spectroscopy) to verify that a particular structure indeed corresponds to a transition state anc
to show the motion kding it to reactants and products.

The first four tutorials examine simple organic reactions, while the fifth tutorial provides an
example of a transition state calculation for an organometallic reaction. The sixth tutorial
illustrates how a reaction may be driven through a transition 3tai® tutorial, along with

the fourth tutorial, draw the connection between relative activation energies and kinetic
product distributions. The last tutorial in this chapter illustrates how transition states may be
extracted from the Spartan Reaction Dake.

*Where a reaction is unknown ®p a r tlilmanypasfallback technique which averages reactant and product
geometries (similar to the smlled linear synchronous transit method) is invoked.
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1-pentene ethylene prapene

The proposed mechanism of the ene reaction involves simultaneous transfer of a hydroger
atom and CC bond cleavage. In this tutorial, you will obtain the transition state for the ene
reaction of ipentene from an HF31G calculation, and examine the reactcoordinate

for evidence of concerted motion. While the HR2/BG model is a less rigorous model than
many available irSpartan it is certainly good enough to illustrate the steps involved in
obtaining and verifying a transition state.

1. Build 1-pentene in a conformation in which one of the terminal hydrogens on the
ethyl group is poised to transfer to the terminal methylene group. To rotate about a
(single) bond, firstlick on it to select (the bond will be encircled by a red arrow),

and drag the mouse up or down in the area belo at the left of the screen.
Alternatively, hold down the left button aidt key (option key on Mac) andirag

the mouse up and dow@lick on 66

2. SelectGuessTransition State from theBuild menu (Vi/). Click on bonda in the
figure on the following page and theick on bondb. A curved arrow from double
bonda to single bond will be drawn.Next, click on bondc and then on bond. A
second curved arrow from bondso d will be drawn. Finallyclick on bonde and
then, click on the (methyl) hydrogen to be transferred and on the terminal
(methylene) carbon to receive this hydrogen. A third curved arrow from étod
the center of a dotted line that has been drawn between the hydrogen and oxyger
will appear.

e JH..
c A e

d| [la
c‘\\ /Cc
c C

b
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If you make a mistake, you can remove an arrow by selelbgtetefrom theBuild menu
? and therclicking on the arrow. Alternatively, hold down tbeletekey as yoiclick

on an arrow. SeleMi/ to continue. With all three arrows in placéck on at the

bottom right of the screen. Your structure will be replaced by a guess at the ene transition
state. If the resulting structure is unreasonable, then you have probably made an error in

the placement of the arrows. Seleetdo from theEdit menu) to return to the model
with the arrows and modify (if needed).

Undbgesefomdvimagcfkr otmther ans it
structure (rather than from

Yooouadldsawues ¢ i2eD s k € pc lo etiihgee e <

t heenter ansit HEitnmndwsseket@mreohir dwent
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H
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ar rwiv @ r a @h ioatkhCeC2b o rmdhtdh e n hGCeCs
bonds.econd ar r owClwiodhK ts@é o &d
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3. Select Calculations... from the Setup menu | ¢y, and specify calculation of
transitionstate geometry using the HF22G model. Selectransition State
Geometry from the top menu immediately to the right ©alculate and choose
Hartree-Fock and3-21G from the two bottom menus. FinallgheckiR to the right
of Compute. This will allow you to confirm that you have found a structure that
corresponds to a transition state, and that it smoothly connects reactant and product
Click on Submit and name iene reaction ipentene

4. When the job completes, animate the motion of atoms along the reaction coordinate.
SelectSpectrafrom theDisplay menu ‘| [, click on == in the bar at the top of the
spectra pane and from the tab,clickon O® «.. in the palette that results.
Clickon L%(Tables) at the left of the spectra pane to bring up a table of frequencies
and intensities.

Click the top entry in the list. It corresponds to an imaginary frequency and will be
designated with anin front of the number.

Wi t hin t he har moni c approxim
proportional to the square r
(ref ltelctuirnvgotftuhrpo t e a 1 r BaH coenpga r t i
coordinate) divided by a combi
i mot iadbownhgad or dAtatart &@n st @iae max i mi

reaction coordinate), the cur\
positive the quantity inside 't
an i maginary number.

Calculated:

»

v I

1689 001
[Js03 o001
[]s52 025
[Je32 010
[Js19 016
[ere 100
[Jere 003
[ 1071 014
[ 1092 001
[ 1107 016
[[11133 055

l.m

Is the vibrational motion consistent with an ene reaction of interest and not with some other
process?
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Click on E (Make List) at the left of the spectra pane. Controls in the dialog that
result allow for changing both the amplitude of vibratiém@) and the number of
steps that make up the motiddtépg. The default number of steps (11) is fine but
change the default amplitudglick inside the box to the right &mp: and entef.3

using the number pad that appears. Nelitk on Make List at the bottom of the
dialog. This will give rise to a group of 11 structures that follow the reaction
coordinate down from the transition state (structure 6) both toward reactant and
product. You are done wittne reaction ipentene so close it.

Click on the list document, sele€alculations... from the Setup menuif,,; and
specify calculation ofEnergy using the HF/21G model (the same level of
calculation used to obtain the transition state and calculate the frequencies). Make
certain thatGlobal Calculationsis checked andlick on OK. SelectSurfacesfrom

the Setupmenu@® and specify evaluation of a bond density surf@iek on More

Surfaces.., selectdensity (bond)for Surface andnone for Property. Before you
clickon OK, make certain thablobal Surfacesis checked.

Submit the calculationName itene reaction ipentene sequenc®©nce the job has
completed, enter th&urfaces dialog, checkthe box to the left of density and
examine the surface that you have calculated. Step through the sequence of structure
4| and »| keys at the bottom of the screen or animate the rea*Johote, in
particular, the changes in bonding revealed by the bond density surface.

Closeene reaction ipentene sequencand any open dialogs.

* In this example, you have requested graphical surfaces prior to submitting the calculation.
You could al so have r-thafuleysdt efdo Itlhoewn ntgo tbhee dcoanl
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The Sy2 reaction passes through a transition state in which carbon is in a trigonal bipyramid
geometry and the entering and leaving groups are colinear. In this tutorial, we will identify
it as the fAitopo of a pat hway lempoyginga semis mo C
empirical molecular orbital model in order to minimize calculation time.

Sn2 Reaction of Bromide and Methyl Chloride

H F|' H
\
B+ Cc—Cl — |Br---C---Cl| —= Br—C,k +CI
H 4 : MH
H q o H
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‘ﬂ Bring up the inorganic builder by selectihigw from theFile menul__ andclicking

on thelnorganic tabclick on the atom bar, select C from tReriodic Tableand the
five-coordinate trigonal bipyrami & from the list of atomic hybrids anclick on
screen. Move to the organic buildeli¢k on theOrganic tab). Select Cl andlick on
one of theaxial free valences. Select Br anlick on the otherxial free valence.

SelectMeasure Distancefrom the Geometry menu«?* and therclick on the GBr

bond.Click inside the box to the right dfength at the bottom right of the screen and
enter 3.8 (3.8A) using the number pad that appears. You have made a complex
representing the reactant.

SelectConstrain Distancefrom theGeometry menu@. Click on the CBr bond, and

thenclick onljaj\at the bottom right of the screen. The icon will chandﬁd) which
indicatesa constraint is to be applied to this distart€beckthe box to the left of
Profile at the bottom of right of the screen. This will result in two additional text boxes.

Constraint{Conl) = N 3.800 A to 1900 A Steps: 20 [¥] profile

Leave the valu®.8 (3.8A) in the leftmost boxlone butchange the number in the box to
the right ofto, to 1.9(1.9A). Click inside the box and use the number pad. In the same way,
change the number in the box to the rightStépsfrom 10 (the default) to20. Twenty
calculations with @r bond lengths constrained from 3.8A (the starting point) to 1.9A (the
ending point) will be performed. The transition state should havBidistance in between

these valueClick on 66

4.

SelectCalculations... from the Setup menu and selecEnergy Profile, Semt

Empirical andAM1 from the appropriate menus to the righCaflculatein the dialog
that results. Make sure to changetal Charge to Anion.

Submit the job. Name tiromide+methyl chlorideWhen completed, it will give rise
to a sequence of calculations placediomide+methyl chloride.Prof.M0O0Q1You
will be prompted as to whether you want to Open, Save, or Discard thiSlidke on
Open. You can close the first documdmbmide+methyl chloride

Align the molecules that make up the seque@tiekon i (Geometrymenu), select
Structure from the menu at the bottom right of the screen and, one after the other,
click on the chlorine, the carbon and one of the hydrogens. Firiedkythe Align by
button at the bottom right of the scre@iick on bg. Use thes| and ® keys at the
bottom left of the screen to step through the reaction sequence.

SelectSpreadsheetfrom theDisplay menu - |. Click on Add.... SelectE(kJ/mol)
from among the quantities listed in thiwlecule tab. Next, enter the (constrained) C
Br distances and bromine charges in the spreadsheet. Sefettain Distancefrom
theGeometrymenu@ click on the constraint marker in the model afickon |, | at
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the bottom right of the scree@lick on 66 SelectPropertiesfrom theDisplay menu
to bring up aProperties dialog. Click on bromine anctlick on L4 to the left of
Electrostatic under Charges in the Atom Properties dialog. Close theAtom
Properties dialog. Close the spreadsheet.

8. SelectPlots from theDisplay menu /<) to bring up thePlots dialog andclick on
in the bar at the top of the dialog. Selec@onstraint (Conl) (the distance at
which the CBr bond has been constrained) from KeAxis menu, and bothe
(kJ/mol) andElectrostatic (Brl) from theYAxeslist in the dialog that result€lick
on Create. By default, only the data points are displayed.

Click on % in the bar at the top of the plots plane, selint- to-Point and then
click the down arrow to the right of theaxis field and again, choo&mint-to-Point,
thenclick on Done The visual quality of the plot can be improved by customizing the
X-Axis Range, the left arrow icon at the t(p:

can be used to move the plot into the 3D space (with the molecules), &ndpbeies
dialog can be employed to enable further customizatibok(on the plot to select
eitherPlot or Curve Properties.

One plot gives the energy as the reaction proceeds and the other gives charge or
bromine. Are the two related? Explain. It might make sense to reverseAkis xand

display instead from 4.0 to 1.7 Angstroms (as this more closely resembles a reaction
coodinate:

—e— Electrostatic(Br1)
—o— Energy (kJ/mol)

Constraint(Con1)

9. Close all documents and any open dialogs.
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Carbene Additions to Alkenes

X X
c
H i, i H
e 0 — 2 X — / N\
( \ L c—C gy
H H H“/ \rrH
H H

Singlet carbenes add to alkenes to yield cyclopropanes. A singlet carbene possesses both
high-energy occupied molecular orbital in the plane of the molecule, andenergy, out
of-plane unoccupied molecular orbital, and the reaction presents arstimigdilemma. It

is clearly more advantageous for the dtying vacant orbital on the carbene, and not the
high-lying filled orbital, to interact with the olefip system during its approach.

i, JJ.,Q
.'-——5@
Hﬂ‘p,,‘ Q I..\\\H
C—C.

H” O™

However, this leads to a product with an incorrect geometry, suggesting that the carbene
needs to twist by 90° during the course of reaction.

x.»‘a, X’f. X \X
XmC Xl A\
SN o~ C
' — N — /N
[ ’r—“ wl “.--C"'“““"‘Cu, ‘.-"C C",,
e I T A T
H H H

In this tutorial, you will use the Hartrdeock 321G model to obtain the transition state for
addition of singlet difluorocarbene, gRo ethylene and then analyze the motion of the
fragments.

1. Build ethylene using the organic model kit.

2. Selec{_y= |from the model kit. Hold down thesert key (option key on Mac) and
thenclickanywhere on screen. Alternativetiguble clickon a blank area of the screen.
Next, selec. + | from the model kit andlick on two of the free valences on thé sp

carbon. Nextclick on ’ andclick on one of the remaining two free valences on the
sp® carbon.
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Clickon 3 andclick on the remaining free valence. You are left with two fragments,
ethylene and difluorocarbene. Orient the two as to be poised for reaction.

Transl ations and rotations
fragmentscl ibak ai f{f ggmeonn a
t eelietcntdh B o d d winhGet k etyh ey il ¢ t @m
i ndividual fragment .

SelectGuess Transition Statefrom theBuild menu \/i/). Click on the carbon on the
Ck fragment and thedlick on the closer of the carbons on the ethylene fragment and
finally click on the CE carbon again. A dotted line is drawn between the two carbons
that are to be bonded along with an arrow from the €@bon to the center of this
line.

F.’.f.r,,‘
Fe=C

)

IIPC:C;:QII

Click on the CC double bond and thelick on the other ethylene carbon and on the
CF: carbon. A second dotted line and arrow will be drawn.

Fu,,
Fe=C

;
i ._‘
JJ A
; .
\

HPC:CQ”

Click on at the bottom right of the screen. Your structure will be replaced by a
guess at the transition state.

Proper orientation of the two fragments is not crucial in this case but is primarily to allow you to associate
the arrows with the intended reaction. Proper orientation is, however, essential where different
stereochemical outcomes are possible.
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Select Calculations... from the Setup menu | ¢, and request calculation of a
Transition State Geometry using theHF/3-21G model. CheckIR to the right of
Compute andclick on Submit. Name the joldifluorocarbene+ethylene

When the job is complete, examine the geometry of the transition state. In light of the
previous discussion, would you describe your structure as corresponding to an early or
late transition state? Animate the vibration tt@tresponds to the reaction coordinate.
SelectSpectrafrom theDisplay menu ‘| |. Click on the® = in the bar at the top of

the spectra pane and sel¢d™ = from the resulting palette of choices. The

Ai nfrared spectrumo cal cuICbckoeﬂ;%atttberfart he
left of the spectra pane. This brings up a table of calculated frequencies and infrared
intensities. The frequency at the top
it as imaginary. It corresponds to the reaction coordinate. Mhatevalue of this
frequency as well as that of the largest frequency.

Clickin the check box corresponding to this frequency. Does the animation show that
the carbene reorients as it approaches the double bond? Turn the animation off by
againclicking in the imaginary frequency box. Close tBpectrapane anclick on

bo.

SelectProperties from theDisplay menu® and, in turnclick on each of the four
hydrogens in the transition state. Change the value iNM#ss Numbermenu in the

Atom Propertiesdialog Propertiesunder thedisplay menu) froml to 2 Deuterium.
Resubmit the job. (No additional quantum chemical calculations are involved, but the
vibrational analysis needs to be repeated.) When complete, examine the new set of
vibrational frequencies, in particular, the imaginary frequency associated with the
reaction coordinate. For comparison, examine the largest frequencies which
corresponds to one combination of CH stretching motions. You will see thatltiee v

of the former has barely changed as hydrogen motions are not significantly involved
in the addition reaction, whereas the latter has been markedly reduced.

Closedifluorocarbene+ethylenand any open dialogs.
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Stereospecific DielsAlder Reactions

H X H X X H X H
X
QH LCN L LCN LE LCN
CN CN

syn endo syn exo anti endo anti exo

Diels-Alder cycloaddition of Esubstituted cyclopentadienes with acrylonitrile can lead to
four stereo products, in which the substituent, X, at the 5 positisgnisr anti to the
dienophile, and the nitrile Bndoor exa Anti products are preferred when X is alkyl while
syn products are favored when X is halogen or alkoxy. In generalp adducts are
kinetically favored oveexoadducts (see following tutorial).

In this tutorial, you will use HFF21G molecular orbital calculations to obtain bsymand

anti endoandexotransition states for Diel#\lder cycloaddition of Hluorocyclopentadiene

and acrylonitrileand then use/B97X-D/6-31G* calculations to estimate relative activation
energies. We will use the stereoisomer generation tool first introduced in the previous
release$ p a r t)dorsin@lify the steps.

1. Build or sketch the substituted norbornene shown below (the produenduf
addition of cyclopentadiene and acrylonitril€)ick on 66

2. SelectTransition State from the Build menu Vi, Click on bonda (see figure
above) and then on bord A curved arrow will be drawn frora to b. Next, click
on bondc and then on bond; a second curved arrow froorto d be drawn. Finally,
click on bonde and then on bont] leading to a third curved arrow. The model on
screen should now appear as follows:

F

/A

CN
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SelectGenerate Isomersfrom the Geometry menu andclick on the following two
carbons: #1 the carbon atom bonded tody@nogroup, and #2 the carbon atom
bonded tdfluorine (in the drawing below, these are labetégdand Cy , this is not
necessarily the same numbering as your transition state)in the transition state structure
(which will be marked as chiral centers). They will be identified with green circles:

Click onGenerate Listto the right oflsomersat the bottom right of the screen, select
New Documentin the dialog that appears amtick on OK. A list of the four
stereoisomers will appear in a new document.

For each entry in the new list file, visit tBelild menuGuess Transition Stategntry.

The arrows for the Dielé\lder reaction are available for each stereocisomer, as these
were part of the model before the isomers were generated. One after the next, enter the
Guess Transition Statemode and click th@ransition State icon from the lower

right of theSpartaninterface:

Transition State: 8

Once you have performed the guess transition state procedure for each potential
stereoisomer$electCalculations from theSetup menu. SpeciffEnergy at Ground

state inGas from the three top menus to the right @élculate and with Density
Functional, wB97X-D and6-31G* from the three bottom menus. Sel&cansition

State GeometryusingHartree-Fock and3-21G from the three menus to the right of
Start From. You have requested that transition state geometries for the four
stereoisomers be calculated with tHE/3-21G model and following that energies
calculated using thevB97X-D/6-31G* density functional model. Make certain that
Global Calculationsat the bottom of the dialag checked andlick onSubmit. Name

the jobDiels-Alder stereochemistry

Once the calculations complete, sel8preadsheetfrom the Display menu. If the
calculation returns with an error message related to maximum transition state cycles
or running out of optimization cycles, you may need to resubmit the job to complete
all 4 transition states. You can if you like replace the default labed®@ ...) by
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proper identifiers fyn endpsyn exganti endg anti exq, to fit the stereoisomers.
Click onAdd at the bottom of the spreadsheet, and theBrmrgy (au)in the dialog

that results. Identify the isomer with the lowest (most negative) energstiekdn its

label to select it. Agaiclick on Add and then thé/lolecule List tab at the top of the
dialog that results and finallglick on g (kJ/mol) underEnergy from Molecule.

What comments can you make on the relative stability of the transition states
(kinetics)?

7. Close all documents and any open dialogs.

ZieglerNatta polymerization involves a metallocene. This complexeslefin, which in
turn inserts into the metalkyl bond.

Ziegler-Natta Polymerization of Ethylene

Hzc::CHa HoC == CHy

HoC=CHs i
CpoZrtR ——— 2 » Cp,Zr'R

CDQZF"CHECHgF{

Cpgift' |;l

In this tutorial, you will use the sermsmpirical PM3 model to obtain a transition state for
insertion of ethylene into GArCHs" and, estimate the activation energy using tH&97X-
D/6-31G* density functional model.

1.  SelectNew Build from theFile menu/¢| and thennorganic from the menu at the

top of the model kitClick on the atom bar and selett from the Periodic Table
Select_ =< | from the list of hybrids (top right of the palette).

Doubleclick on screen to insert the planar trigodalatom. SelecCyclopentadienyl
from theLigands menu andtlick on two (of the three) free valences on zirconium.

2. SelectOrganic from the menu at the top of the model kit to move to the organic model
kit. Select spcarbon|_2= ] andlick on the remaining free valence on zirconium.
SelectAlkenyl from theGroups menu, hold down thimsert key (Option key on Mac)
andclick anywhere on screeor- doubleclick in a blank area on screen.

3. Orient the two fragments (GprCHz and ethylene) as shown below:

H>C=—CH>
Cpﬁﬁ,,_ |' ('i
o 21— CHs

Cp

(To move the fragments independently, hold downGhé key and use the mouse
while in theEdit Build mode.)
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10.

SelectGuess Transition Statdrom theBuild menuﬂ/. Click on the ZrC (methyl)
bond and one after anothetick on the methyl carbon and on one of the ethylene
carbons. Nextlick on the ethylene double bond and, one after anathek,on the

other ethylene carbon and on zirconiu@iick on at the bottom right of the
screen. In a few seconds, a guess at the transition state appears.

SelectCalculations...from theSetupmenul ;. Specify a transition state geometry
calculation using the PM3 senampirical model. Chang€otal Charge to Cation
andcheckiR to the right oflCompute. Click on Submit and name the joBp2ZrMe
cation + ethylene

When the job compleseseleciSpectra(Display) menu ‘| |. Click on the<l= in the
bar at the top of the spectra pane and, from the IR tab, sefect- .

Calculatednfrared spectrum for the transition state appealisk onLﬁ% at the far

left of the spectra pane. This brings up a list of calculated frequencies and infrared
intensities. The frequency value at t
designating it as imaginarglick on this frequency and examine the vibrational
motion.

Perform density functional energy calculations using PM3 geometries to obtain a
better estimate for the energy barrier for ethylene insertion. SdgetAsfrom the

File menu#: to make a copy o€p2ZrMe cation+ethylenename itCp2ZrMe
cation+ethylene density functionalSelectCalculations... from the Setup menu

o and speci fy cal cul at i onD/68IG* densayr gy
functional model. Spartanwill automatically make use of a pseudopotential for Zr
instead of the alklectron 631G* basis set. Remove the checkmarkiRn(to the

right of Compute). Total Charge should still be set t€ation. Click on Submit.

While you are waiting for the energy calculation to complete, build both ethylene
and CpZrCHsz* (name themethylene density functionabnd Cp2ZrMe cation
respectively). For GZrCH*, start with threecoordinate trigonal Zr, and then add
two cyclopentadienyl ligands and a tetrahedral carbon. For both, select

Calculations 3.from theSetupmenu! ¢, and specify calculation &nergy using

the wB97X-D/6-31G* density functional model. Sele&quilibrium Geometry,
SemiEmpirical and PM3 from the three menus to the right 8fart From to
designate use of a PM3 geometry. Em2ZrMe cation density functionafonly),
setTotal Charge to Cation. Make certain thaGlobal Calculations at the bottom
of theCalculations dialog isnot checked.

Submit both jobs. When they have completed, calculate an activation energy for the
insertion reaction (subtract the sum of the energies of ethylene addgpcation

from the energy of the calculated transition state). If you copy the reactants to the
same file as the transition state, you can usergmctionstool from theDisplay

menu, to calculate the activation energy.
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10. Close all documents and any open dialogs.

Chemical reactions may yield different products depending on the conditions under which
they are carried out. High temperatures and long reaction times favor the most stable
(thermodynamic) products, whereas low temperatures and short reaction timethéavor
most readily formed (kinetic) products. For example, the kinetic product in-Blieés
cycloaddition of cyclopentadiene and maleic anhydride istldeadduct Whereast seems

likely that the lessrowdedexoadduct is the thermodynamic product.

Thermodynamic vs. Kinetic Control

Here you will first obtain pathways for reactions leading to leotitoandexoadducts using
the PM3 semempirical model and then follow these byB97X-D/6-31G* energy
calculations to get a better estimate of the difference in activation energies.

0
©+¢DL
0]

1. Build or sketch thendoDiels-Alder adduct of cyclopentadiene and maleic anhydride.

exo

2. SelectConstrain Distancefrom theGeometry menu@, andclick on bonda in the
figure from the previous pag€lick on F‘ at the bottom right of the screen (it will
then turn tc& ). Checkthe box to the left oProfile in the middle of the screen. This
will give rise to three additional check boxes. Change the value in the leftmost box to
1.5A by clicking inside the box and enteririg5 using the number pad. In the same
way, enter2.7 (2.7A) and13 (13 steps) into the boxes to the righttofand Steps
respectively. You have specified that banaill be constrained first to 1.5A, then to

1.6A, then to 1.7A, etc. and finally to 2.78lick on &g.

3. Repeat the process for bobd When you are done, both bondsand b will be
constrained from 1.5A to 2.7A in 13 equal steptick on bg.

4. SelectCalculations...from theSetupmenu| ¢, and selecEnergy Profile from the
top menu to the right o€alculate, and SemiEmpirical and PM3 from the two
bottom menus in the dialog that resu@éick on Submit at the bottom of the dialog.
Name itcyclopentadiene + maleic anhydride endo
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When completedSpartan will prompt you that an auxiliary file has been created;
chose tdOpenthe file. The new document contains the 13 calculations corresponding
to the 13 steps in the energy profile.

SelectSpreadsheefrom theDisplay menuu, andclick on Add... at the bottom of
the spreadsheet. Selepe  ( k Jfrbnmammlong the entries in tiolecule List tab
and click on the spreadsheet to release Auel menu. Next,click on Constrain
Distancefrom theGeometry menu @ andclick on one of the two CC bonds varied
in the energy profileClick on [ | at the bottom right of the screen. Close the
spreadsheet by again selecting itchcking on U or by clicking on &= at the top
right. Click on 66 SelectPlots from theDisplay menu;\,& andclick on == to bring

up theAdd Plots dialog. SelecConstraint (Conl) from among the items in th¢
Axis menu andpE ( k Jffom theYl Axeslist andclick on Create. By default,
only the data points are display&lick on € in the bar at the top of the plots plane,
selectPoint-to-Point in the resulting=dit Plot dialog and theelick on Done

-100

E {lcJ/mol)

-400

1.5 2 2.5 3
Constraint(Conl)

Identify both the reactant and transition state from the plot and estimate the activation
energy for the cycloaddition reaction.

Repeat steps 1 to 6 for teroadduct. Compare the activation energydroaddition
to that forendoaddition (above). What is the kinetic product?

Opencyclopentadiene+maleic anhydride endo.Prof.M00 . Make a cop)}ﬁ‘.
Name itcyclopentadiene +maleic anhydride endo DFSeleciCalculationsfrom the
Setupmenu; ; and specify an energy calculation with WB97X-D/ 6-31G* model

in the dialog that results. Make sure tk&bbal Calculations at the bottom of the
dialog is checkedClick on Submit. When completed, perform the same spreadsheet
and plot operations you did for the PM3 calculations.
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9. Repeat the above procedure for teo adduct and compare the two activation

energies. What is the kinetic product?

10. Close all documents and any open dialogs.

Activation Energies of Diels Alder Reactions

In an earlier tutorialDienophiles in DielsAlder ReactiongChapter 8), you looked for a
correlation between LUMO energies for a series of related dienophiles and relative rates of
Diels-Alder cycloadditions involving cyclopentadiene. In this tutorial, you will compare
calculated activation energies for this same set atimees with the experimental rates. You

will use the previous set dienophiles and obtain transition states from the Spartan Reaction
Database (SRD). The only quantum chemical calculation that is required is for
cyclopentadiene.

1. Build or sketch cyclopentadiene. Seldgtpend Molecule(s)...from theFile menu,
locate the fileDiels-Alder dienophiles(from Chapter 8) andclick on Open. If you
have not yet completed this tutorial, you can find this file indiganic reactions
folder inside thélutorials™ directory.

2. Open thespreadsheefrom theDisplay menuu . Click on theLabel header cell and
thenright click and choos®ename Selected Using SSPilbm the contextual menu
that results. Close tHgpreadsheetvhen finished.

3. SelectCalculations...from theSetupmenu|_;. Specify calculation oEquilibrium
Geometryusing theHartree-Fock 3-21G model. Make sure th@lobal Calculations
box is checked. Submit the job with the nabDiels-Alder reactants It will take a
minute or so to complete. While the job is running, you can prepare an additional file
with a set of transition states.

4.  SelectNew from theFile menu_1. Build cyclopentadiene, selegikenyl from the
Groups menu, hold down thimsert key (option key on Mac) andlick on screen (or
double clickin a blank area on screen). Cyclopentadiene and ethylene will both appear
on screen, although they will not be connected. S@gaho from theGroups menu
and click on one of the free valences on ethylene. Both cyclopentadiene and
acrylonitrile will appear on screen.

* For Windows, this directory is found iARrogram Files/Wavefunction/Spartar&® For security reasons, the
program file directory is protected. Copy the folder to your desktop or to another location available to the user
prior to opening it inSpartan For Linux, this is found in the directory whe®partanwas installed. For
Macintosh, this is located at the top level on $ipartan® disc image.
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5. Orient the two molecules such that they are poised for a-Bikler reaction leading
to anendoproduct.

c NC
e 4 i

SelectReaction Queryfrom theSearchmenu ga ." Click on the bond markeain

the above figure and thefick on the two carbons that when connected will lead to
the bond marked. A dotted line will be drawn between these carbons and a curly
arrow drawn from the center of boado the center of bonll. Next,click on bondc
and then on bond. A second arrow will be drawn. Finallglick on bonde and,

click on the two carbons that when connected will lead to the bond niarked
second dotted line and a third arrow will be drawn.

6. SelectStructure Query from theSearchmenu 2§ . Click on all three free valences

on the acrylonitrile fragment. They will be replaced by orange cones, meaning that
anything (including hydrogen) may be attached to these positions.

7. SelectDatabasesfrom theSearchmenu ¢ andclick on theSRD tab at the top of
the dialog that results. This leads to 8gartan Reaction Database (SRDgialog.

Spartan Reaction Database EEY

SSPD  SRD  NPD  CSD

Retrieve | K |® search (@ ¥

* Reaction Queryis equivalent tdlransition State for the purpose of defining curly arrows.
It lacks the ability to automatically guess a transition state.
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Before you begin the searatlick on[=] to the right theSearchbutton at the bottom
of the dialog. This brings up tt&earch Optionsdialog.

@ search Options X

Using Directories: Model Filter:

Reactions O am
(W]
3-21G
de-31G6
[ other

[ pisplay Full Path.

Cancel

Check3-21G underMethod Filters andclick on OK. Click on theSearchbutton to
search the Spartan Reaction Database for Aileler transition states between

cyclopentadiene and substituted acrylonitriles.
When the search completes, a listing of hits appears at the right of the dialog.

Spartan Reaction Database & x

SSPD  wBYTX-Y  wBYTM-V  wBITME) SIRD  SRD  NPD  CSD

Bl - Diels-Ald fiene+tetracyanoethene_3-21G
2 © Diels-Alder_cyclopentadiene+cis-1_2-dicyanoethene_3-21G
3 © Diels-Alder_cyclopentadiene+trans-1_2-dicyanoethene 3-21G

4 © Diels-Alder_cyclopentadiene-+tricyanoethene_3-21G

Retrieve | » H search | @ v‘

Diels-Alder_yclopentadiene +tetracyanoethene_3-21G

Search

This should contain four Diel8lder transition states forendo additions of
cyclopentadiene and trans1,2-dicyanoethylene, ciss 1,2-dicyanoethylene,
tricyanoethylene and tetracyanoethylene. All need to be retrieved into a single
documentClick on =] to the right of theRetrieve button at the bottom of the dialog

to bring up theRetrieve Optionsdialog. Make sure thalew Documentis selected

in this dialog analick onOK. Hold down theCtrl key, selectglick on) all four Diels

Alder transition states andick on Retrieve at the bottom of the dialog. A new
(unnamed) document will be created. Close the file, but save Riels-Alder

transition states
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9. As soon as the jobiels-Alder reactantscompletes, seledhppend Molecule(s)...
from theFile menu, navigate tBiels-Alder transition statesandclick on Open.

10. SelectReactionsfrom theDisplay menu g One after the other, calculate activation
energies for the six Diel8lder reactions. Use cyclopentadiene and one of the
dienophiles foReactantsand the appropriate transition state Toansition States
SelectCurrent Document underSourceat the bottom of the dialog, ardtivation
Energy underCalculate, to enable display of the activation energy. Is the ordering of
the calculated activation energies consistent with the experimental relative rates
(available in the tutoriaDiels-Alder dienophilesrom Chapter 8)?

11. Close all documents and any open dialogs.
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Chapter 12

Medicinal Chemistry

This chapter illustrates applications §partanto areas of relevance to medicinal chemists.

Medicinal chemistry is a diverse field; the common thread being its concerns with the
design, properties and behavior of molecules that are important in biological systems. The
tutorials in this chapter illustrate some of the roles that calculations plaght

The first addresses simple models to estimate the rate at which molecules are transporte
between blood (hydrophilic media) and the tissue in the brain (hydrophobic media); this is
not something that can be directly calculated, and instead we will retiypfirthe secalled

polar surface area (PSA) and later refine this using electrostatic potential maps.

The second and third tutorials wuse si mil
that are structurally or functionally similar to molecules with known drug action. In the
second, involving the antihistamine terfenadine, similarity analysis iscaiwted out
between molecules but between a molecule and an environment. In the third, similarity
analysis is used to suggest compounds th
similar analgesic action.

The last tutorial accesses tRCSB Protein Data Bank (ttps://www.rcsb.ory While
calculations on biopolymers (proteins and RNA/DNA strands) are limited to molecular
mechanics models, quantum chemical calculations can be routinely applied to molecules
bound to biopolymers. The focus is not the molecule itself, but rather tiugndpi
environment. This is turned into a-salled pharmacophore (a simplified representation of
the environment); a search for other molecules that may also be consistent with this
environment is illustrated.
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Anticipating Blood-Brain Transport

To be effective, a drug must be capable of transportation to its target. For orally administered
drugs, this includes transfer through cell membranes in the intestine. In the case of most
neural drugs, this also involves traversing the blbain barrierlIn this tutorial, you will

first examine how well the polar surface area (the area of sfiling model due to nitrogen

and oxygen atoms together with any attached hydrogens) correlates witB o {cod) -

1. Openblood brain transportfrom themedicinal chemistrysul directory (Tutorials
directory).” This comprises a list of drugs/ drug candidates for which experimental
data relating to the ratio of concentrations in the brain and in the bleadQgiood)
are available. These span a range of nearly 5 log units.

2. SelectSpreadsheetrom theDisplay menuu and size the spreadsheet to show all
compounds, several extra rows and three columns, in addition to the column of
experimental datdog(brain/blood) that is already displayed&elect Properties
from theDisplay menu @) andclick on theQSAR tab in the dialog that results.
Click on L4 (Post) to the left oPSA. Polar surface area values will fill one column
in the spreadsheet.

3. Click on theAdd button at the bottom of the spreadsheet and salkck 6n) the
Linear Regressiontab at the top of the dialog that appears. Sébg¢brain/blood)
from theFit menu andlick on PSAin the box undeUsing. Click on Apply . Select
Properties from theDisplay menu€®D and therclick on the cell labeleitl at the
bottom of the spreadsheet under itldel column. This brings up thRegression
Properties dialog in which RMSD and Rvalues are reported. The smaller RMSD
and the closer tanity R the better the fit. Close tliRegression Propertieslialog.

4. Make a plot of log(brain/blood) vs. the regression fit. Sdédats from theDisplay
menu $<). Click on in the bar at the top of the plots pane to bring ugPtbées
dialog. Selectog (brain/blood) from theX Axis menu,Fit Vals (Fit 1) from theY

Axeslist andclick on Create. Click on % and check the box to the left Gurve
and the radio button next teeast Squaresand finally theDonebutton.

* J. Kelderet al, Pharmaceutical Red.6, 1514 (1999). All 19 named compounds considered in this paper
have been included.

**  For Windows, this directory is found rogram Files/Wavefunction/Spartar& It must be copied to
another location available to the user prior to opening Bpartan For Linux, this is found in the
directory whereSpartanwas installed. For Macintosh, this is located at the top level dbplagtani26
disc image.
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A leastsquares line is drawn through the points.

-

FitVals(Fitl)
0
\-

-2 -1 1 2
leg(brain/blocd)

Next, you will consider an alternative definition of polar surface area based on
electrostatic potential maps.

SelectSurfacesfrom theDisplay menu@® and selectlectrostatic potential majm

the dialog that results. An electrostatic potential map for the selected drug appears
(maps for the remaining drugs may be seen by stepping through the list using the stef
buttons in the bottom left of the screen). The overall size and shape are tthat of
electron density and correspond roughly to a conventional iflagg model. The

colors indicate the value of the electrostatic potential. Colors toward red designate
areas of negative potential (where a positive charge is most likely to be djtracte
while colors toward blue designate areas of positive potential (where a positive charge
is least likely to be attracted). To see the molecular skeleton underneath the
electrostatic potential maphange to a transparent or mesh displdigk on the ma

to select it and sele@ransparent or Mesh from theStyle menu that appears at the
bottom right of the screen

SelectProperties from theDisplay menu€d. Click on the mapClick on thepost

button L. to the left ofP-Area the Surfaces Propertiesdialog that results. Polar
areas, defined as the area for which the absolute value of the electrostatic potential is
> 100 kJ/mol, will be added to the spreadsheet.

Click on theAdd button at the bottom of the spreadsheet @iuk on theLinear
Regressiontab at the top of the dialog that results. Sdlgtbrain/blood) from the

Fit menu anctlick on Polar Area from the quantities in the box undgsing. Click
onApply. Bring up theRegression Propertieslialog byclicking on the cell labeled

Fit2 underLabel in the spreadsheet. Note that thfevRlue is better (closer to unity)

for this fit than for the previous fit (to PSA defined in the usual manner). Make a plot
of log (brain/blood) vs. the new regression fit. SeRots from theDisplay menu (

\\) andclick on in the bar at the top of the plots pane. Chdogdbrain/blood)
from theX-Axis menu andritVals (Fit 2) from theY Axeslist andclick on Create.

Clickon % and again specifiieast Squaredor the Curve in theEdit Plot dialog
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andclick Done Which property provides better correlation with transport across the
blood/brain barrier, PSA or polar area?

-

FitVals(Fit2)
|

-2 1 1
log(brain/hlood)

8. Closeblood brain transportand any open dialogs.

2

*  This value may be changed in tBettings Preferenceslialog Preferencesunder the

Options menu;Chapter 25).
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Terfenadine. A Potassium Channel Blocker?

Cardiovascular toxicity due to bl
early in the drug development pr
to a pharmacophore deduced
pharmacophoreto see whether
potential channel blocker.

P

ocking of potassium ion channels is commonly screened
ocess. One way this is done is to compare drug candidate:
from 3D QSAR studies. This tutorial uses a published
the antihistamine, terfenadine should be considered a

AN
L
h OH/\ on

terfenadine
1. Openterfenadine similarity library from the medicinal chemistrysub-directory

(Tutorials directory).” This file contains the coordinates for a diverse selection of

several hundred conform

ers of terfenadine (the actual number is reported in the

Molecule Propertiesdialog) obtained from a similarity library calculation. It has
been supplied in order to save congtign time. Closeterfenadine similarity

library.

2. Openpotassium channel

blocker pharmacophofeom the medicinal chemistry

subdirectory (Tutorials directory). This is a fivgpoint pharmacophore comprising

four aromatic hydrophobe
(red sphere).

centers (purple spheres) and one positive ionizable center

* S. Ekinset al, J. Pharmacology and Experimental Therapeusigs, 427 (2002).

** For Windows, this directory is found
another location available to the use

iRrogram Files/Wavefunction/Spartar@ It needs to be copied to
r prior to openingSpiartan For Linux, this is found in the directory

whereSpartanwas installed. For Macintosh, this is located at the top level @ thea r t dist inage.
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SelectSet Similarity Centers from the Geometry menu (@' and then seled€FD

from the menu at the bottom right of the screen neSiralarity by: . In turn,click
on each of the (five) pharmacophore elements. In response, each will be surrounded
by a violet circle indicating that it is to be used in the similarity analysis calculation.

SelectCalculations...from theSetupmenul;(,;f. SelecSimilarity Analysis from the

top left menu to the right @Zalculate inside theCalculations dialog. This leads to a
new configuration of th€alculations dialog.

@ Calculations x

Similarity Analysis -
Calculate:

Libraries
Generate Conformers

Min Score: | 0.70 -
Similarity:

Max Matches: | 10 =

Add Library... Remove Selected
Use:| CFD =

:6 []options Global Calculations v oK Cancel #, Submit

Click on Add Library to bring up a file browser. Locaterfenadine similarity
library in themedicinal chemistrysub directory (Tutorials directory) andclick on

Open. This indicates that the library of terfenadine conformers will be searched for a
match to the pharmacophof&ick on Submit.

When the analysis has completed (a minute or so), sBleutarities from the
Display menu _ ;; to bring up theSimilarities dialog, and change thdinimum
Scoreto .6 or lower (to expose additional similarity matches).

& Similarities pe

Template Molecule Library Molecule Smrev Collisions Conformer
pharmacophore terfenadine 0.93 179
pharmacophore terfenadine 0.89 181
pharmacophare terfenadine 0.84 232
pharmacophare terfenadine 0.83 358
pharmacophare terfenadine 0.80 151
pharmacophore terfenadine 077 243

pharmacophore terfenadine 0.64 160

o o o o o o o o

pharmacophore terfenadine 0.63 206

< >

o~ 8 of 15 matches. Minimum Score: |0.60  ~ Done
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Multiple hits will appear at the right of the dialog, together with a similarity score
(limiting on 1.0 which means a perfect matdbljck on the hit with the highest score.

A composite graphic of terfenadine and the pharmacophore will appaawimdow

at the left of the dialog. You can manipulate the two (as a single object) in the usual
way (you need to position the cursor inside the window). Note that the positive
ionizable center is positioned above nitrogen, while the four aromatic hydregpho
are above phenyl rings and tieet-butyl group.

The scoring algorithm not o
di recthnnoint rooogxeyng e mt dave wl & o
hydrophobe) phar macophore e

You can retrieve a selected hit (without retrieving the pharmacophorelickiyng
on theRetrieve button at the bottom left of ti&imilarities dialog. This can be used
for further analysis.

Close all open documents and dialogs.
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Morphine. Structure vs. Pharmacophore

morphine

Three fichemical aspectso of morphine appe
as an analgesic. These are: i) the nitrogen center (assumed to be protonated in the proteir
bound complex), ii) the aromatic ring and iii) the hydroxyl group aéddb the aromatic

ring. The loss of any of these results in significant reduction of activity. This knowledge
may either be used directly to identify other likely analgesics based on structure, or indirectly
to construct a simple -Boint pharmacophore than turn may be employed to find
compounds with potentially comparable analgesic activity.

This tutorial comprises three parts. In the first part, you will identify molecules in the Spartan
Spectra and Properties Database (SSPD) that incorporate the three required elements. |
practice, you will look for molecules that incorporate a nitrogerecesubstituted by a
methyl group and two other @pcarbons and a substituted phenol. You will then select a
single hit and generate a conformer library for similarity analysis simply in order to save
computer time. This is a superficial investigation.e comprehensive, one would need to
use several (or all) hits.

1. SelectNewfrom theFile ment " and bring up the organic model kit. SelBenzene
from theRings menu andlouble clickanywhere on screen. Select sgygen = |
andclick on one of the free valences of benzene. You have made phenol. Stlect sp
nitrogenga), double clickon a blank region on screen to insert a-honded sp
nitrogen.

Two molecules (phenol and ammonia) appear on sc@iik on sg carbong g
andclick on all three free valences on the nitrogen. Phenol and trimethylamine now

appear on screeg@lick on 66
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2. SelectStructure Query from theSearchmenu 9% . Click on all five free valences
on the carbons in the phenol fragment and on all three free valences on two of the
three methyl groups and on one free valence for the remaining methyl group in the
trimethylamine fragment. Orange cones will appear at all (twsklerted positions.

|

This defines a search in which anythi:
(including hydrogen) but a hit must contain phenol and a nitrogen bonded to three
sp® carbon centers.

3. SelectDatabasesrom theSearchmenu ¢ . Click on theSSPDtab in the dialog
that resultsClick on Searchat the bottom of th&SPDdialog.

4. To sort,click onNameat the top of the list inside in the scroll box at the right of the
SSPDdialog. Locate andlick on cephaeline’

Spartan Spectrum and Properties Database 5 X

SSPD  wB9TX-V  wB97M-V  wBI7M(2) SRD SRD NPD  CSD

Name * Model ~
25 © doxyeycline wB97X-D/6-31G*
26 © demeclogycline WEATX-D/6-31G"
27 @ coreximine wB97X-D/6-31G"
28 @ chlortetracycline wBS7X-D/6-31G*
»
30 © buprenorphine WEQTX-D/6-31G"
31 © apomorphine wB97X-D/6-31G"

32 © [(159aR)-octahydro-1H-quinolizin-1-yl]methyl (26)-3-(4- WBITX-D/6-31G*
33 © Zeprelca wB97X-D/6-316G*
34 © Trabectedin WBOTX-D/6-31G*
35 © sarecycline WB9TX-D/6-31G"

36 © Roltetracycline WBITH-D/6-31G*
>

Retrieve | |w H search | @ v‘

cephaeline

search f\_Plot /\ Analysis /

* The search above was don &SP@mhetsrhadler duhsét bundied with thé 0 0
Spartiamées&l |l will find significantly fewer Ahitso
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Its structure will be displayed in the window at the left of the dialog. You can
manipulate the model in the usual way by positioning the cursor inside this window.
Click on[~! to the right of theRetrieve button at the bottom of th@SPDdialog to

bring up theRetrieve Options dialog. Check New Documentunder Retrieve
Options andclick on OK. Finally, click on theRetrieve button. Dismiss th&SPD

dialog either by again selectimpptabasedrom theSearchmenu ¢ or byclicking
on[E4 at the top righthand corner of th8SPDdialog.

Save the molecule you retrieved under the neephaeline Close the file used for
the search (phenol and trimethylamine) without saving.

For similarity library generation, it is advised to use a more restrictive
conformational analysis routine. For this example, the molecule retrieved from the
database has been set to do so. To confirm this, se&tcTorsionsfrom the

Geometry menu / Your molecule should be augmented with three yellow
cylinders (only). If this is1otthe case, seleé&treferencesfrom theOptions menu.

In theSettingstab, switch th&€€onformer Rulesto skeletal andclick OK. You will

still be in theSet Torsionsmode, in the lower right of the interface, click on the
Resetbutton to apply the changes to your molecule.

SelectCalculations... from the Setup menu| ;. SelectSimilarity Library from

the top left menu to the right &falculate. No further information is require@lick
onSubmit at the bottom of the dialog. Nameéphaeline library You can continue
with the tutorial while you are waiting for the job to complete. Note, however, that
you need to closeephaeline librarybefore it is used istep 9

In the second part of this tutorial, you will specify the key structural components in
morphine and perform a similarity analysis based on structure using the conformer
library for cephaeline.

You can either sketch morphine (much easier than building it in 3D) or to save time,
open it: morphine from the medicinal chemistry subdirectory (Tutorials
directory): If you sketch itclick onbd when you are done. The name should appear

at the bottom of the screen as morphine is in SSPD. If it does not, you have made a
mistake.

SelectSet Similarity Centersfrom theGeometry menu @) and selecstructure

from the menu at the bottom right of the scre@lickon t he el even *
the figure below. These atom centers define the phenol and the primary amine
discussed earlier. A violet circle will be drawn around each. If you accidentally select
the wrong atonglickon t he Aoffendingd circle to
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10.

11.

HOY"

SelectCalculations...from theSetup menuu. SelectSimilarity Analysis from

the top left menu to the right @alculate inside theCalculations dialog. Click on

Add Library to bring up a file browser, locate and selegphaeline library and

click on Open. Make certain thaStructure is selected from th&Jsemenu at the
lower right of the dialog. You have requested that the library of cephaeline
conformers be searched for a match to the key structural elements of magtibkne.

on Submit. Supply the nammorphine

The similarity analysis will require a few seconds. When it completes, select
Similarities... from theDisplay menu._, ;.

r .
& Similarities S|

Template Molecule Library Malecule Scare
cephaeline 091

morphine cephaeline 091

morphine cephaeline 091
marphine cephaeline 091
marphine cephaeline 091
morphine cephaeline 091
morphine cephaeline 091
marphine cephaeline 091
morphine cephaeline 091

morphine cephaeline 091

cephaeline(Gen) aligned to morphine 4| i ] 3

@ E] 10 of 10 matches. Minimum Score:

Hits appear in the box at the right of the dialog together with a score. Sort according
to score (best on top) lmyickingon Scoreat the top of the box. Seledi¢ck on) one

of the best matches. A composite graphic consisting of morphine and the matching
cephaeline conformer from the library will appear in a window at the left. You can
manipulate the two structures (as a single object) in the usual way.

* For Windows, this directory is iRrogram Files/Wavefunction/Spartar@ Copy to usemvritable location.
For Linux, this is found in the directory whe$partanwas installed.
For Macintosh, this is located at the top level of$hp a r t dist inage.
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12.

13.

14.

15.

16.

Repeat the similarity analysis using

SelectSet Similarity Centers from the Geometry menu @ but this time select
CFDf rom the menu at the bottom right
morphine structure.

4

Designate three of the Cd¢hldkong theaCFD avermi |
the phenolic oxygen. A violet circle will surround this center indicating that it is to
be used in the similarity analysis. (If you accidentally select the wrong CliER,

on the circle and it will disappear.) Selecligk on) the CFD at the middle of the
phenol ring and the CFD at nitrogen.

SelectCalculations... from the Setup menubﬂ;. This should already designate

Similarity Analysis and the appropriate librarg€phaelin@. Change the entry in
theUsemenu toCFD. Click on Submit.

When the analysis is complete, sel8anilarities... from the Display menu., ;.

One or more hits should appear in the box at the right of the dialog. Select a hit to
get a composite graphic (CFD and structure from the library). You can easily see the
extent to which the two are matched.

Close any open documents and dialogs.
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Gleevec. Making a Pharmacophore from PDB

gleevec flavopiridol

In this tutorial, you will start with a protein structure from the PDB in which theafled
protein kinase inhibitor, gleevec, is founthstead of abstracting the molecular structure of
gl eevec, you wi || abstract its Abinding
gleevec interacts with the protein host in terms of hydrdger or chargeharge
interactions (nosteric contacfs This information, together with knowledge of either the
steric requirements of the guest or the space occupigaebprotein (excluded volumes),
constitutes a structur al phar macophor e,
Aguestso might be accommodat ed.

You will then use a subset of the msteric contacts together with excluded volume elements
to see to what extent this pharmacophore fits another protein kinase inhibitor, flavopiridol.

1. SelectAccess PDB Onlindrom theFile menu@%’ to obtain the PDB fildlopjfrom
the PDB or openlopj from the medicinal chemistrysubdirectory (utorials

directoryj. SelectExtract Ligands from theFile menu({%’, click on the model for
gleevec (it will be designated as Ligand STI 3 or 4) inside the protein structure
(displayed as a set of transparent spheres similar to a-fiiagemodel) to select

it, andclick on theExact Ligandsbutton at the lower right of the screen. Inside the
Extract Ligands dialog, checkboth HBA/HBD and +/- Centers and Excluded
Volume Centers If any other items are selected, make certain to deselect them
before youclick on OK.

* B. Nageret. al, Cell,112 859 (2003): PDB identification 1opj.
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2. You are finished withlopj and may close it. Also, simplify the display of the
extracted information by removing the excluded volume elements from view. Select

Configure... from the Model menu & and click on the CFDs tab. Uncheck

Excluded Volumesand click on Apply (this will hide the excluded volumes and
leave theConfigure dialog on screen).

3. The model that now appears comprises five purple spheres representistgnmon
contacts between gleevec and its protein host. Turn on labels. Dotifegure
dialog,click on theLabelstab,checkCFD Labelsandclick on OK.

cfd4

cfd5 cfdl
cfd2

cfd3

* For Windows, this directory is found iRrogram Files/Wavefunction/Spartar2 It must be copied to
another location available to the user prior to openingSpiartan For Linux, this is found in the directory
whereSpartanwas installed. For Macintosh, this is located at the top level @ thea r t dist indgeé.
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cfd4

cfd5 cfdl
cfd2

cfd3

These have been assigned based on the observation that each is within a predefined distan
of (one or more) complementary groups from residues in the protein host. Because hydroger
positions are not assigned in the experimentehyXstructure it may ndie possible to say
whether a particular site on the guest is acting as a hydtmgahdonor or acceptor. It may

not even be possible to say whether a particular site is protonated or deprotonated (althoug|
pH may often dict at e-staribhdorstacts haviedanitidilyebeeim gieh e 0
four CFD definitions: hydrogebond acceptor HBA), hydrogerbond donor KIBD),

positive ionizable €) and negative ionizablé ). Examination of the structure of gleevec
suggests more focused assignmeh(stBA , +), 2 (HBA), 3(HBD), 4 (HBA) and5 (HBA).

(See previous figure for numbering.)

4. You will use only three elements of this pharmacophore (together with the excluded
volume elements) to assess whether or not flavopiridol is likely to fit into the same

host environment as gleevec. Selemperties from theDisplay menu€D. Click
on CFD1, remove the checks next t8BD and -lonizable (leaving HBA and
+lonizable). Repeat the process, designatigD3 as HBD only, andCFD5 as

HBD only. Next, selecSet Similarity Centers from the Geometry menu @
Ensure that th€FD (not Structure) is selected in the lower right corner of the
screenClick CFDs 1, 3, andb. A violet circle will appear on each, indicating that it

IS to be used in the similarity analysis calculat@Ghck on (x\

SelectCalculations...from theSetupmenu ¢, and therSimilarity Analysis from the top

left menu to the right o€Calculate. Click on Add Library... and then locate and select
flavopiridol in the medicinal chemistrysubdirectory (Tutorials directory) andclick on
Open. Make certain thaCFD is selected next tdse:in the lower right of th€alculations
dialog.Click on Submit. Name the documefiavopiridol fit to gleevec pharmacophore

5. When the similarity analysis has completed, sekctilarities... from theDisplay
menu_, ;. Sort the hits according to similarity scoeigk on Scoreat the top of the

dialog). One after the othaslick on the top scoring entries in the box to the right of
the dialog and examine the fits in the window at the left.

6. Close any open documents and dialogs.
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Chapter 13

Flexible Molecules

This chapter describes procedures available for calculatiorféeaible molecules.

Up to this point, we have not paid much attention to the different conformers that molecules
might adopt. Many of the molecules dealt with so far are rigid or dominated by a single
conformer and, where they are not, we have chosen to downplay the imeoofanc
conf ormati on. I n fact, the vast majority
conformer or conformers can be important to properly describing molecular spectra and
properties and overall chemical behavior.

The five tutorials in this chapter illustrate a variety of approaches for dealing with flexible
molecules. The first tutorial presents a molecule with only a single degree of

(conformational ) freedom. Her e t hefornieg c us
but also on rationalizing why it is the best. The second tutorial explores a molecule with two
degrees of freedom. The focus here is o

comparing the ordering of energies for these conformers with efifféneoretical models.

The third tutorial involves a molecule with several degrees of conformational freedom and
hundreds of conformers. Its goal is simply to find the lowesergy conformer using
practical methodology. The last two tutorials have naira chemical focus. The first of
these asks a question about the Apriceo
properly oriented for an intramolecular reaction. The second asks a similar question, but this
time with regard to a proper confoation for binding to a protein.
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Internal Rotation in Dimethylperoxide

CH;
Y
0—-0
AN
CHs

Quantum chemical calculations may be called on to furnish data to parameterize empirical
energy functions for use in molecular mechanics and/or molecular dynamics calculations.
Perhaps most important are data relating to torsional motions where smaé<hansgnal

angles may lead to large changes in overall shape, as well as significant changes in molecule
spectra and properties.

Any function chosen to represent the energy of rotation about a single bond needs to reflect
the inherent periodicity, that is, it must repeat itself in 360°. The most common choice is a
truncated Fourier series.

Etorsion (W) = ktorsionl (1 - COS(W - Weq)) + ktorsion2 (1 - COSZ(W - Weq))
+ ktorsion3 (1 - cos3(w - wed))

Here,w®9is the ideal dihedral angle ani'®", klorsion2gnd Rorsion3gre parameters. The first
(onefold) term accounts for the difference in energy betwssgrandanti conformers, the
second (twefold) term for the difference in energy between planar and perpendicular
conformers, and the third (thréald) term for the difference in energy between eclipsed and
staggered conformers.

In this tutorial, you will examine the energy for rotation about the oxym@gen bond in
dimethylperoxide, first usinggB97X-D/6- 31G* density functional calculations to establish
geometry and then usimgB97X-V/6-311+G (2df,2p)[6311G*]calculations to get a more
accurate account. BotwB97X-D and wB97X-V functionals account for lontange
dispersive interactions, the former by an empirical correction and the latter more properly
by explicit calculation. The-811+G(2df,2p) basis set is much more flexithian 631G*,

but the calculation can be simplified using thecatied dualbasis set approximation where
convergence is first reached with the small&18G* basis set. You will fit your data &
truncated Fourier series.
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Build dimethylperoxide. If the molecule is not already in anti-conformation,

selectMeasure Dihedral from theGeometry menu 3, click on COOC atoms in
order,click inside the box to the right @ihedral... and ented80(180°) using the
number pad that appeaBo not minimize

SelectConstrain Dihedral from theGeometry menu@ Select the COOC torsion
(click on COOC atoms in order), and thelick on\, \ at the bottom right of the
screen. The icon will change ’Lp* | indicating that a dihedral constraint is to be
applied.

Checkthe box to the left oProfile at the bottom right of the screen. This will result
in two additional text boxes.

Constraint(Conl) = | fy N 18000° |to 000° Steps: |10 ¥ Profile

Leave 180° in the original (leftmost) box alone but change the value in the box to the right
of fitoo to 0°. Click inside the box and entérusing the number pa&tepsshould be 10. If

it is not,click inside the box and ent&f using the number pad. What you have specified is
that the dihedral angle will be constrained first to 180°, then to ,16@° and finally to 0°.

Clickon 66

4.

SelectCalculations...from the Setup menu 7{,; and specifyEnergy Profile from

the top menu to the right @alculate, andDensity-Functional, wB97X-D and6-

31G* from the three bottom menu€lick on Submit and accept the name
dimethylperoxide

When the 10 calculations have completed (perhaps 5 minutes), they return in a new
file nameddimethylperoxide.Prof.MOOO1A prompt will ask you if you want to

open this auxiliary fileClick on Open. Align the conformers. Seleélign from the

Geometrymenu |1, selectStructure from theAlign by menu at the bottom right
of the screen and, one after the otlaick on both oxygens and on one of the
carbons. Theglick on theAlign by button at the bottom right of the screen. Select
Spreadsheefrom theDisplay menuu, and enter both the energies relative to the

180°conformer, and the COOC dihedral angles. Flisk on the labell¢(10001) for

the top entry in the spreadsheet (the 180° conformer),diekon the header cell

for the leftmost blank column, and finallglick on Add... at the bottom of the
spreadsheet. SelaqtE  ( k Jfronmtlelqyantities in thiglolecule List tab (under
Energy from Molecule) andclick on the spreadsheet to release the dialog. Enter the

dihedral angle constraints: sel€&mnstrain Dihedral (Geometry) menu@, click

on the constraint marker attached to dimethylperoxideckeidon » « at the bottom
of the screen (to the right of the value of the dihedral anQlek on &o.

*  The difference between constraint values is given by: (firial)/(steps1l).
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6.

SelectPlots from theDisplay menu \\ Clickon at the top of the (empty)
plot pane and sele€onstraint(Conl) from theX Axis menuandpE ( kJ/ mol )
from theY Axeslist and therclick Create.
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Constraint(Conl)

To fit the points to a Fourier seriedick on % at the top of the plot pane, sel&€durier
to the right ofCurve in the resulting dialog ancick on Done

rel. E (kJ/mol)

Constraint(Conl)

To get a better account of the energy profile for rotation about the OO bond in
dimethylperoxide, perform calculations with thé97X-V/6-311+G (2df,2p)[6
311G*] density functional model(using the equilibrium geometries that you
obtained from the wB97X-D/6-31G* model). First, make a copy of
dimethylperoxide.Prof.spartan Name it dimethylperoxide wB97X-V. Select
Calculations...from the Setup menu ¢y and specify calculation of energy using
thewB97X-V/6-311+G(2df,2p) density functional model. Make certain Gilabal
Calculations (at the bottom of the dialog) isheckedto signify that energy
calculations are to be performed on all conform@ligk on Submit.
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10.

11.

Energy calculations for all ten conformers will require several minutes to complete.
When they are done, draw a new energy plot and compare it to the energy plot
produced earlier.

For the sake of comparison, return to direethylperoxide.Prof.spartafile, save a
copy asdimethylperoxide_Est_DFT SelectCalculations... from the Setup menu
., and specify calculation d&nergy usingEst. Density FunctionalandwB97X-
V/6-311+G(2df,2p) Make sure&Current Geometry is selected from th&tart From
pull down menuClick on Submit.

The neural network energy calculations for all ten conformers will require less than
20 seconds to complete. When they are done, draw a new energy plot and compare
it to the energy plot produced from the model used in step 7. How well does the
neural netwdk reproduce the QM values?

Close all documents and dialogs.
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Ethinamate

va
0

o4

NH2

Ethinamate is a prescription drug previously used for the treatment of insomnia. It involves
two degrees of conformational freedom, rotation of the single bond to the carbonate group
(two unique arrangements) and inversion of thensember ring (two unicgal chair
conformers).

1.

*%

Build or sketch ethinamat&lick on ba SelectCalculations... from the Setup

menu | ¢, and request a&onformer Distribution with Density Functional,
wB97X-V and the6-311+G(2df,2p)[6311G*] basis set usingwB97X-D/6-31G*
geometry(ies). This invokes a multistep recipe, starting from a systematic conformer
search using MMFF molecular mechanics and proceeding through several
immediate steps to gradually reduce the number of conformers for the final energy
calculation ¢€lick on Details to explore the stepsElick on Submit and accept the
nameethinamate

This multi-step calculation will require several minutes to complete. When it does,
ethinamatewill display the lowestnergy conformer but the total energy, dipole
moment and Mulliken atomic chargesill refer to a Boltzmann weighted average
over all accessible conformers. A ne8partan document containing these
conformers ¢thinamate_Confhas also been returned, choose to Open the auxiliary
file. In the new document, enter the total energies into the spreadsheet. You will see
that the total energy of the best conformer is in fact lower than that of the Boltzmann
averaged value (found gthinamae).”

Close any open documents and dialogs.

Natural charges are available only for the18l+G(2df,2p) basis sets. Electrostatic charges are too costly
to calculate for molecules with large numbers of accessible conformers and are deliberately excluded.
This may be surprising but is necessarily the case as the Boltzmann awérisgdominated

by the lowestenergy conformeiincludes contributions from higher energy conformers.
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Allyl Vinyl Ether

)

TheEquilibrium Conformer andConformer Distribution selections undeCalculations

in the Setup menu directly access the MMFF molecular mechanics model and either the
wB97X-V or B97M-V density functional models with the&BL1+G(2df,2p) [6311G*] basis

sets. They represent the extremes in terms of cost computation and are intended to be use
in two situations with entirely different expectations. There are numerous manuktls
combinations of models in between and the purpose of this tutorial is to explore one of them.
Here we seek asemgiuant i t ati ve account of the ene
conformer of a molecule to a conformer poised for chemical reaction. This is different than
the expectation of the following tutorial which is to accurately account for the NMR
spectrum of flexible molecule.

Allyl vinyl ether undergoes Claisen rearrangement, the mechanism presumes a chair
arrangement of the reactant.

Is this the lowesenergy conformer (global minimum) or is additional energy required to
properly orient the molecule for reaction? To find out, you need to locate all the conformers
of allyl vinyl ether, identify the best chair structure and evaluateniésgy relative to that

of the actual global minimum. You will first carry out a conformational search using the
MMFF molecular mechanics model and then refine relative conformer energies using
singlepoint wB97X-D/6-31G* density functional calculations $&d on 221G Hartree

Fock equilibrium geometries. The results are not expected to be as good as those obtaine
from better geometry and especially better energy calculations, but they should be sufficient
for the objective at hand.
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SelectNew | ] from theFile menu and igher build or sketch allyl vinyl ether.

Select Calculations... from the Setup menu | ; and specify Conformer
Distribution from the top menu to the right Galculate andMolecular Mechanics
andMMFF from the two bottom menu€lick on Submit and accept the nanadyl
vinyl ether.

When completed, it will give rise to a series of femergy conformeigplaced in a
new file allyl vinyl ether_Conf™ A prompt will ask you if you want to open this

file. Click on Open.™ SelectSpreadsheetirom the Display menu | “|. Size the
spreadsheet such that all rows (corresponding to different conformers) are visible at
one time.Click on Add... at the bottom of the spreadshe@tlick on theEnergy
(kJ/mol) button from theMoleculetab (you may need to change the units) @it

on the spreadsheet (or background) to removéditkdialog. Energies for each of

the different conformers will be added to the spreadsheet. Examine the-lowest
energy conformer (the top entry). Is it in a chair conformation suitable for Claisen
rearrangement? If not, identify the lowestergy conformer thag suitable. You can

keep two or more conformers on screen atdime time bycheckingthe boxes
immediately to the left of the molecule labels (the leftmost column) in the
spreadsheet. To get a clearer idea of structural similarities and differences, align the

conformers. Seledlign from theGeometry menu |! and selecBtructure from
theAlign by menu at the bottom right of the screemdt bottom lefta message:

Select atoms.

Click on oxygen and on the two carbons of the vinyl group bonded to oxygen to
designate them as alignment centers. Each will be marked by a red circle. If you
make a mistakeslick on the circle and it will disappear. When you are dafiek

on theAlign by button at the bottom right of the scre@tick on 56

By default, only conformers within 40 kJ/mol of the global minimum will be kept. This can be changed
(seeConformations and Energy ProfilesintheSpar t an &@rtu). He |l p

** MOO0OL1is the default label of the molecule you built. You can change it by alteringatieds field in the
Molecule Propertiesdialog Properties under theDisplay menu;Chapter 22).

*** To avoid confusion, it is a good idea to close the original dillgl vinyl ether.
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To obtain a better estimate of the energy required to twist allyl vinyl ether into a
conformer suitable for Claisen rearrangement, perfeB®7X-D/6-31G* energy
calculations using-21G geometries. Selesave Adrom theFile menu”"| to make

a copy ofallyl vinyl ether_Conf Name itallyl vinyl ether density functionalUsing

the copy, delete all conformers except the global minimum and the lewesgy
conformer that appears to be most closely poised for Claisen rearrangement. Select
each conformer to be discarded, and then sBlelete Moleculefrom theFile menu

@ Alternatively, click on the cell in the spreadsheet containing the label for the

molecule to be deleted, and theitk on Delete at the bottom of the spreadsheet.
When you are done, the spreadsheet should contain only two entries.

SelectCalculations...from theSetupmenu ¢, and specify afEnergy calculation
andwB97X-D Density Functionalmethod with thé-31G* basis set. Also, specify
Hartree-Fock and 3-21G from the Start from menu. Make certain thaslobal
Calculationsat the bottom of the dialog is checked to specify that the dialog settings
apply to both conformer€lick on Submit.

When completed, examine the conformer energies. S8faetladsheetfrom the
Display menu.Click on theAdd button at the bottom of the spreadsheet @ruk
ontheE ( k Jbltterofion theMolecule List tab. Click on the spreadsheet to
release thédd dialog. What does this model report as the energy needed to go from
the global minimum to a conformer poised to undergo Claisen rearrangement?

Close all open documents and dialogs.
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At normal temperatures, the time for nuclear spin relaxation is very long relative to time
required for equilibration among conformers. This means that for each of the carbon
chemical shifts in the NMR spectrum of a flexible molectiig, will be a weighted average

of the shifts NMR of the individual conformefic;.

13C: EYi13Ci
The weijjghs,gnwrven by the Boltzmannj(edagvueat i
to that of the lowest n e r gy ¢ @) rafidon tereperaturelJT. Summation is over all

conformers (including the lowesnergy conformer), igis the number of times that
conformer i appears in the overall distribution and k is the Boltzmann constant.

%= gi exp - [O- KTV {exp - [O- CUkT]}

In practice, conformers that are 10 kJ/mol or more above the le@vesgy conformer make

a negligible contribution to the total (at room temperature). However, in order to actually
know which conformers are important and to construct a proper Boltznvanage, it is
necessary to examine all of them.

13C Chemical Shifts Depend on Conformation

In this tutorial, you will use th2019 QM-NMR protocol first introducedinth&E par t an 6 1
release to calculate thC NMR spectrum of limonene. This comprises two parts, the first

a multistep protocol starting from MMFF molecular mechanics and ending with a series of

| arge basis set density functional cal cul
the secondh set of small basis set density functional calculations to obf@ichemical

shifts. The two parts are then combined to produce a Boltzmann avéi@ggmkctrum.

1. Build or sketch limonene.
235
1337
30.6 120.7
27.9 30.8
41.1
150.3
20.8 1084
2. Enter experimental®*C chemical shifts (shown above) either on the sketch or 3D

model. SelecExpt. Chem. Shifts[*H/*3C] from theExpt. Data menu.Clickin turn
on each carborglick inside the box that appears to its right, use the number pad to
type in the chemical shift araick on Enter.
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3. Select Calculations... from the Setup menu, NMR Spectrum (Density
Functional)’, wB97X-D and 6-31G*)" from the top three menus to the right of
Calculate and wB97X-V/6-311+G(2df,2p)[6311G*] energy and wB97X-D/ 6-
31G* geometryfrom the bottom two menu€lick Submit.

The calculation may require an hour or mor#&/hen completed, bring up thiroperties

dialog Display menu) andclick on theNMR tab. Statistics related to the fit between
calculated and experimentaC shifts are provided on the left at the center of the dialog that
results, specificallRMS, Max Absolute and Mean Absolute errors. If theBoltzmann
Average tab is checked, these correspond to a Boltzmann weighted average over
conformers. If thdBest Fittab is checked, they instead correspond to the conformer which
best fits measured values. You will see that both measures provide good concurrence
between calculated and measut¥l chemical shifts.

Spargramvi des two different

cal cul at e d!€a ncdh enmel adsdder eddh ir fstt s .
mo e g ommeoaussunrveod ovresst mpurc o B elgt zn
wei ght edT haivse rraeggceui res accur ¢
associated Boltzmann wei ght
proper accroaumge oifntleornagonB 9 ¥ ¢
functional and | aBhge+®G@adfs,
sualmpproabehp pl imed i-suinkreg anoil @ ¢
ith moderate conformational
omput éeiheecapgr oak @ q utihrastetf
oodo conformers be identi/
nf o€Emehemi cal shifts for

cking the need for accura
mpl er functwBOn7dX swheu eh alna
t er acdeeciadinessmp i r & mwshnhal llyla esriegd s C
-36G*, and as a result, is

P OO0 o s
nw S T o o

* Pre-selected menu items cannot be altered.

** |f you don't want to wait, a version of the file is available from $ipectra of organic moleculedirectory
in the Tutorials folder. For Windows, seBrogram Files/Wavefunction/SpartarTutorials. It must be
copied to another location available to the user prior to openingipantan For Linux, theTutorials is
found in the directory wher8partanwas installed. For Macintoshutorials is located at the top level of
theSp ar t dist iindge.
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The returned structure corresponds to that with the lowest energy fromB &ve-
V/6-311+G(2df,2p)[6311G*] model (the leading contributor in the Boltzmann
average). A secondary filesnonene_Conf has been created (but not opened). This
contains NMR chemical shift calculations for all conformers. Choose to either
Discard or Savethe auxiliary file. In the parent file, go Model menuConfigureé

in the Labels tab, underAtom, click the radio button next taCalc-Expt.) Chem
Shift. How well does the mukstep protocol NMR Spectrum task) do at
reproducing the experimental shifts for limonene?

Close any open documents and dialogs.
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Gleevec. Protein Bound vs. Free Conformer

g leevec

Gleevec (aka Glivec, Imatinib) is a protein kinase inhibitor used in anticancer therapy. It
specifically targets a protein kinase coded for in the rogue bemabl. Several crystal
structures with gleevec docked in protein kinases are available in the PDB. In this tutorial,
you will examine oneto establish whether or not the conformation of gleevec in the protein

is identical (or similar) to that of the free (gashase) molecule, and if not, what energy
penalty is to be paid to adopt the protbomundconformation. The next tutorial will return

to this same structure and extract a phar

1. Retrieve a protein structure from the PDB. Sefeutess PDB Online..from the
File menu((%’. Typelopjinto the box to the right of PDB ID ardick on Open.

|l f you are not onl i ne, y ou
avail abomjn agnéei ci nal s ocdierma c
(tut odiirad 8t or vy) .

The protein will be represented by a ribbon model. Red sections correspond to parts of the
chain that area helices, while blue regions correspondttm parts t hat ar
remaining regions are gr emrar dpsiyarsidRa amglesh a n
connecting the individual amino acids) allows you to see the clusteridgpafé | i ces a
sheetsTo display, seledRamachandran Plotfrom theModel menul:_. The colors of the

dots in the resulting plot map ct@one with the colors of the ribbon model. When you are
done,click onEs to remove the plot.

* B. Nageret al, Cell,112 859 (2003): PDB identification 1opj.

** For Windows, this directory is found iRProgram Files/Wavefunction/Spartar® It must be copied to
another location available to the user prior to openingSpiartan For Linux, this is found in the directory
whereSpartanwas installed. For Macintosh, this is located at the top level @ thea r t dist ndgeé.
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The colors on the ribbon di
Conf i gfurroem Mo & enle n ) ( acnldi ckn ni
Ri bboals. CByl oRe smigl e gi ve eac
own unique col or.

The protein returned from PDB incorporates two sets of bound molecules, depicted in the
model as two sets of translucent spheres. Gleevec is the larger of the two incorporatec
molecules and is designated byRSB HET codeSTI.

2.

@) Extract Ligands *

SelectExtract Ligands from theFile menu | e Extraction Fiers:
i . Select €lick on) one of the gleevec ;”:flm sp“"H;"’dg
molecules inside the protein structure an| oertemmudestice strucure

click on theExtract Ligands button at the | Hwreand - ceners

bottom right of the screen. This leads to th| =" <"

Extract Ligands dialog.

[ Excluded Volume Centers

Cancel

CheckLigand Structures underinclude andGrow Hydrogens underExtraction Filters
inside the dialog (if other options are selected, remove thengliakadn OK.

3.

A ball-andspoke model for gleevec will appear on screen. (You no longer need the
protein; select and close it.) Put a copy of gleevec on the clipboard. With the
molecule selected, choo€epy from theEdit menu or rightlick on the background

and selec€Copy from the menu that appears.

SelectNew Molecule(not New) from theFile menu d SelectClipboard from

the organic model kit andick anywhere on screeglick on . You now ggdve

two copies of gleevec in a single document. You can step between them using the
step buttons at the bottom left of the screen.

Select the first copy; seleCalculations...from theSetupmenu| ;. Equilibrium
Geometry from the top left menu to the right dfalculate and Molecular
MechanicsandMMFF from the two bottom menus. The conformation will not be
altered, but bond lengths and angles will be optimized.

Structure optimization is ne
di fference -bettwdeandr bteéencor
The resol ut iroany ocfr ypsrtoabl e iongar daep
establish bond | engatchcsu raancdy . a |
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Remove the checkmark fro@lobal Calculationsat the bottom of the dialog to signify that

your choice (geometry optimization) only applies to this copy of gle&iak on OK (not
on Submit).

6.

You will use the second copy of gleevec as the starting point of a conformational
search. First, we will adjust some of the default degrees of conformational freedom
Spartanassociates with the molecule (in order to reduce the computer time required
for the conformational search). With the second copy, s8kict orsionsfrom the
Geometry menu 4. Your model will be augmented with yellow cylinders
designating flexible bonds and yellow circles designating rings, respectively.
Remove the markers (circles) ¢ime piperazine ring bylouble clickingon each
nitrogen atom in turn. The conformation of the piperazine ring will not change during
the search. The model should now appear as below.

SelectCalculations...from the Setup menu];rg. SelectEquilibrium Conformer
from the top left menu to the right d@alculate and (as beforeMolecular

MechanicsandMMFF from the two bottom menu€lick on Submit, and provide
the nameagleevec protein bound vs. free conformer

When the calculations have completed (perhaps minutes), Spleadsheefrom
theDisplay menu . Click inside leftmost the cell for the second molecule (the one
on which a conformational search was performed) thek inside the header cell

for a blank data columrClick on Add at the bottom of the dialog and selggE
(kJ/mol) from theMolecule List tab (undefEnergy from Molecule). The relative
energy of the protein bound conformer is provided in the spreadsheet. Is it close to
zero, meaning that the protdiound conformer will be present in significant amount

in a sample of free gleevec? Or is there an energy barrier, indicatloger
distribution?

Closegleevec protein bound vs. free conformeand any open dialogs.
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Spartan provides computational options for calculating proton S@dspectra as well as

2D COSY and HMBC spectra of flexible molecules. The more rigorous and more costly
calculations involve construction of a proper Boltzmaweighted average. In practice,
calculation of accurate Boltzmann weights for all accessible omeis followed by
calculation of chemical shifts and (optionally) coupling constants for each of the conformers.
Obtaining the Boltzmann weights is the limiting step as it requires déasdijonal models

that account explicitly for longange van der Waals or dispersive interactions coupled with
large basis sets. Calculations of moderate size (MW in the range of 500 amu) with 100 or
more conformers can easily consume many hours on pigeseeration personal computers.

Linalool: Calculating the NMR Spectrum of a Flexible Molecule

In this tutorial, you will calculaté*C chemical shifts for the natural product linalool using
two different procedures. The first will use MMFF to clean up structure (only) for a
randomly built conformer and will then calculate equilibrium geometry and chemical shifts
usi ng -B/@B3AG* or that specific conformer). The second procedure will involve
the multistep protocol used for tHdMR Spectrum task that includes MMFF, a neural
network model, and multiple QM density functional calculations to deoa Boltzmann
averaged set of chemical shifts. Results from both calculations will be compared to reported
experimental shifts.

1. Build or sketch linalool. Enter théC shifts (see figure below). Seldetpt. Chem.
Shifts from theExpt. Data menu,click on each chemically unique carbatick on
Edit to the right ofExpt. Chem. Shiftsat the bottom right of the screen, type in a
chemical shift using the number pad atidk on Enter. When you are donelick
on

27.9 17.7
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Open theCalculations dialog (Calculations from the Setup menu) and select
Equilibrium Conformer with Molecular Mechanicsand MMFF . Click Submit.
Name the documetihalool_MMFF.spartan. When the job completes, return to the
Calculations dialog. Specify arequilibrium Geometry with Density Functional

¥ B 9 7Dxand6-31G*. Submit the job.

When the job completes visit tii2o n f i gemtry éndéheModel menu. From the
Label tabclick the radio button next t@Calc. i Expt.) Chem Shift How well do

the 13C shifts for the MMFF equilibrium conformer compare to experiment? In
general anything under 2 ppm is considered reasonably gexdinly anything 5
ppm or largers worth reviewandmayindicate of potential error in assignment.

Bring up theMolecule Propertiesdialog and click on th&IMR tab. Make note of
theMean Absoluteerror. You can, if you like, post this (and the other error values)

into the spreadsheet by clicking on 4 button to the left of the value. In a random
conformer, it is not surprising to see a mean absolute error of over 2 ppm.

Rightclick on the background and chodSepy. From theFile menu choosélew
Build and themright-click on screen and chooBaste Open theCalculationsdialog
(Calculations from the Setup menu) and select NMR Spectrum (Density
Functional), ¥ B 9 YDXand 6-31G*) from the four top menus to the right of
Calculate andy B7X-V/6-311+G(2df,2p)[6311G*] andy B 9 7D¥6-31G* from
the two bottom menus. For additional details on the full rstétp protocol, check
the box next toDetails. The specified calculation will take considerable
computational time (2 hours) Click on Submit.

The job will take a good deal of time to compjegeu can loosely monitor the
progress from th®ptions menuMonitor dialog. When the job completes, bring up
the NMR properties dialogPfoperties from theDisplay menu andtlick on NMR).
Make sure théoltzmann Averagetab at the center left of the dialog is selected.
This will report how well the conformationally searched &aitzmann Averaged
calculated shifts fit the experimental data. RevieRMS error, widely used with
values less than or close t®ppm indicating a good match.

The data reported can be configured to report either the conformer that best fits the
experimental NMR dataBgst Fit) or the proper Boltzmanaveraged chemical
shifts Boltzmann Averagg. Compare results from both the Best Fit tab and the
Boltzmann Average tab. In general errors these results are typical of the NMR
Spectrum calculations on flexible organic molecules. Results froBdhemann
Averagetab should be similar to:

RMS 1.87 1.9 ppm
Max Absolute 3.31 3.5 ppm
Mean Absolute 1.57 1.7 ppm

Close anySpartandocuments and open dialogs.
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The natural product anethole provides a very simple illustration of obtdit@inghemical
shifts as a Boltzmanweighted average over different conformers.

Anethole: Boltzmann Averaging'3C Chemical Shifts

552 113.9 126.9 123.4 18.4

The molecule is small and there are only two conformers, so the task can be completed in ¢
relatively short time (perhaps 15 minutes or so).

1. Build or sketch anethole. Ent&iC experimental chemical shifts (provided in the
drawing above). Sele&xpt. Chem. Shift from theExpt. Data menu and in turn
click on each unique carbarelick on Edit to the right ofExpt. Chem. Shiftat the
bottom right of the screen, use the number pad to enter the value of the stiittkand
on Enter.

2. From theCalculations dialog (Calculations from theSetup menu), selectNMR
Spectrum, Density Functional wB97X-D and6-31G* from the four top menus
to the right ofCalculate and wB97X-V/6-311+G(2df,2p)[6311G*] energyand
wB97X-D/6-31G* geometryfrom the two bottom menus. You have requested that
Boltzmann weights be obtained in a mgitep procedure for the (two) conformers
of anethole using thevB97X-V/6-311+G(2df,2p)[6311G*]/MB97X-D/6-31G*
model. And, following this, for chemical shifts of the conformers to be calculated
with the empirically correctedB97X-D/6-31G* density functional model, allowing
the Boltzmann average to be obtain@tick on Submit at the bottom of the dialog.

3. When completed (probably 12D minutes), bring up the NMR properties dialog
(Properties under theDisplay menu andclick on theNMR tab. Make sure that
Boltzmann Averagetab (notBest Fit) tab is selected. The reported error statistics
indicate an excellent fit of calculated to experimehi@lshifts.

4. Close any opefpartandocuments and dialogs.

* Spartandetects identical atoms (in this example the two carbons ortho and the two carbons
meta) to the methoxy group. You only need to enter experimental data for unique atoms.
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The structure assigned to the natural product ambiguine H is shown below. It contains four
stereocenters, two of which designated R dictate the disposition of substituents attached tc
the incorporated trangecalin bicyclic.

Ambiguine H Isonitrile. DP4 Analysis to Assign Stereoisomer

In this tutorial, you will use the DP4 metric to confirm or refute the experimentally assigned
stereochemistry about these two centers. This involves chemical shift calculations on the
four distinct structures each of which is conformationally flexible.

1. Build or sketch ambiguine H. To enter the experimeli@lchemical shifts, select
Expt. Chem. Shift from theExpt. Data menu.Click on each carbon in turelick
on Edit to the right ofExpt. Chem. Shiftat the bottom right of the screen (or to the
right of the atom center), use the number pad to type in a valudiekdn Enter.
Note: acknowledging the tedium of hawmahtering (there are 26 carbons), you can,
if you prefer, simply start from the copy ambiguine H isonitrilefrom theflexible
moleculesfolder in theTutorials directory.

2. Rotatable bonds should be properly marked, but it is a good idea to checkS8elect
Torsions from the Geometry menu. The three bonds shown in the figure below
should be marked (encircled with yellow cylinders). If any are amiple clickon
the bond to select. In the interest of reducing computational time, if any other bonds
or ring atoms are selected, you may turn thesedofilfleclick to deselect torsions,
for atoms,click to select, and specifyff for any twist boat or chair flip markers,
when fnished there should be a total of 3 bonds highlighted:
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Make a list of the four stereocisomers. Seléenerate Isomersdrom theGeometry menu.

In turn, click on each of the two stereocenters bearing substituents. They will be encircled

in green (see figure belowlick on Generatelist to the right oflsomers at the bottom

right of the screen. Seleblew Documentfrom the dialog that appears aalitk on OK.

The four isomers (including the RR stereoisomer that you started with) will be placed in a

new SpartandocumentClick on Save(File menu) and nhame &mbiguine Hisomers | t 6 s
a good time to close the original document.

3. Bring up theCalculations dialog (Calculations from the Setup menu) and select
NMR Spectrum, (Density Functional), wB97X-D and6-31G* from the four top
menus to the right ofalculate and for the bottom 2 menus, to the rightusfng,
Est. wB97X-V/6-311+G(2df,2p)and, theEst. wB97X-D/6-31G* geometryfrom
the two bottom menus. You have requested a Boltzmann weighted NMR spectrum
be calculated for each stereoisomer (which will require conformational searching for
each isomer). Make certain thatobal Calculations at the bottom of the dialog is
checked before yodick on Submit.

4. With the previous release 8jpartan without access to the neural network models
(the AEst. o0 models), this calculation
complete. It involves calculations on dozens to hundreds of molecules, depending
on whether or not th®et Torsionstep was precisely followe8partanwill consider
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somewhere between 18 (with only 3 set torsion bonds) and 288 conformers (with
additional ring atoms selected) for each of the 4 stereocisomers. When the job
completes(total calculation may run 5 or more hours depending on your hardware),
bring up the NMR poperties dialogProperties under theDisplay menu anctlick

on theNMR tab). Step through the four isomers and identify the one with the highest
DP4 score. Is this the one that has been assigned based on its NMR spectrum? Are
any other isomers competitive

Close all opersSpartandocuments and dialogs.
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Chapter 14
iDry Labso Usi |
Spectra and Properties Databas

The tutorials in this chapter comprise examples where structures, energies, spectra and
other properties can be extracted from the Spartan Spectra and Properties Database doing
away with the need for new quantum chemical calculations.

The Spartan Spectra and Properties Database (SSPD) is a collection of molecular structure:
spectra and diverse properties initially available from multiple computational models. At
present the collection has setB97X-B/6-31G"N a
for structure. Previously structures and frequencies were also available from the EDF2/6
31G* model (these are both closer to experimental frequencies and are much faster than th
¥ B 9 D¥6-31G* model). Beginning with release of SSPDv.70wee i ncl uded f
from the corresponding equbD/6-31G*)1i anlyn Thest r u C
allows access to thermodynamic data that is dependent on the frequency caltation
hopefully alleviates combdeilsd odabbaer Wit hle
Spartanég?26gl e s tDd6+8HGE madel daBa9s7u3ed for all structures. At
present, something on the orderx817,000molecules in the collection.

Each SSPD entry includes a wide range of molecular properties including a selection of
QSAR descriptors, NMR spectra, | R-tepleyg b r ¢
generation of molecular orbitals, electron densities and other graphical sa$aced as

the electrostatic potential map and other property maps. In short, SSPD provides a rich
source of diverse information for a large selection of molecules.

The emphasis of SSPD on onl vy onrD/eB8LG*rsar i |
deliberate attempt to turn attention away from the characteristics of a particular model (and
the question Awhich model i's best?0) and

While the choice of the new standard, thB97X-D/6-31G* model, may be seen as a
continued compromise between accuracy and practicality, in W897X-D/6-31G*
provides high quality results for a variety of properties that can be accurately measured,
including molecular geometry and NMR spectra. Further, both the T1 heat of formation and
the wB97X-V/6-311+G(2df,2p) energy are included in the SSPD entry as a property. We
believe that over the wide variety of molecules considered, T1 provides as reliable an
indicator ofnH 298 as the G3(MP2) recipe (which in turn is within measurable experimental
error).
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Collections such as the Spartan Spectra and Properties Database may be used to elimina
the need to perform calculations that have already been done. Taking this to the extreme, :
database might serve as an exclusive source of information, doing avggttadtonith the

need for quantum chemical calculations. From the instructional perspective (teaching about
molecular models and molecular modeling) this allows use of more complex examples than
might otherwise be practical due to time constraints. Theialgdn this chapter fall into

this category and can be thought as the

To complete the tutorials in this chapter, SSPD needs to be available. Either the sample
version installed with all copies &partanand whi ch compri ses a6,
full version which comprises >317,000 molecules which requires a separate download and
installation.

Reactivity of Silicon-Carbon Double Bonds

With the exception of soalled phosphorous ylides, compounds incorporating a double
bond between carbon and a secood element are quite rare. Most curious perhaps is the
absence of stable compounds incorporating a casiicon double bond. This caneb
rationalized by using local ionization potential and LUMO maps to compare the reactivities
of olefins and silaolefins.

1. Build both 2,3dimethyt2-butene and tetramethylsilaethylene in the same document.
Start the second molecule wBuild New Moleculeor Sketch New Moleculdrom
theFile menu instead dilew Build or New Sketch

HaC CHs HaC CHs
\ / N\ /
c=cC si—cC
/ \ / \
HaC CHsg HaC CHs
2,3-dimethyl-2-butene tetramethylsilaethylene
2. Both molecules are in SSPDBlick on the name of whichever molecule is selected

at the bottom of t-b/&316*anodelesmeferemcediickont h e
theReplacebutton and theglick on All .

3. SelectSurfacesfrom theSetupmenu&®. First request a local ionization potential
map.Click on Add and seleclocal ionization potential mapfrom the menu. Then
request a LUMO mapClick on Add and selec{LUMO| map from the menu.
Surface generation takes less than a second.

4. SelectSpreadsheefrom theDisplay menuu andcheckthe box at the far left for
each entry in the spreadsheet. This allows simultaneous display of both molecules.
The molecules should move independently, if mouse movement impacts both

molecules, deselect tl@oupled entry from theModel menuﬂ ) to uncouple the
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6.

controls. Position the two molecules side by side on screen. Close the spreadsheet.

Inside theSurfacesdialog, selectocal ionization potential mapFrom theDisplay
menu, seledProperties andclick on one of the displayed surfaces. Towards the top
of theSurface Propertiesdialog, you will see th@roperty Rangedisplayedclick

the button labele®Reset M/M (this resets to the minimum and maximum values
calculated for the list, rather than the default window. Compare local ionization
potential maps for the olefin and silaolefin. Recall that thdegtie color, the lower

the ionization potential and the more susceptible toward electrophilic attack. Which
molecule do you conclude is likely te Imnore reactive toward an electrophile? Turn
off the local ionization andlick on |LUMO| mapto turn the LUMO maps on. Here,
the blue the color, the greater the concentration of the LUMO and the more
susceptible toward nucleophilic attack. Which molecule do you conclude is likely to
be more reactive toward a nucleophile? Why are molecules incorporating & silicon
carbon double bonchemically problematic?

Close all documents and any open dialogs.

Isomeric CsHg Dienes

In addition to 2methy}1,3-butadienegis andtrans-1,3-pentadiene (conjugated dienes) and
1,4-pentadiene (a neconjugated diene), there are three other dienes with the same formula:
3-methyt1,2- butadiene, 2 pentadiene, and kf@entadiene.

~_ v T

2-methyl1,3-butadiene cis-1,3-pentadiene trans-1,3-pentadiene

\/\/ >:0= \=c=\ =cI

1,4-pentadiene 1,1-dimethylallene  3-methyl-1,2-butadiene  2,3-pentadiene

Build or sketch all sevensBg dienes (in a single documenglick on the name of
whichever diene is selected at the bottom of the sc@mk.on Replaceand finally
click on All from the dialog that results. This will substitute entries in SSPD for all
seven GHg dienes. Selecdpreadsheefrom theDisplay menu - | and expand the
spreadsheet to see all seven dienes. Setegterties from theDisplay menu €D

and make sure that tlipH(298.15)tab is selectedClick on the, 4 buttons to the
left of bothExpt. HeatandT1 Heatin theMolecule Propertiesdialog. This enters
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2.

the experimental heat of formation (from the NIST database) as well as the value
obtained from the T1 thermochemical recipe into the spreadsheet. The T1 heat of
formation will generally provide a more accurate account of relative stability than
available fom thewB97X-D/ 6-31G* model itself.

ThEImodiedr eseaf lbmdé gurn c h acrlgoesde, €
mol ecul es comprising H, <,

heatf or matneoatm ai fl @rbdeteleenrt ir i [SeS P |
(but covers 98% of the tota

First verify that the T1 model correctly reproduces the ordering of experimental
heats. Then use the T1 heats to answer the following questions:

What is the difference in stability (heat) between the best of the three conjugated dienes anc
1,4-pentadiene? What is the approximate energy gain due to conjugation? What is the
difference in stabilities between the best of the substituted allenes améghef the
conjugated dienes?

3.

There are several otheils isomers in addition to the dienes discussed above, a
number of which will be in SSPD (many more in the full version than in the sample
set). Use any one of the seven dienes as a query. Balattasedrom theSearch
menu « andclick on theSSPDtab in the dialog that resulSlick on ¥ to the right

of the Searchbutton in theSSPDdialog and seledsomer underSearch Byin the
Search Optionsmenu that result€lick on theSearchbutton. Select several (or all)

of the non-dieneisomers, byclicking on them in the list at the right of the dialog
while holding down theCtrl key. Click on ¥ to the right of theRetrieve button,
thenclick on Current Document in the dialog that results. Close tBbatabases
window. Bring up the spreadshe8pfeadsheeffrom theDisplay menui_l. Note

that not all the experimental heats of formation are available, as the NIST database
includes experimental heats of formation for a relatively small humb& (2
thousand) of molecules. According to the T1 model, are any of thdiana isomers
morestable than the best diene?

NewinS p a r t farddtebdse entries that include frequencies, a heat of formation
from ¥ B 9 A¥6-311+G(2pf,2p) starting fromy B 9 7DX6-31G* geometries.

Return to thep H(298.15)tab in theMolecule Propertiesdialog. Click on the, 4
buttons to the left of the remaining (D¥eErived) heat of formation. Are the same
general trends observed?

Close all documents and open dialogs.
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Using Infrared Spectroscopy to Identify an Unknown Ethyl Benzoate Derivative

Unlike NMR spectra (at leasfC spectra) infrared (IR) spectra are rich in detail. Some
chemists would view this as a negative, in that the complexity of an infrared spectrum masks
its connection with the thre#gimensional molecular structure. Others might see complexity
as a positiveproviding a detailed pattern or fingerprint with which to identify a molecule.
This reflects the different ways that chemists actually use NMR and infrared spectroscopy.
NMR is most commonly employed to assign structuresaf molecules whereas IR is most
commonly used to identify previously characterized (known) molecules.

Extensive databases of experimental infrared spectra exist, and sophisticated programs hav
been developed to search these databases for matches to unknown Spadtais able

to search the public NIST database of experimental infrared spectra. Infrared spectra
calculated from density functional models and adjusted to account for known systematic
errors in frequencies and for finite temperature, generally closely mapsrirmental
spectra. This suggests that they might be used in lieu of experirspetdfa to identify
unknowns. This tutorial illustrates the point, attempting to identify which of a senestaf
substituted ethyl benzoates contained in the Spartan Infrared Database (SIRD) best matche
the infrared spectrum of an unknown molecule.

SIRD uses the infrared spectr
Properties Database (SSPDYB® hx
D/-%1 Gfodel , t hese {34 @GiFracwiad/vaselil yi

S S PDhfeatchtalt e rtembi f fteadasmmip ¢ fy t &de tf sf
seap &ha disgmasatt rceh oSn gRvDs . substru
for SSPD) .

1. Build or sketch ethyl benzoate. Sel&ttucture Query from theSearchmenu 2§
andclick on one of the free valences on the phenyl ring thraeisto the ester group.



SelectDatabasedrom theSearchmenu ¢ andclick on theSIRD tab at the top of

the dialog that results. Size the dialog to occupy the greater part of the Sireen.

on Select Spectrum move to theusing SSPDsubdirectory under th&utorials
directory, click on unknown ethyl benzoatandclick Open. In a few seconds, the
experimental infrared spectrum of the unknown will appear at the top right of the
dialog. A list of the frequencies for all peaks may be found ukddmown:
immediately to the left is the spectrum. This has been obtained by fitting the
experimental spectrum to a Lorentzian function. You can obtain the frequency of a
line in the spectrum usingelyellow measurement bar. Position the cursor on top of
the bar, hold the left button and move the mouse left or right until the bar is over the
peak.

You can carry out your search with nothing other than the unknown spectrum (see
the optional part of this tutorial), or you can restrict it using structural or other
information that you have. Assume that you know that the unknownnsta
substituted ethyl benzoat€lick on the Filters button and therclick on Copy
Current Molecule at the top left of th&earch Filtersdialog that resultClick on

OK to exit the dialog. You have restricted the searcima&iasubstituted ethyl
benzoates, that is, examine only molecules that contain this particular substructure
(ethyl benzoate substituted in theetaposition).Click on theSearch button and

wait for the search to complete. Hits resulting from the search appear at the bottom
of theSIRD dialog, in numerical order starting from the best (lovsire).

As youclick on each, the corresponding calculated infrared spectrum will be superimposed
onto the experimental spectrum (of the unknown) at the top left of the display. Propose a
structure for the unknown.

4.

Remove the substructure filter and repeat the se@iatk on theFilters button,

click on theClear button at the top left of thEearch Filtersdialog andclick on

OK. Click on theSearchbutton. Unlike searches of experimental databases where
spectra are directly compared, each of the calculated spectra in the database are
adjusted for frequency scale and peak width as it is compared to the unknown.
Removing the substructure filter greathgreases the number of spectra that need to

be examined. Doeté metasubstituted ethyl benzoate that came in at the top in the
previous search, also come in at or very near the top in the full search?

* For Windows, this directory is found iRrogram Files/Wavefunction/Spartar2 It must be copied to
another location available to the user prior to opening $partan For Linux, this is found in the directory
whereSpartanwas installed. For Macintosh, this is located at the top level @ thea r t dist inage.
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5. Close all documents and any open dialogs.
Infrared Spectra of Short-Lived Molecules

While infrared spectroscopy is by no means as formidable a tool as NMR for elucidating the
structures of molecules, it does offer significant advantages which can make it the method
of choice in some instances. It is more sensitive, meaning that it casedeto detect
transient species, for example, molecules trapped in an inert matrix at very low temperature.
On the practical side, an infrared spectrometer is inherently simpler (more robust) and can
be put into a much smaller package than an NMR speetesmThis means that the
spectrometer can be brought to the sample rather than the other way around. Imagine, puttin
an NMR spectrometer on the Mars rover! One downside is that IR spectroscopy, unlike
NMR, typically does not provide an unambiguous striieet However, a close match to a
calculated spectrum may offer convincing evidence for the veracity of a particular structure
(or a mismatch convincing evidence that a structure is incorrect).

The infrared spectrum of an unknownHz isomer shows strong absorptions at 854, 1608,
2994 and 3080 crh Possible structures include Huiyne-3-ene, butatriene,
cyclobutadiene, methylenecyclopropene and tetrahedrane.

. >=/ ) o y H H H
H - H>===<H - \

H H

H H H
but-1-yne-3-ene butatriene cyclobutadiene  methylenecyclopropene tetrahedrane
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1. Build or sketch any one of these molecules. S&athabasedrom theSearchmenu
¢ , andclick on theSSPDtab.Click on ¥ to the right of the&Searchbutton, select

Isomer underSearch By:inside theSearch Optionsdialog andclick on OK. Click
on theSearchbutton. Structures for all4£4 isomers will appear in a list at the right
of theDatabasedlialog. Retrieve all of them to a new documéiick on ¥ to the
left of theRetrieve button, selecNew Documentandclick on OK. Click on each
in turn while holding down th€trl key (orclick on the first, hold down th&hift
key andclick on the last). With all 5 selecteclick on theRetrieve button. Close the
Databasedialog.

2. SelectSpectrafrom theDisplay menu’| | andclick on®® at the top of the resulting
dialog. From theR tabclick on gr; ... (calculated IR spectrum). Move through
the list to bring up the spectra for the other isomers. Which, if any, calculated infrared
spectrum of the 14 isomers best fits the unknown infrared spectrum (with peaks
at 854, 1608, 2994 and 3080 ¢)®

3. Close all documents and any open dialogs.

Using 13C NMR to Distinguish Structural Isomers

NMR spectroscopy, in particuld®C NMR spectroscopy, is arguably the single most
important tool available to an organic chemist to establish molecular structure. Obtaining an
NMR spectrum is straightforward and the spectrum itself is very simple, comprising but a
single line for each unige carbon the molecule. Because a mass spectrum is normally also
available, the molecular formula will be known, and assignment of the NMR supports
deciding among possible isomers. Chemical evidence (how the molecule was made) car
usually be counted on &iminate some choices and to strengthen the case for others. Still,
pinning an NMR spectrum to a particular molecule can be difficult and fraught with error.

NMR assignment problems can be reduced but not altogether eliminated by requiring that
both proton and®C NMR spectra are consistent with a particular structure. This is routine
practice. In principle, ambiguity can be eliminated by casselating the results of tHéC

NMR with those of proton NMR with an HMBC spectrum.

The fact that NMR spectra for reasonable size organic molecules may now be routinely
calculated in a few minutes to a few hours on a personal computer at a price of $1000 (or
less) raises the possibility for another tool to assist with spectral assignkiviether this
becomes common practice ultimately depends on the ability of calculations to obtain NMR
spectra that are sufficiently accurate to distinguish among the different isomers.

In this tutorial you will first compare calculated and experimeli@lispectra of morphine.
You will then examine calculated spectra for two isomers, norcodeine and hydromorphone.
The objective is to provide you with an impression of the ability of the calculations to
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reproduce a3C spectrum for a known compound and more importantly, to challenge
structure assignments based on NMR spectroscopy.

1.

Sketch morphineClick on its name at the bottom of the screendio#t on Replace
If the name fails to appear, then you have made a mistake. In this casei:ditlect
Sketchfrom theBuild menujiJ and correct your sketch.

morphine

SelectSpectrafrom theDisplay menu'| | andclick on ®* in the bar at the top of

the plots pane. Seleﬁfﬁmn from the pal€tiek again on*™ and this time
from the palette. Calculated and experimé@tapectra are now
superi mposed. Focus your attention

specifically those with calculated chemical shifts of 20.3 ppm, 59.7 ppm, 66.2 ppm
and 95.2 ppm.

Sketch norcodeine and hydromorphone and retrieve both molecules from SSPD.

NMe

norcodeine hydromorphone

SelectSpectra from theDisplay menu | | andclick on and selecd] G ==

from the palette. You only need to do this once if you put norcodeine and
hydromorphine in the same document. Does either spectrum fit the experit¥@ntal
for morphine (again focus on the four isolated lines)?

Close all documents and any open dialogs.
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Using *3C NMR Spectra to Distinguish Stereoisomers

As mentioned in the previous tutorial, the combination of 1D and 2D NMR spectra is almost
always able to provide unambiguous assignment of molecular structure, including
assignment of stereochemistry. However, as noted, practical considerations (time on an
expensive instrument) often make 2D experiments (in particular HMBC) the exception
rather than the rule. Without the additional experiments, distinguishing stereoisomers based
on their'3C NMR spectra may be difficult experimentally, simply because teenatives

are likely to be structurally very similar. For the same reason, it is likely to be an ideal case
for calculations, as comparisons between molecules with similar structures should benefit
from cancellation of errors. The bottdine question isvhether or not calculatédC NMR

spectra are good enough to be able to clearly distinguish between stereoisomers. This tutorie
provides an illustration and a chance to assess.

The hydroxyl CO bond in tibolone, shown below on the lefgaischeto the methyl group
at Gz (the alkyne isanti), whereas it i@nti (and the alkyne igauch@ in the stereocisomer
shown on the right. You will use just three lines from the experimé&i@adpectrum to see
if the calculations support or refute its assignment as tibolone.

1. Sketch both stereoisomers and put into the same docu@iaht.on the name of
whichever molecule is selected at the bottom of the scoéiekon Replacein the
dialog that results andlick on All. NMR spectra for both molecules are now
available.

2. Focus on tibolone anBxpt. Chem. Shifts[H/C] from the Expt. Data menu. One
after the other, enter the experimental chemical shifts for the methyl gr@i8at
(12.7 ppm) and for the internal and external alkyne carbons (88.9 and 74.8 ppm,
respectively).
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SelectProperties from theDisplay menu€d, andclick on the NMR tab. Which

isomer provides the better agreement in terms of both RMS, mean and maximum
absolute error scores as well as the p@babilitycore? Do the calculations support
or refute the experimental assignment, or are they ambiguous?

Close the document and any open dialogs.
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Chapter 15

Using the Cambridge Structural
Database

The Cambridge Structural Databas€3D) is a wellorganized and easHgiccessible
depository of well over 1 million experimental structures, almost entirely frenay X
crystallography. It is available on a yearly subscription basis, and when installed and
licensed may be seamlessly accessah 8partan Searches may be carried out based on
substructure (as wittsSPD searches) as well as name, entry RefCode or author. The
tutorials in this chapter are intended to illustrate the interface and more importantly provide
a sample of the types of gtiens to which the database may be used in conjunction with
computation. These tutorial require access to@&D. SeeAppendix Gfor configuration
instructions.

Binding to Iron Tetracarbonyl

An olefin bonded to iron tetracarbonyl may occupy eitheegumatorialor axial position.
Search CSD and review the results to see if one is more common than the other.

0 N
T |
ot oo
Cc C c
° 5 0 3
1. Build either axial or equatorial ethylene iron tetracarbonyl. The CSD search does not

distinguish between the two. Sel&tructure Query 9% from the Searchmenu
andclick on all the four free valences on ethylene. Sdbathbases ¢ from the
Searchmenu anctlick on the CSD tabClick on ¥/ to the right of theSearch
button, in theSearch Optionsdialog that results, seletitorganics underFilters
and Structure underSearch By Click on OK. Click on theSearchbutton. More
than 50 matches (hits) are returned and displayed at thenagUtside of the dialog.
Click on each in turn to show the structure on theHaftd side. Does there appear
to be a clear preference fequatorialor axial olefin binding?

220



2. Build the other conformer and put in the same document as the one that you used to
query the CSD. SelecCalculations | i from the Setup menu and specify
cal cul ation of equi |l i bDb/6-31Gt dapstyfonetiomaly w
model. Make sure th&lobal Calculationsis checked. Submit the job. Execution
will take several minutes. Which conformer is favored and by how much? Is your
result consistent with what you found (or didn't find) in the CSD search?

2-Quinolone

It is generally presumed that energy barriers to interconversion among tautomers are very
small and what is observed experimentally is a Boltzmann weighted average.

1. Sketch or build the natural produetginolone.

H
N

/

SelectGenerate Tautomersfrom the Geometry menu andclick on (¥)) to the right of
Tautomers (at the bottom right of the interface) aclitk the OK button.Spartangenerates

a new document containing botlqg2u i n ol on e a n duinolind. o yownote o me
anything special about-Quinolinol that might lead to it being the dominant tautomer,
additional aromaticity, perhaps?

2. Confirm that the OH proton in-guinolinol is pointed upward (toward the nitrogen).
I f it i s &di8uld reodd fem theBlilde menu and click on the bond
between the ring carbon and OH. Next, position your mouse cursor over the vertical
gray shaded section (a bermtation tool).Depressthe left mouse and slide either
up or down to rotate the OH group.

3. Enter theCalculations dialog and specify ai&quilibrium Geometry calculation
using they B 9 7DX6-31G* model, alsaccheckthe NMR check box and make sure
the Global Calculationsbox is selectedClick on Submit. Name the fileautomer
review

4. It should only take a few to complete (perhap3)2Which tautomer is lowest in
energy? Compare théC results from calculation against the experimental values
below.
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115.1 H

127.7 140.1

SelectConfigure from theModel menu and from theabelstab, selecCalc. Chem Shift
andclick OK. It will be easier to compare if you turn off displaytydrogens from the
Model menu. You can turn on display of both tautomers fronSiireadsheeby checking
the box to the left of the moleculabel. It may be necessary to turn off ieupledfeature

in theModel menu, in order to manipulate the two molecules independently. Confirm which
NMR results best match experiment.

5.

CSD use If both tautomers exist independently, there should be experimental
evidence in the form of-ray crystal structures in tHeSD. With one of the two
tautomers selectedlick on Structure Query (‘5) from theSearchmenu and then

click on all free (open yellow) valences (this specifies a search for the specific
tautomer as well as any analogues which maintain the same tautomer form). Select
Databaseq ¢ ) from theSearchmenu anctlick on theCSD tab.Click on (¥) to

the right of theSearch button, make sur®rganics is selected unddfilters and
Structure underSearch By Click on OK to release th&earch Optionsdialog

Click on the Search button. Review the number of hits. Repeat for the other
tautomer. For which tautomer(s) do you find crystal structures? Which tautomer is
more common in the crystallography literature?

Tetrahedrane and Cyclobutadiene

The GHs isomers, tetrahedrane and cyclobutadiene, are among the most unlikely of
hydrocarbons. It is hard to imagine a molecule that is more strained than the former while
the latter is the prototypical antiaromatic molecule. Use the CSD to see if derivatigees hav

actually been characterized.

Build cyclobutadiene. Sele@&tructure Query (%) from the Searchmenu and
click on all open free valences. Sel&@tabases . from theSearchmenu and
click on the CSD talClick on ~ to the right of the&Searchbutton, selecOrganics
underFilters andStructure underSearch Byand in theSearch Optionsdialog that
results anatlick on OK. Click on theSearchbutton.
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Repeat the process for tetrahedron.

Identify the simplest system that is common to both cyclobutadiene and tetrahedrane,
that is, one where the substituents are the same. Build the two molecules (or extract
the two from the Ahitso on CSD. Cal cul
the ¥ B-®/6-XLG* model.

SelectCalculations from the Setup menu and inside the dialog seldaensity
Functional, ¥ B 9 7DXand 6-31G* from the menus to the right d@alculate.
Submit the job (two molecule). It will require several minutes to complete. Which
molecule is more stable?

Close any remaining open documents.
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Section V

Features and Functions

This section describes the functions available under the menus incorporatgiata t a n 6 2
and is intended to serve as a general reference to the program. The coverage follows th
order of the menus presentedSpartard s u s e r File, edite Mofled, Geometry,

Build, Setup, Display, Search Data, Options, Activities and Help. The functions and
usage of each of the menu entries is described. Entries undétethglodel, Geometry
andBuild menus deal primarily with the input and construction of both 2D drawings and
3D structures and with their display and query. Entries undeGSétep menu specify
molecular mechanics or quantum chemical models as well as similarity analysis tools,
designate what properties and spectra are to be obtained, request one or more graphic:
models and submit jobs for calculation in the background. Entries tmelRisplay menu

access calculated quantities including calculated spectra, undeqhéata menu- input

of experimental IR/Raman, NMR (chemical shifts and observed HH and CH couplings) and
UV/visible data is available, and th®&earch menu accesses databases of calculated
information. Entries under th®ptions menu set program defaults and user preferences,
designate paths to databases of calculated and experimental information, control job queues
designate available servers for remote calculation and control acc&satian as a
computational server.

The chapters in this section provide only limited commentary about the performance and
requirements of different computational methods and the utility of different graphical
models. Additional information is provided und@picsaccessed from th&ctivitiesmenu

and inA Guide to Molecular Mechanics and Quantum Chemical Calculatibnavailable

as a PDF under thdelp menu.

*  This reference was written in 2003, and as such it does not include a full assessment or description of
many of the newer computational features include8 im a r t .dnnpéaréicélar many functionals and
basis sets are not covered. An updated version is in the works.
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Chapter 16
The File Menu

Operations under thé&ile menu access a 2D sketch pad, model kits to build, edit and
substitute molecules in 3D, the file system to read and write both native anatnanfiles

and the online PDB database of protein and macromolecular structures. They allow text
and onscreen gaphics to be printed and text and other files to be embedde& paitan
documents.

U New [ ] New Molecule
@ Delete Molecule ”:j Append Melecule(s). .
Open 5 ciose
.. Open Recent Documents
= Save f Save As.
B save image s... E soveto Database...
f/% Access PDB Online. .. (19 Baract Ligands
g Print
D Embedded Data 2D view Toggle 30/2D

Exit

NewD

Brings up a model kior sketch tools, depending on current viewing mode (2D or &1d)
clears the screen. Model kits are discussdchapter 20.

New Molecule | |

Brings up a model kibr sketch tooland clears the screédew Moleculediffers fromNew,
in that the resulting molecule is appended to the end of the document associated with the
molecule (or sketch) that is presently selected.
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Delete Molecule@

Deletes the selected molecule(s) from a document. Deleting the last molecule leads to ar
empty document.

Append Molecule(s)...@

Appends one or more documents onto the end of the document that contains the selecte
molecule Append Molecule(s)..leads to a file browser from which one or more documents
need to be selectéd.

Open...

Opens a file that contains all information associated with a particular molecule or
pharmacophore (or list of molecules and/or pharmacophores). In addition to native (.spartan)
files (documents), the following are alsopported to input: 2D drawings: CambridgeSoft
(ChemDraw) CDX (.cdx), and MDL SDF (.sdf)SKC (.skc), and TGF (.tgf), files
containing 3D structures: MacroModel (.mac), SYBYL Mol (.mol), SYBYL Mol2 (.mol2),
and PDB (.pdb), crystall ographic | nsfoo:ir me
SMILES (.smi) and InChi (.inchi). Finally IR, Raman, VCD, NMR and UV/visible spectra
may be input (discussion of file formats is provided\ppendix J). Experimental spectral

data may also be brought iripartanfrom theData menu Chapter 24).

We use the word Afileo to refe
y st(etndhddee y o g o mput &€ hweo riddd c u me e f
6i t batmeattiwarTRuwsMDLSDF inhaey be
ngparandn t hen dwaume®Dd a@asment s
nf ormation on a single mol ec
ol l ection of mo |l ec ulTehsi s a ncd/l ¢
oos el graradi d iosatadi s pr e a(dis$ fmcecen ttod va t
S presented in a spreadsheet)

*Alternatively, molecules may be appendedn existing document either by copy/paste operations using the
clipboard or bydraggingfrom an external window. Both require that the spreadsheet associated with the
destination document be open on screen.

To copy a molecule open on screen onto the clipboard, first selietdn) it, and then sele@opy from the

Edit menu. Alternativelyclick on its label in its spreadsheet (in the leftmost column), and then Selpgt

from theEdit menu. The latter permits several molecules to be selected (and copied) at once &iifg the
andCtrl keys in the usual manner. Once on the clipboard, the molecule or molecules may be moved to the
destination list byclicking on an empty row header in the spreadsheet (for the destination document) and then
selectingPastefrom theEdit menu.

To copy a document from an external windadvag it onto the open spreadsheet (associated with the
destination document) inside 8partan Several documents can t&aggedat once using th&hift andCtrl
(Command key for Macs) keys in the usual manner.
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Cartesian coordinates from any of these files (except spectra files which do not necessarily
contain coordinates) may be replaced by coordinates generated based on atomic connectivit
usingReplace Coordsin theMolecule Utilities dialog (accessible fromroperties under
theDisplay menu;Chapter 22). Additionally, hydrogen atoms that are missing in the input
structure may be provided usidgld Hydrogens from the Utilities tab in theMolecule
Properties dialog. Nonnative files are normally hidden from webut may be seen by
selectingAll Files from theFiles of typemenu at the bottom of the dialog.

Close 5

Closes the document containing the selected molecule, as well as any document specific
dialogs. If the document has not previously been saved, a hame is requested. If a previously
saved document has been altered, verification that the changes are tedis saguested.

Open Recent Document: .

Brings up a list of (at most) the ten recent documeslisking on one opens the document.

Save™ save As..”"

Saves the document containing the selected molexdetly as it appears on screen
Opening the document will bring it on screen exactly as it was last saved. If the document
has not previously been nam&ayvebehaves aSave As...Documents may either be saved

in native format or in one of the formats listed un@gren. In addition, bitmap (.bmp),
JPEG (.jpg) and PNG (.png) graphics file formats are supported as is the Spartan Databas
(.spentry) format for creating custom databasesAgpendix H). Sdection is made under

the Save as typanenu in theSave Asdialog.
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a ~spen
Formatted Chec kp tFI ( FChi)
Chemical Marl ka nguage (*.cml)
MacroModel (*.mac)
SybyIM I (*.mel)
Sybyl Mol2 (*.mel2)
Protein Data Bank (*.pdb)
MDL SD (*.sdf)
MDL SKC (*.ske)
MDL TGF (.tgf)
HVZ ("xyz)
Mol XVZ List (" jxyz)
SMILES (".smiles)
InChl (".inchi)

o
Bitmap file (".bmp)
IPEG file (*jpg)
PNG file (*.png)

The contents of the spreadshegpreadsheetunder theDisplay menu;Chapter 22) may

be printed usin@rint from the contextual menu. The results of a reaction energy calculation
(Reactions...under theDisplay menu;Chapter 22), may be printed usinBrint from the
contextual menu.

Save Image As..k™

Saves your current molecule system, surface (etc.) as a high resolution PNG (.png), JPEC
(.jpg) or bitmap (.bmp) file. Upon save, a new dialog will prompt for dimensions, allowing
users to specify height and width (in pixels), PNG format allows savinganitmnsparent
background.

Save to Database.§

Saves the current molecule(s) in the SSPD format. This is a new menu Bemanr t a n 6 -
and will only be selectable if your system has been submittesh &SPD Compatible
(task). Se€hapter 21 (Setup menu).

Access PDB Online..l#/

Provides access to the onliReotein DataBank PDB)" comprising more than 253,000
protein and nucleotide structures. Selection results in a dialog.

&) Online PDB Open *

Enter PDB Identifier...
PDEB Id: |

Options:

[ add Hydrogens [ Relabel

[ braw Ramachandran Plot ‘ Open ‘ Cancel

To access a PDB structure, enter the4tharacter identification code in the box to the right

of PDB ID andclick on Open. If the PDB entry contains more than one structure (typical
with protein structures obtained from NMR spectroscopy) and/or the PDB ID yields more
than one entry, all structures will be returned in a single document. The literature reference
from PDB is available fromMolecule ReferencgDisplay menu;Chapter 22).
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A ribbon model of the PDB file will appear on scréed.Ramachandran plot associated
with a protein structure may either be drawn upon initial retrieval of the PDB file by
checkingthe box to the left oDraw Ramachandran Plotor later fromRamachandran

Plot under theModel menu Chapter 18).

Extract Ligands (¢

This allows #fdligands0 “teither asemolecular staatures ar asf r
footprints (pharmacophores) that these structures leave behind. The latter is separated int:
three parts, the first two of which follow from the molecular structure of the ligand and the
third which follows from the irmediate (protein or nucleotide) environment:

(i) hydrogenbond donor/acceptor sites and positive/negative ionizable sites
(i) hydrophobes
(iii) excluded volumes

A pharmacophore can be constructed by requiring (i) to account for hyelbogeled and
electrostatic interactions and (optionakyther (i) or (iii) to account for steric interactions.
Selection of (ii) leads to a pharmacophore that is visually simpler, but selection of (iii)) may
provide a more realistic picture.

Selection ofExtract Ligands leads to a message at the bottom of left of the screen.
select Ligands. Selection is made by clicking on one of spétieg ligand modelsLigands in
PDB files are represented as a transparent sgkeg model. Clicking on a ligand selects

it and displays the PDBET name" at the bottom of the screen (if a HET name is available).
Multiple ligands may be selected if desired by holding down o€tHekey.

All ligands may be selected hglicking on theSelect All | & eaacigsne: x
Ligands button at the bottom right of the screen. After ¢  ncude: Extraction Fters:
or more ligands have been selectdatking on theExtract | ®tigsnd strucures & Grow Hydrogens

Ligands button at the bottom right of the screen brings| [ Emirenmentalstrucures - [J Repair Bonds
theExtract Ligands dialog. This allows selection afgand | D e eeeie s
Structures of one or more pharmacophore eleme| o, i omobe ceners
(HBA/HBD and +/- Centers Hydrophobe Centers | ecudedvoume centers
including aromatic centergxcluded Volume Center3$ or
both structure and one or more pharmacophore elements

Additionally, amino acid@ and/or nucleotide residues in close hydregending or charge
charge contact with the ligan&rfvironmental Structures) may be identified.This panel
also allows thé°rotein/Nucleotide Structure (minus all ligands) to be extracted.

] HBA/HBD and +/- Centers

Cancel

* If the PDB file does not contain a macromodel structure suitable for rendering in ribbon
display, choose an alternd#odel style from theModel menu.

** This capability is not restricted to files in PDB but extends to files written in PDB format.
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In the case of extraction bfgand Structures, theExtract Ligands dialog also provides a
set of utilities:

()  Grow Hydrogens

If checkedadds hydrogens wherever they appear to be missing, based on the actual
geometry and on normal valence rules. This function is also availableGraler
Hydrogensin theMolecule Utilities dialog Properties under theDisplay menu;
Chapter 22).

(i) Repair Bonds

If checkedattempts to fix bonding errors based on the age@ainetry in the PDB
entry and on normal valence rul€licking on OK at the bottom of th&xtract
Ligands dialog extracts the ligand(s) or pharmacophore(s), placing them in a
single new (unnamed) docume@ticking on Canceldismisses the dialog without
ligand (pharmacophore) extraction.

Print &=

Selection leads to a dialog in order to designate a printer, specifylayout and number
of copies. It also allows printing to a file.

1= Print (=l
Generl |
Select Printer
% Add Printer 6 4P Color Laserlet 2600n
%% Canon MG2100 series Printer =4 Microsoft XPS Documen
=Fax
< i v
Status: Ready [~ Prnttofile Preferences
Location:
Comment Find Printer...
Page Range
Al Number of copies: [1 =
(o (o
" Pages: 1 ~
213 123
Enter sither a single page number or a single 1 1
page range. For example, 512
Pint Cancel | fooly |

Embedded Data D

| s t he | ocati on where the mol ecul eds t hu
(within the .spartan format).

View Toggle 2D/3D

Controls master view mode and toggles between views. When in 3D, only the 2D toggle
option is displayed, when in 2D, only the 3D toggle option is displayed.

Exit

ClosesSpartan that is, clears the screen and closes all open documents. A prompt is
provided for each document that has not previously been saved.
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Chapter 17
The Edit Menu

Operations under thEdit menu provide for undoing commands, copying items to and from
the clipboard, finding text and graphics, centering molecules on screen and clearing the
selected molecule.

‘ n Undo ‘ ‘\.‘ Cut ‘ ‘ J Copy ‘

‘ E ] ‘ ‘ ‘ ‘ ./- -\\I ‘
I Paste . Select All % Find. ..

‘ \,_.<‘ Find Next ‘ ‘ Q:C Center ‘ ‘ ﬂ' Clear ‘

Undo )

Undoes the last operation from tBaild andEdit menus and from th&lolecule Utilities
dialog. Undoes transitiestate formation and retrieval froBpartartd s dat abases.

Cut &5, Copy _ |, Paste 2;

Cut moves the selected item to the clipboard and removes it from the doc@oemt.
copies the item to the clipboard. The item is unaffed®adtetransfers the contents of the
clipboard to the selected location. The contents of the clipboard are unaffected. Among the
important uses of the clipboard withgpartanare:

() Transferring orscreen graphics into other applications such as Microsoft
Word® and PowerPoifit

(i) Temporary storage of a molecular structure for use in molecule building.

(iif) Transferring data betweeBpartan spreadsheets and betweerSpartan
spreadsheet and other applications such as Microsoft®Excel

(iv) Making multrmolecule documents and/or transferring molecules between
documents.

Cut operations for (i) and (ii) require drawing a selection box. Position the cursor slightly
above and slightly to the left of the item to be transferred, hold down both left and right
mouse buttons andrag the mouse to a location slightly below and slightly to the right of
the item to be transferred and release both but€@wysy operations for (i) and (i) also refer

to the contents of a selection bbrne has been drawjor to the selected molecule if a box
has not been drawopy operations from &paran spreadsheet refer to all information
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associated with a molecule if selection is made on the header cell of the leftmost column,
but only to the selected (text) information if selection is made on any other column. Further
discussion relating to use of the clipboard in molecule building Mged in Chapter 20

and for moving data in and out of the spreadsheet is providédapter 22

Select All

Selects all atoms in the selected molecule.

Find... { , Find Next ‘5

Find locates a text string defined in thad dialog if an output window or a spreadsheet is
selected, or a structure sequence defined on the clipboard ifsoneen model is selected.
Find Next locates the next occurrence of a text string or a structure sequence.

Center ~:~
Centers on screen all molecules in the document for which the selected molecule is a
member (only the selected molecule is displayed).

Clear il

Clears (deletes) the structure and other information for the selected molecule and brings uy
a model kit. No information is actually removed from the file system until the document is
saved.
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Chapter 18
The Model Menu

Structure styles available under tM®del menu include: Line, Wire, BadindWire, Tube,
Ball-and-Spoke, and Spadélling (CPK) models. A number of additional items can be
toggled on or off, including display of hydrogens, hydrogen bonding, R/S chirality labels,
chemical functional descriptors D06 s ) ri bbon di spl ays
Ramachandran plots for proteins from the Protein Data Bank (PDB). Additional options
are available for display of Labels (atom and residue), Objects (such as constealkers,

frozen atoms, and user defined planes), Ribbons (custom color and style options) and
CFD6s. Gl obal Mo d e | Model gngnu detween eeirtg iapplied to i n
individual or to all molecules in document andoupled toggles between manipulations
applied to individual molecules or to all molecules in a document. Configure sets default

| abels for atoms, ri bbons, CFD6s and a Vv
Model:
,."J Wire U_’I Ball and Wire J Tube
L‘z Ball and Spoke b Space Filling J Line
\ Hide

Toggles:

4 F
a Global Model ‘ ), Coupled i.’z Hydrogens
’*' T
Labels ‘ﬁ Ribbaons .~ Ramachandran Plot
' L3

@
‘e “:b Hydrogen Bonds R,"s Chirality .‘ CFD's

-'\ Configure. . .

Only one model styl&Vire, Ball and Wire, Tube, Ball and Spoke Space Filling Line or
Hide) may be selected. The selected masldlesignated by being highlighted in tedel
menu. Global Model, Coupled, Hydrogens Labels, Ribbons, Hydrogen Bonds
Chirality , andC F D Op=rate as toggle switches.
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Al'l structure models, and grap
per sppercd | evehle cotmizdy @ a |l uiahbel lep em @ u ¢

| arge mol ecul es. Set etcaRyrednf eirse
underOptheaesGChapter Bbth struc
graphics may be presented in

t hSeet ttiaobhp & o g gtl Bénepyn hkeey b Gared e o ¢
di splays require perspective j

Wire |

This represents the molecule as a wire model where the vertices represent the atoms.

Wire Model P

The bonds are drawn in two colors, one for each of the atoms making up the bond. Default
atom colors are given in terms Bé&riodic Tablein Figure 181. These are different than

the defaults used in previous versionsSpartan You can return to the old scheme from
theMiscellaneougab Preferences..under theéDptions menu;Chapter 25). SelecClassic
underAtom Color Set

Atom colors apply globally (to all atoms of given type) and may be changed usiSgtthe
Colors dialog Colors under theOptions menu; Chapter 25). Colors of individually
selected atoms may be set usingAtam Style dialog Propertiesunder theDisplay menu;
Chapter 22). All models use the same color scheme for atoms and provide for the same
mechanism of changing colors globally or individually.
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Figure 18-1:Default Atom Colors

-
4, Periodic Table

H
Color By:

Atom Colors. v Hydrogen

1

Ball and Wire /1

This represents atoms by small balls and bonds by wires.

@ @
Ball-andWire Model . . .
‘* ‘
[ [ ]

The balls are color coded according to atom type, and the wires representing bonds are draw
in two colors (as in wire models).

Tube _J

This is similar to the wire model, except that tubes instead of wires are used to represent
bonds. As with wire models, bonds are drawn in two colors.

Tube Model
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Ball and Spoke _é

This represents atoms by balls (the size and color of which depend on atom type), and bond
by spokes.

Ball-andSpoke Model

¢

Bond (spoke) color is grafpy defauly but it may be changed using tBet Colorsdialog
(Colors under theOptions menu;Chapter 25). Colors of individually selected bonds may
be set using thBond Style dialog (accessible frorRroperties under theDisplay menu;
Chapter 22).

Space Filling @

This represents the molecule as a composite of spheres, thefratlich have been chosen
to approximate van der Waals contact distanddso known as CPK models, spafiting
models are intended to portray overall molecular size and shape.

SpaceFilling Model

Volume, surface area and polar surface area (PSiisplayed under th@SAR tab in the
Molecule Propertiesdialog (accessible frofaroperties under theDisplay menu;Chapter
22) correspond to a spadidling model.

Line J
A line model is a 2D representation (similar to that provided from drawing programs such
as ChemDraw, MarvinSketch or Biovia Draw). It designates carbons as the termini or the
intersection of lines and nararbons by their elemental symbols without useoddr.

H H

H
Line Model o0

ITT
{

H H

* Default values for van der Waals radii may be changed fromvib®/ Radii dialog accessible from
Preferencesunder theDptions menu Chapter 25). Settings apply to all atoms of given atomic number.
** By default, polar surface area is defined as the area due to nitrogen and oxygen and any hydrogens attache
to nitrogen and oxygen. Other combinations of atoms may be employed to define a polar surface area. See
Formulas under theDisplay menu Chapter 22).

236



Line models include stereochemical cuges= and--) if these have been provided in the
2D drawing or if they are specified from tiB®ond Properties dialog (accessible from
Properties under theDisplay menu;Chapter 22).

Hide \

This removes the molecular structure model from the screen. This may be desirable where
its display may lead to unnecessary crowding, for example, in proteins where ribbon displays
are more appropriate. A structure model may be restored by selecting itHedviodel

menu.

Di f feaetwol emalp € e n dietr eerdnfisi f f nea dee
styles and colors. This all ow:
Reginmagse ndi it dwamsdld ownmodesncyo | | e &t io¢
andbdomdent i grumlunseaysee | eecittbhgelr i cokni
amndi it doubad rodw,i t haeiodt hGet ( b emelct i
oc ommakneyMa c i rStho(dshe)d,\e arta n g pAll (ts e |
al | boongdgedpygor Macicnltiocsekhi)nag Is et
and/ or bonds, or by defining
Chapl @t yylnao lodsre | entotdeedd mp o n B witaw f
t M8el e0St gdti ead we § g iPmlog eurntdiebbsl s p
men@Qhgpt)r 22

Global Model &3

If highlighted (turned on), this signifies that all molecules in a documeilit share
attributes. These include presentation of hydrogens, atahother labels, hydrogen bonds,
CFD6s and ribbon displays. G| o Kaetule talw d e |
(Preferences...under theOptions menu; Chapter 25). Global Model acts in a toggle
manner, switching between global and local disp&gbal Model is on by default.

Coupled &)

If highlighted (turned on), this signifies that all molecules in a document selected for
simultaneous display will move togetheCoupled is turned on following molecule
alignment (seéAlign under theGeometry menu; Chapter 19 as well as after either
Generate Isomersor Generate Tautomershas been utilized (se€eometry menu).
Coupled acts in a toggle manner, that is, repeated selection couples or decouples.

Hydrogens .

If highlighted this signifies that hydrogens are to be included in the model. Note that 2D
SD files, CIF files, as well as structures retrieved from the Cambridge Structural Database
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or the Protein Data Bank may lack hydrogens. These need to be added to the model befor
CFD6s (Chemical Function Descriptors) can
and before calculations may be performed. This may be done either upevatdsee
Databasesand Extract Ligands under theSearch menu; Chapter 23) or usingGrow
Hydrogensin theMolecule Utilities dialog (accessible fromRroperties under theDisplay
menu;Chapter 22). Hydrogensacts in a toggle manner, that is, repeated Seteturns the
display of hydrogens on and off.

Labels ¥

If highlighted this signifies that labels associated with atoms, ribbons and bonds as well as
with other attributes specified fDonfigure... (see discussion later in this chapter) are to be
displayed in the modelLabels acts in a toggle manner, that is, repeated selection turns
display of labels on and offabelsis automatically turned on following selectionAgiply

or OK in theConfigure dialog.

Ribbons 3~

If highlighted this signifies that ribbons are to be displayed along with the selected model.
(If only ribbons are desired, selddide for the model style.Ribbons acts in a toggle
manner, that is, repeated selection turns display of ribbons on and off.

Ramachandran Plot|

If highlighted this draws a Ramachandran plot for a protein input from the Protein Data
Bank (seeAccess PDB Onlineunder theFile menu;Chapter 16). Ramachandran Plot

acts in a toggle manner, that is, repeated selection turns the plot on and off. Note that coloring
of the points on the plot (red farhelices, blue foil-sheets, green otherwise) is not based

on the actual 3D geometry but rather on assignments in the PDB file. The plot may be
removed by again selectiipmachandran Plot

Hydrogen Bondss

If selectedthis signifies that hydrogen bonds are to be drawn as part of the model. Hydrogen
bonds are defined as ntwonded contacts between a nitrogen or oxygen and a hydrogen
attached to nitrogen or oxygen separated by a distance ranging from 1.6 to 2.1A imxgd mak
an Xi H--Y (X,Y =N, O) angle of >120°. Note that hydrogen bonds are not used in either
molecular mechanics or quantum chemical calculatidgdrogen Bondsacts in a toggle
manner, that is, repeated selection turns display of hydrogen bonds on and off.

R/S Chirality ®/s

If selectedthis adds R/S chirality labels to the mod®¥IS Chirality acts in a toggle manner,
that is, repeated selections turns R/S labels on and off.
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CFD g®

If checkedthis signifies thaChemicalFunction Descriptors € F D)oase to be displayed
along with the structure model . CFD6s al
characterize or anticipaits chemical behavior or to identify commonality among molecules
with different structures. They Imapaaltol el
suggest the role of a hydrogbond acceptor) angterically crowdedto suggest that getting

close may be difficult).

Spartanuses seven different kinds of CFD, the first six of which may
be thought of as attributes of a molecule.

CFD chemiaabuac
1.hydrophobe s el ikcgrao wrdee
2.aromati c ar omastyisd em
3.hydrbogammnor acidic hydr
4 . hydrbgead ce |l one pair
5.positiveiiteni zabbhasic site
6.negativesiit acidiitce

Default CFD assignments follow from atomic connectivity and rules covering common
organic functional groups. They may be modified on a-bgsgase basis using ti@FD
Properties dialog (accessible fronfProperties under theDisplay menu; Chapter 22).
CFDO6s (represented by *6s in the figures
be centered in between atoms. For example, a hydtogeeh acceptor CFD is placed on an
ether oxygen, while an aromatic CFD is placed at the center of a benzgne rin

®
o

hydrogen-bond acceptor aromatic

CFD6s may al so be associated with a numbe
single CFD is provided for the carboxylic acid group, siteglane and equidistant from
the carbon and two oxygens.

The CFD6s for this and other functional ¢
this CFD should be designated both as a hydrdgend donor and a hydrogdéond
acceptor, whereas at acidic pH it should be designated as a negative ionizable site.
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O 8]
o 4
s o
! N
OH 0]
neutral pH: hydrogen-bond donor acidic pH: negative ionizable site

hydrogen-bond acceptor

Finally, note that default assignments for hydregend donors and acceptors depend not
only on atomic type (N, O, ... ) and (in the case of hydrdgerd donors) on the availability
of hydrogens, but also on known (or presumed) chemical behaviorx&mpke, because
an amide nitrogen would generally not be considered to be a hydtogeth acceptor, no
(hydrogenbond acceptor) CFD is provided. It is assigned to be a hydioget donor (if
hydrogens are available) and the amide oxygen is assigndt/dsogenbond acceptor.

Nottehhydr-bgead cepndanOFDiha pa el & tenc
el ect rpoostteantbitcaF neqgquantchm®mmicadlc ul Raa
e X a manl eeg, apt d tveand 9 @dnii eatloexdy ¢ @ mg Lleg gtetsiat
mi gsheravmehy dr-b g mct c ewh i@lipe s iptoitveeng s @ad
wi athy dr ag €& atcehweadh e nd Lleg giets ds®hy dr-bga
donWhidceh e mioutl edlachdea medo nc | ssmphyg by
the mol ecul e, t he cal c wlca tedpd oolsoi m
arld ktebleyt reonwth iacrhe kel y t o be weak.

Cal cuellaetcetdpo s eataig & & 1y n iafdivcaaoivae g e (
a nadt laira | idteastcirviveh & hoamrsed e t e r @ aldy dnrs o
bondismomo s sT e g s © B enn zaenode h e r @ rr @ ni aht
mo €to mmeoxa madlhea me nditthiad ntsimai kseg s ¢ etpd
el ect aophdadhb <t md aihiatbenpoet! ksé re ertirrcary i
(aatt edetcmpoooengi ons) .

A seventh CFD type, excluded volume, derives from knowledgemolecule incorporated
into a host. Excluded volumes may be obtained for ligands extracted from PDB files using
theLigands dialog Extract Ligands under tha=ile menu;Chapter 16).

Configure... &

This selects the types of labels attached to atoms and other molecule attributes.
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Labels

Configure X
9

labels  Objects Ribbons  CFD's
Atom:
@® Label O Mass Number O Mulliken Charge O Natural Charge O Cale. Chem. shift O (Calc. - Expt) Chem. Shift +
O Element O Strand: Residue\Label O Electrostatic Charge (O Exposed Area (O Expt. Chem. Shift +

O custom

Band:

O Label O Custom

Other;

Hydrogens [ Constraints & Planes [] cFDs [ Curved Arrows [ Couplings [ Residues Points

+ Item references experimental data from: <current molecule>

‘ oK | Cancel Apply

Under Atom, labels may be selected from among the followihgbels, a unique
element/number combination that may be changed fromAtben Properties dialog
(accessible fromProperties under theDisplay menu; Chapter 22), Element, Mass
Number, Mulliken Charge, Electrostatic Charge Natural Charge, Strand:
ResidudLabel (polypeptides and polynucleotides), alBdposed Area(of an atom in a
spacefilling model), Chem Shift, Expt Chem Shift andCalc-Expt Chem Shift. Selection

of Customleads to a text box into which a formula defining an atomic label may be entered.
Details ae provided inFormulas under theDisplay menu Chapter 22). UnderBond,
eitherLabela uni que number prefaced by the wor
Bond Propertiesdialog (accessible frofaroperties under theDisplay menu;Chapter 22)

or Custom entered in a text box. Und@ther, Hydrogen Labels Point Labels, Plane
Labels, Constraint Labels, Residue Labels Reaction Labels Coupling (coupling
constant) and/o€FD Labels may be provided. Default settings (for a new molecule) are
made in theMolecule tab Preferencesunder theOptions menu;Chapter 25).

Objects
Clicking on theObjectstab leads to th€onfigure Objectsdialog:

& Configure x
]

Labels Objects Ribbons CFD's
Show:
[ constraints Planes Images [ cH couplings
[ Frozens [ curved Arrows Annotations [] HH Couplings
Points [ cros

0K Cancel Apply
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If checked,Constraint and Frozen markers,Points and Planes Reaction arrows and

C F D attch to the model. If not checked, these are shown only in the respective modes,
for example,Frozen markers are shown only Freeze Centeris selectedlmagesand
Annotations refer to images and text, respectively, associated with the molecule display.
An image or text string may be associated by first putting it on the clipboard and then pasting
it on screen. Either may be positioned on screen and skdd.and CH refer to
experimentally assigned HH and CH couplings.

Ribbons
Clicking on theRibbonstab leads to th€onfigure Ribbonsdialog:

@ Configure x
El

Labels  Objects  Ribbons CFD's
Coloring:
By Secondary Structure =
Style:

Extended Ribbons -

oK Cancel Apply

Ribbon coloring may be selected in a menu from among the folloMongochrome, By
Secondary Structure By Strand or By Residue Ribbon style may be selected in a menu
from among the followingRibbons, Extended Ribbons Beadsor Lines.

CFD6s

Clickingon theC F D tals leads to th€onfigure CFDsdialog:

@ Configure X
9

Labels  Objects Ribbons  CFD's
Display:
[ Descriptors

[ excluded volumes

0K Cancel Apply
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This allows for turning CFD descriptors excluded volumes on or off.

The Configure dialog is removed from the screen with all changes maintainetidkyng
on OK. Clicking on Cancelor on & removes the dialog but changes are I8§tking on
Apply maintains the changes but leaves@omfigure dialog on screen. Note thaabels
(from theModel menu) will be turned on following eithefickingon OK or Apply .
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Chapter 19

The Geometry Menu

Functions available under th@eometrymenu allow querying and changing bond lengths,
angles and dihedral angles, defining points and ligand points, planes and chemical function
descriptor (CFD) locations, setting geometrical constraints (distances, angles and dihedral
angles) or ranges of cotmaints, freezing atomic centers, altering default bond and ring
conf or mer assignment s, introducing NOE b
conformati onal searching, s el e cstandralggningt o m
molecules. Generation of tautomer list has been moved fro8etrehmenu and the ability

to generate a list of stereo and/or regioisomersand set (fAchecko) at

NMR calculations.

«?» Measure Distance A'_., Measure Angle ‘?\ Measure Dihedral

% Freeze Center //- Set Torsions @ Set Similarity Centers

» —~ Geded
<g=m Generate Isomers \.‘.' Generate Tautomers ﬂ‘ Generate Reactants and Products

e Constrain Distance @ Constrain Angle @ Constrain Dihedral

® L ] L]
° :'(Define Point .‘:r', Define Ligand Point | v ] Define Plane
: B ot ;
4Deﬂne NOE .94 Define CFD J! Align
& CheckMark

Measure Distance «2» Angle £2) Dihedral »

Measure Distancedisplays the distance (in Angstroms) between any two atoms. Selection
results in a message at the bottom left of the screen:

Select two atoms, a bond, ...

Clicking on two atoms displays the distance at the bottom right of the screen:

Dist 01,c1) = 1410A
istance{O1,C1) N

Alternatively,clicking on a bond displays its length:

Length(Bonds) = 1410 A N
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Measure Distancemay also be used to alter the distance between atowelgkiyng inside

the box to the right oDistance (A,B) =or Length (A)=, and either typing or using the
number pad.Spartan includesthe ability to alter bond distances inside rings. This is
accomplished by temporarily imposing distance constraints followed by molecular
mechanization and then removing the constants.

The distance (length) may be entered into the spreadshekthing on . , to the right of
its display (se&preadsheetnder theDisplay menu;Chapter 22). Alternatively, the label
fiDistance (A,B)® d.engtii(A)=0 ma yragbedinto the spreadsheet, the formula
editor (seeFormulas under theDisplay menu;Chapter 22) or into any of the dialogs
associated with the Spartan Spectra and Properties Databadeatabasesunder the
Searchmenu;Chapter 23).

Angle and dihedral angle queries and charges are handled in a similar manner. Angles
require that three atoms or two bonds be identified in the proper order while dihedral angles
require that four atoms or three bonds be identified in the proper order.

Freeze Center =

This allows one or more atoms to be held in place during minimization (in the 3D builder)
or (optionally) during equilibrium or transitiestate geometry optimization, conformational
searching, or energy profile generation using molecular mechanics muguahemical
methods. In the latter case, use of frozen atoms needs to be explicitly indicated in the
Calculations dialog Chapter 21).

Atom freezing may be useful in a number of situations, among them guessing a transition
state geometry for a reaction that is closely related to one for which a transition state is
available. For example, a good guess at the transition state for pyrfiysyslohexyl
formate will be obtained by modifying the transition state for pyrolysis of ethyl formate,
freezing all but the modified sections (designated in bold in the following figure) and then
minimizing.

H H H

hS 3, 5\
IG:D modity // G_-O freeze O/ G_'O minimize ta pprcrbtximatte t
A . A Y o P ransition-state

D: ,-H structure o _-H . H structure for

o=y Ho==2=cly Hos==xcfy cyciohexy formate
transition-state structure \
for ethyl formate HEG\ /GHE HEG\ Gz
HC—CH; HeG—CHz

Selection ofFreeze Centerleads to a message at the bottom left of the screen:
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Select atom to freeze.

Clicking on an atom freezes itlicking again thaws it. Buttons at the bottom right of the
screen allow for freezing all atomsréeze All), freezing all norhydrogen atomsHreeze
Heavy) and for thawing all atomg baw All).

Another important use of frozen atoms is to adjust XH bond lengtstsuctures resulting
from a search of the Cambridge Structural Datafses®atabasesinder theSearchmenu;
Chapter 23). Hydrogenpositions are more often than not poorly located in small molecule
X-raystructures, and XH bond lengths are commonly shorter than they fleo@tuctures
incorporating such bond lengths are inappropriatef@rgy and property calculations and
may also be problematic as startggpmetries in quantum chemical calculations. Protein
crystal structuresften lack hydrogens, and hydrogen positions of bound ligands extracted
from PDB files may be poorly defined. A reasonable solution to jpathlems is to freeze

all heavy (norhydrogen) atoms~reeze Heavy and then to carry out molecular mechanics
optimization using eithdvlinimize from theBuild menu (see discussion@hapter 20) or

from Calculations...under theSetupmenu (see discussion @hapter 21).

Frozen atoms are indicated by magenta colored mar % 3. Whether or not these are

included with the model (outside &feeze Centermode) is controlledy the Molecule
Preferencesdialog undeiPreferences..in theOptions menu Chapter 25).

Set Torsions /

Spartanautomatically identifies bonds and rings for conformational searching and specifies
default step sizes.

Three different rulNeorsmasisappwd
deter mi remmelrgwestonf or mati on or
| ooevner gy c8hkebiesmaussed to buil d
usies i mi laanil ypekesmov@rsf ot mamlsyn v o
hydr ogen Npo sdaniSfikoenl setlad set s co
conf offrmat ©13 ianeend erri enigosrx a mpy @1, o h
Thoroaoghsi debsatt weesnf or mer s i
conf of Def $fmordemtonf or maitailaymda Is c u
i Bhap2k¥el ect ubatma deh hSeet tRrnegfse r
di aPogf éerande®pt hmenrshapt)r 25

Set Torsionsallows these defaults to be altered. Selection results in rotatable bonds being
marked by a gold cylinder and flexible rings being marked by a gold circle around one or
more atoms, and a message at the bottom left of the screen:
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Select bonds or ring atoms.

Clickingon a bond or an atom contained in a ring selects it for rotation. In the case of a ring,
rotation means that the atom is to be puckered up and down (restricted rotation). The defaul
rotation is provided in a box to the right Bbld at the bottom right of the screen. With
Normal rules, this is typically 2 or 3 for a single bond (step size of 180° and 120°,
respectively) and 3 for a flexible ring. A value of either O or 1 indicates that the bond (ring)
is not to be rotated (rotation by 360°). Othreeger values may be entered into the box using
the number pad that appears immediately above. The original settings may be retrieved by
clicking on Defaults at the bottom right of the scredmouble clickingon a marked bond or

ring atom removes the marker and eliminates the conformational degree of freedom.

Whil e conformational degrees of freedom
def aul t selections us u anhel dyi wen@mprgiempcgashaet e )
pr obl eEmateiras & g gtelst tsr saipopnitsioa d g nadrdei kted gnor e

ef f eicitd avtecthhiren b © o v & aciobnlfeotr meew s k enroit nappnpsl i e d
to atoms. Experimentation may be necessart

(4 and»] buttons at the bottom right of the screen are available tatstegh the possible
singlebond conformers (ring conformers are not provided). Geometries have not been
optimized and some conformers may be severely crowded. Any conformer can be selectec
in lieu of the initial structure. The full set of singtend conbrmers may be placed in an
unnamed document ljickingon ¥ (to the right of the step buttons) and tleinking OK

in the dialog that results. Note that duplicate conformers are not removed.

The total number of conformers (excluding ring conformers) that will be examined in a
systematic search (see discussiorChmapter 21) is indicated at the bottom right of the
screenConformers = xx This is an upper bound to the number of conformers that will
actually be kept as duplicates and hegtergy conformers are eliminated. This can be
draggedinto the spreadsheet (see discussiddhapter 22), into theFormulas dialog (see
discussion inChapter 23), or into any of the dialogs associated with tipar&an Spectra

and Properties Database (see discussi@hapter 23). The number of conformers is also
available under thmolecule tab in theMolecule Propertiesdialog Properties under the
Display menu;Chapter 22). This can be dragged or posted to the spreadsheet.

I n practice, an efficient Sy ¢
mol ecul es that i ncorporate bo
Thdsvi thseesair mtthwwa rtthie, ir st obowni g gaan s
conc lwidtihheglwo wes ¢c gy f oanddsesceondr
fromeoseaf otreneplstcecen f o r b haecoyrcsb t ©
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Generate Isomers<=

This generates a I|ist of regio and/or st
may simply be a convenient way to examthe relative energies of possible isomeric
products of a chemical reaction or to see which of these products best fits on observed NMR
spectrum. We first illustrate the more common task of stereoisomer generation. Starting
from endoechlorobicyclo[2.2.1]hepB-ene 2-carbonitrilé, selection ofGenerate Isomers

leads to a structure decorated by R/S labels.

Inversion of G and G leads to four possible stereocisomers. To setdick on them in turn,
following which they will be encircled in green.

Clicking on Generate Listto the right oflsomersat the bottom right of the screen lead to
a dialog requesting if the list is to be placed in a new document or added to the current
document. The four isomers are shown below.

R

Regioisomer generation is signaled diigking in order on three bonds, for example, in a
C1-Cy, C-Csz and G-C4 in 1-methyt7- chlorobicyclo[2.2.1] hepB-ene2-carbonitrile.
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* More precisely this is theyn(chloro),endo(cyano) stereoisomer.

Clicking on Generate Listgives rise to a pair of regioisomers.

&

Markers for regio and stereoisomers may be applied together.

Set Isomerscan also be used to generate a list of transition states (that would lead to
stereoisomeric products) starting from a single transition state. We use the\IDexls
transition state leading to the four stereoisomers-olil@robicyclo[2.2.1]hepb-ene2-
carbonitrile. The procedure is the same. Starting from a transition state for one of the
isomers, sele®et Isomersandclick on G and G.

}%

Clickingon Generate Listthen provides the four transition states which will lead to the four
stereoisomeric products.

C

Generate Tautomersy ¢
This allows tautomers, that is, isomers arising from rapid transfer of hydrogens among
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heteroatoms, to be identified based only on the structure. Tautomer identification is
especially important in dealing with heterocyclic compounds where two or more different
tautomers may exist in equilibrium, and the identity of the dominant speciesanég n
obvious. For example, while-l2ydroxypyridine is an aromatic molecule and would be
expected to be unusually stable, the -nanomatic 2pyridone molecule is actually
thermodynamically favored.

H
N OH N 0]
O =UJ
2-hydroxypyridine 2-pyridone
This, of course, has consequences in trying to locate a particular molecule in a databas

where it may be represented by a different tautomer.

I n co@pamaslamost al ways recogn
t hseanset r udétoeaxampkeazeales epr ea®m

of two structures with alterrtr

del ocali zed structure in whioc

i n Il ength between single and
S OK

Al | of these t mahel

The procedure incorporated irBpartanis limited to tautomers involving nitrogen, oxygen,
phosphorous and sulfur. Tautomers involving carbon have intentionally been excluded.
There are too many of them, and inclusion would swamp the more likely heteroatom
tautomers. Also excluded are zwitteridautomers, for example, sN*CH.CQO;' as a
tautomer of glycine. Intheggshase, these are | ikely to b
forms. Within these limits, all possible tautomers will be identified.

@ Tostomers

o Generate a Tautomer List?

oK Cancel

The existence of (heteroatom) tautomers is signaled by thehaotdmer displayed at the
bottom right of the screen. If tautomexsist, individual structures may be examined or a
complete list of structures generated by selecliagtomers from the Searchmenu (or
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clickingon they.¢ icon on the top of the screen). Following tlaig;king on the step buttons

at the bottom right of the screen moves through the list of tautomers. Any one of these may
be used in place of the original. The full list of tautomers may be generatdidkiyg on

[~] (at the bottom right of the screen). This leads to a dialog.

Clickingon OK dismisses the dialog and leads to a new document containing the full list of
tautomers. (The original document is unaffectédigking on eitheiCancelor@Eadismisses
the dialog without generating a tautomer list.

Taut oargee $ e iwa tt dodounts | deefs & éciricoow d i |
shobbrd ni mviztell | e cnelcahra(NMi o 5 minde r
BuirmelnGhapteprpl0or to using ¢ttt
calculations. |t may al so be i
searnohbt aignueastt heoweseércgoynf of sne
Cal cul atniderte.thegn@hapt)er 21

Constrain Distance@) Angle @) Dihedral Q

These introduce one or more geometric constraints during structure minimization (in build
mode), and (if requested) during equilibrium or transigtate geometry optimization or
conformational searching using methods specified in fDalculations dialog
(Calculations...from theSetup menu;Chapter 21). They also allow for setting a range of
constraints needed for generatioreoiergy Profile calculations. Constraints may be useful

in a number of situations, among them:

()  Constructing conformational energy profiles where one or more dihedral angles need
to be fixed while other geometrical variables are optimized.

(i)  Optimizing molecular structures where the values of certain key parameters are
known, for example, optimizing the geometry of a molecule with an intramolecular
hydrogen bond or a disulfide linkage.

(iif)  Building molecules with unusual geometries, for example, molecules with very long
bonds, as might be required in the construction of transition states and intermolecular
complexes.

SelectingConstrain Distanceresults in a message at the bottom left of the screen:

Select two atoms, a bond, ...

Clicking on two atoms, or a bond results in a message at the bottom right of the screen:
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(=]
Constraint(C1,C2) = |

Clicking on\ \changes it tJ ‘and shows the current distance:

Constraint(Conl) = N 1.500 A

This (constraint) distance can then be changedibking inside the box and either typing

or using the number that appears immediately above. Alternatively, the existing distance
may be used as tHu onstraint distance. If the selected distance \had previously beel
constrained, the icon  would hala been initially displaye@licking on turns the
constraint off and returns the icon to . Finally, the value of the constraint (that may be
different from the value of the current distancemay be entered into the spreadsheet by
clickingon , , to its right. Alternatively, the lab&lonstraint (A,B)=may bedraggedinto

the spreadsheet, the formula editor (Seemulas under theDisplay menu;Chapter 22) or

into any of the dialogs associated with the Spartan Spectra and Properties Database (se
Databasesunder theSearchmenu;Chapter 23).

This sequence of operations (bond identification followed by turning the constraint on and
off) may be repeated as many times as necessary. Any bonds-bomied distances on
which constraints are to benposed are indicated by magenta colored markers. Any
constraints introduced are automatically enforced only upon eiirggnization in Build

mode [Re, but need to be requested for methods specified in @aculations dialog

(Calculations...from theSetupmenu;Chapter 21).

Angle and dihedral angle constraints are handled in a similar manner. Ngieitfiatand
planes may not be used to define constraints

Locking in a constraint leads to two additional text boxes at the bottom right of the screen.
This allows a sequence of constraints to be defined (from some initial value to some final
value in a given number of steps) for the purpose of constructingeagyeprofile along a
predefined set of coordinates (<e&lculations...under theSetup menu;Chapter 21):

Constraint(Con1) = | iy N 0.00° to 36000°  Steps: 37 [ profile

The leftmost box specifies the initial value of the constraint, the middle box to the right of
to the final value, and the rightmost box to the righSt#ps:the number of steps. Values

are specified bglickinginside the appropriate box and using the number pad. For example,
were the initial value set to 0°, the final value to 180° and the number of steps to 10, then a
series of ten constraints (0°, 20°, 40°,... 180°) would be specified. This can also be
accompished using th€onstraint Properties dialog, and the value of the constraint posted

to the spreadsheet.

Note, however, that it may be problematic to carry out a constrained geometry optimization starting from a
structure that is very different from that satisfying one or more constraints.
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Whether or not constraint markers are included as part of the model (outside of constrain
distance, constrain angle or constrain dihedral mode) is controlled fromidleeule
Preferencesdialog Preferences..under theOptions menu;Chapter 25).

Define Point %5

This defines a point as the geometric (unweighted) center of selected atoms (or points)
previously defined. Selection results in display of a message at the bottom left of the screen:

Select atoms. Repeat to terminate.

Clicking on atoms (or points) in any ordend clicking a second time on any one of the
atoms (or points) defines a point (depicted as a small sphere). As many points as desired ca
be defined and these are treated in the same way as an atom in defining distances, angle
etc. Points move with the molecule tssgeometry is altered.

Define Ligand Point ‘F:»

This defines a point of attachment directed perpendicular to the geometric center of the plane
defined by three atoms (or best plane in the case of four or more afitishg on atoms

(or points) in any order arglickinga second time on any one of the atoms (or points) defines

a ligand point (depicted as a small sphere). As many ligand points as desired can be definec
A ligand point shares all the characteristics of a normal point, but may also be used to bond
to atomic fragments, functional groupsjce SeeMake Bond under theBuild menu
(Chapter 20) for a discussion. Ligand points move with the molecule as geometry is altered.

Del et emBuimedn ® or Dehlekéy may be used to
point or .ligand point

Whether or not points and ligand points are shown as part of the model is controlled from
theMolecule Preferenceslialog Preferences..under thedptions menu;Chapter 25).
Define Planef,ﬁ

This defines and displays a reference plane. Selection results in display
of a message at the bottom left of the screen:

Select three atoms.

Clickingon three atoms or points defines a plane. As many planes as desired may be defined
and these may be used in defining distances, angles, etc. Planes move with the molecule &
its geometry changes.
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Del et emBuimedn u®)( orDetltkeeyg may b
remove a plane.

Whether or not planes are included as part of the model for an is controlled from the
Molecule Preferenceslialog Preferences..under theDptions menu;Chapter 25).

Define NOE o,

Define NOEis used to specify nebhonded distances that need to be kept below a threshold
value. These follow from NOE (Nuclear Overhauser Effect) measurements and may be
referred to as NOE conditions or simply NOEs. NOEs are specifielichyng on two (non
bonded) atoms. In response, a message appears at the bottom of the screen:

(=] .
NOE(Conl) = N 5.000 A

(= |

Clicking onlf} changes it tdz\ and enters the default value for the NOE threshold into
the box. This value can be changed. A line is drawn between atoms that are to be kept withir
the threshold value.

Once set, NOEs are used in conformational searching (conformer distribution only; see
discussion undeCalculations...under theSetup menu;Chapter 21) without further user
intervention. They act as a pgmibcessor filter to eliminate conformers that do not satisfy
the constraints and do not affect the speed of the search.

Define CFD (€%

This defines the position of a new CFD. TG&D Properties dialog (accessible from
Propertiesunder theDisplay menu;Chapter 22) allows CFD size and type to be specified.
Selection results in display of a message at the bottom left of the screen:

Select atoms. Repeat to terminate.
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Clicking on atoms (or points) in any order, aclicking a second time on any one of the
atoms (or points) defines the position of a CFD (depicted as a transparent sphere labelec
Null). Clickingt wi ce on only one atom | ocates the
desired can be defined. These move with the molecule as its geometry is altered.

Whet her or not CFDOs are includedolecgle par
Preferencesdialog Preferencesunder theDptions menu;Chapter 25).

Set Similarity Centers @

This specifies the set of atomic centers,Gbremical Function Descriptors C F D)bos
pharmacophore elements that are to be used in similarity analysis. Choice of whether the
similarity analysis is to be based on st
from a menu that appears at the bottom right of the screen followiagtieal of Set
Similarity Centers. This menu is also accessible from Bimilarity Analysis task in the
Calculations dialog Calculations...under theSetupmenu;Chapter 21).

Similarity Based on Structure

Selection ofktructure from theSimilarity by menu at the bottom right of the screen results
in a message at the bottom left of the screen:

Select Atoms.

Clicking on an atom designates it as an alignment center and it marks it with a violet circle.
Clicking on the circle removes the designation (and the circle). Hydrogens are not used in
similarity analysis and may not be selected.

The computer time required fo
depends on the number of mol ec
in the | ibrary to which compa
similarity centers. Single at
cenueaetelesyueni Rad cent i gruowps otnts:
are tbeRaliyybehbh&edth o Fwax amahalcyasrir
out on morphine based on sel e
components (left) wild.l be muc
based on selection of the phen
nitrogen (right).
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This is because there wildl b
trialkylamine substructures |
aromadrn ltons t aantdoamsfde wpeerr mu ttahtraie ¢
to be examined and fewer fals

Similarity Based on CFDOs

Similarity analysis may al so be based on
is likely to act as a hydrogdrond donor or hydrogebond acceptor, is likely to take on
positive or negative charge or is a hydrophobe. This is accomplisheckbiirsgglL FD from

the Similarity by menu at the bottom right of the screen. In response, the selected molecule
i's augmented with CFDO6s, and a message aj

Clicking on a CFD designates it as a similarity center and marks it with a violet circle.
Select CFD's.
Clicking on the circle removes the designation (and the circle).

e computer time required fo
p eonmdhmeu mimdwro | e @auwidg bar ma ciotp Hyew re ¢
e number of mol ecules and/ ol
ture of the selected CFDOGs
whetrhgeu eirsye pr els QR dds y pgCFDOEY B e
KkCFDosy@get chneu mdri f feelriegytmendt n

t hat need to be considered i s
ik
(! i s the factori al symbol .)

e x amptl eareE FDeobypB8ot yBanabt yge h
numero mbi niaét!i 3am2k 400.n s i dsearvaidraiges
achikyedditthnem modCrF D@ g i vieynp & hoev e r
representation.
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Similarity Based on a Pharmacophore

Finally, it is possible to base similarity on a pharmacophore. This is set up in exactly the

same way as similarity based on CFDOG6s 1in
CFD6s (see previous section).

Align 1]

This aligns the selected molecule to all other molecules in the same document based eithe
on atom | abels, on structure, or on CFDO:=
aligns the pharmacophore to all molecules in the same document (ba8dédBrdo s ) . Ch
of whether alignment is based oAlignlbynesul s,

that appears at the bottom right of the screen.

The terms fAalignmento and Asi
meani ngefBlparAlaing nrneefhebrheep e r a wh o 1
the molecules in a document a
selected molecule (or phar mac
alignment may either be based
Wheapechar mad seh ezxldiegn ma soeras eotCF D6
Asi nrgdoer i e ptr atvii @manb | eictvihdedo c u mé
can be aligned to the selectec

Si mi laarmiryegtiesrhsep er awh obaolmo | e ¢ ml &-8
specl fhbheamyro rse@mogde c u Neerned mp @ me
ofontealmo!| e @awmldg war ma ciotp see 1 edcotceudr
(in the graphical user i nterf
el ements or CFDbés may be empl
frOma( Lper fasmeahgni pumloa@ti Kewvmo | ec
(or mol ecule and pharmacophor
wi hbhes uccearsdlud b & b nteo mp a rmasyoenssd
morteédranecqdrceor redgpanddiemreeand f htievoc
component s) . Similarity anal y:¢
to a pharmacophor €hiaptceirs@udss ¢

| 8B harhtegd el | g n®menitneonlte amldg ®ar ma c «
i or deari ght hgbmmioematwlrieldieeod 1 mi |
analiyssoiasphk iofm | e oulodsecul e/ p hpaarii
according to the extent of t he

Align Based on Labels/Align Based on Structure

Selection of eitheLabels or Structure from theAlign by menu results in a message at the
bottom left of the screen:

Select Atoms.
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Clicking on an atom designates it as an alignment cetdrmarks it with a red circle.
Clicking on the circle removes the designation (and the circle). Following selection of
alignment centersslicking on theAlign by button at the bottom right of the screen aligns
the molecules. If no atoms are selected priatitking on Align by, then alignment is based

on all (honrhydrogen) atoms.

Following alignment, two or more molecules may be displayed at onc&seadsheet
under theDisplay menu; Chapter 22). Their motions (coordinates) will be coupled
following alignmentbut may be uncoupled allowing the aligned molecules to move
independently (se€oupled under theModel menu; Chapter 18). Note that alignment
center selections are kept and molecules can be realigned by again sélegmirigpm the
Geometry menu (orclickingon |} ) followed byclicking on theAlign by button.

Al i gn Based on CFD©OGs

It is also possible to base molecule alig
center is likely to act as a hydrogdiond donor or acceptor, is likely to take on positive or
negative charge or is a hydrophobe. This is accomplished by ch@fsinfrom theAlign

by menu at the bottom right of the screen follovimtlicking on theAlign by button. In
response, the selected molecule is augme
bottom left of the screen:

Select CFD's.

Clicking on a CFD designates it as an alignment center and marks it with a red circle.
Clicking on the circle removes the designation (and the circle).

TheCFD Propertiesdialog (accessible fromropertiesunder theDisplay menu;Chapter
222 all ows definitions of the individual (

Foll owi ng s el dickingiorotheAligrf by BuEdd atshe bottom right of the
screen aligns the mol ecul ekckingonfAligmhy, ther- D06 s
alignment i s based on all CFDOG6s.

Following alignment, one or more molecules may be displayed at once using spreadshee:
functions (seeSpreadsheetunder theDisplay menu; Chapter 22). Their motions
(coordinates) will be coupled following alignment but may be uncoupled allowing the
aligned molecules to move independently (Geepled under theModel menu;Chapter

18). Note that alignment center selections are kept and molecules can be realigned by agait
selectingAlign from theGeometry menu (orclickingon |} ) followed byclicking on the

Align by button.

Align to PharmacophoreDefinitions

Finally, it is possible to align molecules to a pharmacophore contained in the same list. This
i's set up in exactly the same way as al i
element is a CFD (see previous section).

For both structure and CFD alignment (and for alignment to a pharmacophore), an alignment
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score from O to 1 (perfect alignment), is available in the spreadsheet. This is accessed by
clickingon theAdd button at the bottom of the spreadsheet and sele&hggment Score

from the Molecule List tab of available properties (s&preadsheetunder theDisplay

menu; Chapter 22). A score of 0 is assigned to molecules that cannot be aligned to the
selected molecule.

Check Mark J/

Check Markis used to designate specific atoms in BSSE (Basis Set Superposition Error)
calculations as well as designation of (typically ring) atoms in NICS calculations (Nucleus
Independent Chemical Shifts).
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Chapter 20
The Build Menu

TheBuild menu provides access to a sketch palette for drawing organic and organometallic
molecules in 2D, model kits and associated tools for building and editing organic, inorganic
and organometallic molecules as well as polypeptides and polynucleotides in 3D, for
guessing transitioistate structures and a facility for generating lists of substituted
molecules. The Windows version provides a seamless access to ChemDraw. 2D to 3C
conversion and 3D structure refinement is by way of molecular mechanics. With
Sp ar 6,daeBuld menu gives the ability to attach experimental proton S8dNMR
chemical shifts as well as observed HH and CH couplings to either 2D drawings or 3D
models.

Specification of 3D molecular structure is a necessary first step to any molecular mechanics
or quantum chemical calculatior®partan provides a variety of tools. Organic and
organometallic molecules can either be rendered as 2D sketches and later brought into 3D
or directly constructed from 3D fragments. Polypeptides and polynucleotides need to be
built in 3D.

2D Sketch Palette

The 2D sketch palette contains tools for making and manipulating drawings. There are also
tools for specifying charges and radical sites, for adding cues to designate stereochemistry
and for setting limits for a substructure search. Directly above thiégpate icons that place
curved arrows on 2D drawings thereby defining chemical reactions as well as for attaching
experimental proton antfC chemical shifts and observed HH and CH couplings to 2D
drawings.

Palette Atoms. HB, C, N, O, F, Si, P, CI, Br andl only.
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More: Periodic Table/Groups/Ligands/Substituents Clicking on theMore button that
appears belowd andB, leads to a dialog that allows any atom to be specified from the
Periodic Table Periodic Table tab), a variety of common functional groufrgups

tab) and a number of common organometallic ligahdigagds tab). Clicking on an
element, group or ligand dismisses the dialog and results in whatever was selected being
placed in the icon and available for use.

Common Rings. Three icons facilitate the rapid addition of common rings. The upper
icon is for benzen ), the middle icon is for cyclohexane, bathan f I%drawmg

) and cycloheptam. In the latter two nng |consn|oubletap or
doubleclick exposes the additional selection options.

Common Carbonyl Groups. Three icons facilitate the rapid addition of carbtﬂ,

carboxylic acid/este and amideﬂ groups to drawings. In the latter two icons
doubletap/double clickexposes alternate attachment options.

Stereochemical Markers.Wedges and dashes, represente —~hyand |, can be used

to designate wout stereochemistry. Immediately to the right is a sibgled (unwedged)
marker —. Once a stereochemical marker has been added to a drawing, it is possible to
designate the orientation of hydrogen atoms and/or substituents bondeghiengder

rings asax(ial) or eq(uatorial) (ax andeqlabels appear only on the drawing, not in the
palette).

OpensiteMarkers.ed esignat esd tem fAmpen dr awi ng. Se
return all structures with any atoms (including hydrogen) or groups in open sites.

Charge/Radical Markers. Conventional bonding rules (neutral C makes 4 bonds, neutral

N makes 3 bonds, and so on) are enforced when 2D perspective drawings are converted int
3D models. This is accomplished by adding hydrogen atoms to the drawing. For example, a
single carbon oncseen will give methane, a single line, ethane, and a double line, ethylene.
(Hydrogen atoms are added to nitrogen, oxygen, phosphorous and sulfur in the 2D
drawings.) When another outcome is desired, for example, for an ion oadireal, charge

or radical markers must be added to the drawing.

Two icons,. andi“l“, are used to label atoms that bear formal ch%s’s used to label
atoms that are neutral, opshell radicals. Each of these markers affects the number of
electrons and the number of hydrogen atoms added to the 3D model. For example,
produce a 3D model of Water,th However, addlng the appropriate marker will result in

3D models of HO" (., HO' @ or HO radlca@ respectively. Only one charge/radical

marker can be aSS|gned to an atom (radical cations and radical anions cannot be specified i
this way) but as many atoms as desired may be provided charge or radical designations. Th:
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sum of charges and radical sites will be used to determine overall molecular charge and
number of unpaired electrons needed for a quantum chemical calculation.

Only one charge/radical marker is displayed on the palette;lioking on the icon will
cause each marker to appear in turn. Examples of the use of reaction arrows is provided ir
Chapter 23.

Transition State Searching.\/x The Guess Transition States Icon remains available from
the tool bar or the Build menu and allows for designation of one or more reaction arrows
enabling access ® p a r tastaméted procedure for guessing transition states. The tail of
the arrow corresponds to the source of the electron pair. If the source is a lone pair, ther
select the atom that holds the lone pair. If the source is a bond, then select tl@ibkind.

on an atom or bond highlights (colors gold) the atom or b@fidking again on the same

atom (or same bond) removes the highlighting. The head of the arrow corresponds to the
destination of theslectron pair. If the destination is an atom (leading to a [mair), then

select the atom that will hold the lone pairdiigking on it two times. If the destination is

an existing bond (leading to an increase in bond order from singldouble or double

triple), then selectcfick on) the bond. If no bond presently exists, selelatk on) the two

atoms that will become bonded upon reaction. These operations result in a curved arrow
being drawn on the reactant structure. This extends from an atom, or the center of a bond tc
an atom, or the center of a bondloe center of a dotted line that has been drawn between
atoms that are to be bonded.

Note that the head and tail do not need to reside on atoms or bonds on the same fragmen
Also the tail may involve atoms of two detached fragments.

The process (tail selection followed by head selection) is repeated as necessary to fully
define the reaction. Incorrect reaction arrows may be removetidiing on® from the
palette andtlicking on the arrow. You then need to selegt, to continue arrow selection.

Once defined, reaction queries can be used to relate the properties of the products o
chemical reactions to those of the products for the purpose of mining the Spartan Spectre
and Properties Database. Full discussion is providBéiabasesn Chapter 23. Reaction
gueries can also be used to search the Spartan Reaction Database for tstatation
structures associated with the defined reaction (also discusatabase$. In both of

these casepen-Site Markers or structure queries (discussedStructure Query in
Chapter 23) will also normally be employed. Finally, reaction queries may be employed to
automatically provide a guess at a transition state based on similarity to an entry in the
Spartan Reaction Database (see discussidmansition State in Chapter 23). Here, no
additional information is required.

Drawing Tools. iﬂ undoes the most recent drawing operat’. removes or modifies

parts of a drawing/ill deletes an entire drawing (a warning is providw.,?/)improves the
readabil ity of a drawing Bﬂyxitsalpemhnyodeng a ¢
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Four icons (in addition to thigdit icon i) appear on top of the tool palette. These allow

Acurly arrowso to be added to the sketch
proton and*C chemical shifts and identification of observed HH and CH couplings.

Experimental Data

Proton and *C Chemical Shifts %)

Experimental proton and/éfC chemical shifts can be added to a 2D drawing. Starting from

a 2D sketch (promophyllin Aglick on %z above the sketch pad and then on a carbon. If

it is a quaternary carbon (as shown below) the only change to the sketch will be that the
letter C will appear.

click on a carbon A

o o]
Click on Edit to the right ofExpt. Chem. Shift at the bottom right of the screen and enter
a value for the experiment&IC shift using the keypad that resul®ick on Enter and the
keypad will bedismissedand the chemical shift will be attached to the sketch.

o = » N
v
o
1

(o]

If the selected carbon had one or more attached hydrogens and experimental chemical shift
were to be entered, these will be shown with the selected carbon.




Clicking on one of these hydrogens (only a single hydrogen in the example) results in a
keypad into which the experimental proton shift may be ent@etking on Enter again
dismisses the keypad and attaches the chemical shift onto the sketch.

Y P S
w
o
1

CH Couplings Je

Experimental Zoond {H-C-C) and 3bond {H-C-C-C) CH fAobservedo c
numerical values for coupling constants) may be attached to a 2D sketch (with or without
experimental chemical shifts attached)cbgkingon a carbon (HC-C or HC-C-C). If there

is only one hydrogen as in this first example, it will be drawn and all carbons which either
2 or 3bond coupling can occur will be highlighted by translucent red cir€ligsking on

one of these carbons (in this case three bonds removed)will remove the circles and draw at
arrow between the firsetected carbon (corresponding to the HE€-C-C) and the second
selected carbon (corresponding teCHC-C).

The arrow indicating a-Bond coupling will remain in place.

If on the other hand, the initially selected carbon is bonded to more than one hydrogen, an
additional click is required to identify which hydrogen before a destination (carbon) is
selected.
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HH Couplings

Experimental 2bond HH observed couplings (not numerical coupling constant values)
(HCCH) may also be attached to a 2D stretch. There are several cases depending on whethe
more than one hydrogen is attached to one or both of the carbons and whether or not one c
both of the hydrogens are explicit in the 2D sketch.

If one of the hydrogens is explicitlick on it following selection of #"). This results either

in one or more carbons being marked with a translucent green circle. Select the relevant
carbon (there is only one in this example) ahick on it to display the hydrogens attached

to it (there are two in this example, if there were only one, the selection of the carbon would
have eliminated the step). These are also marked by translucent greenClictes the
appropriate hydrogen and the coupling wél displayed by a green arrow.

If hydrogens are not explicitlick on the carbon to which they are attach@tick on the
appropriate hydrogen and a coupling arrow will appear.
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