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Section 1
Overview and Operations

This section includes a total of three chapters. The first two are
intended to provide an overview of the components that control
access to Spartan Student’s graphical user interface (GUI). The
third (Walking Through Spartan Student) provides a “guided
tour” of the interface, with examples provided (from pre-calculated
molecules) demonstrating many rudimentary operations and emphasis
on commonly used features. Description of the full range of Spartan
Student’s capabilities (and detailed tour through all menu items and
interface options) is deferred to Section 3 (User’s Guide), which is
intended to serve as a reference to the current version 9 feature set.
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Chapter 1

Spartan Student

This chapter describes the architecture of Spartan Student, focusing
on the connectivity of computational, graphical and database
components to the user interface. Available molecular mechanics
and quantum chemical methods are enumerated and their utility and
applicability assessed.

Spartan Student comprises a series of independent molecular
mechanics and quantum chemical calculation modules tightly
connected via a graphical user interface that is highly functional,
yet simple and uncluttered. It has been designed not only to greatly
reduce the number of steps and possibility for human error associated
with the preparation of input for calculations, but also to guide the
interpretation of output from calculations. The interface may be
viewed as an interactive and intuitive analytical device accessing
molecular mechanics and quantum chemical techniques.
Databases

Molecular
Mechanics
Quantum
Mechanics
Graphical
Graphical | <= User — Web
Models Interface Databases

/N

Included in the interface are 3D builders for organic, inorganic and
organometallic molecules, polypeptides and polynucleotides, and
a procedure for building transition states. 2D sketch capability for
organic and organometallic molecules has been refined with this

Spectra and
Properties
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version of Spartan Student. Additionally, use of ChemDraw' is
enabled without having to exit the interface. A ~6,000 molecule subset
of the Spartan Spectra and Properties Database (SSPD) contains
structures, infrared and NMR spectra as well as a wide variety
of molecular properties obtained from the EDF2/6-31G* density
functional model. The wavefunction is included, allowing quick
access to a variety of graphical surfaces and property maps. On-line
access to the Protein Data Bank (PDB)?, a collection of >190,000
biological macromolecular structures, is available. Experimental
infrared spectra for =2,000 molecules are available from the NIST
website’ and experimental NMR spectra for >44,000 molecules are
available from NMRShiftDB website.*

Spartan Student’s interface provides the gateway to a range of modern
computational methods’. The simplest of these is the MMFF molecular
mechanics model, available to determine equilibrium geometries and
equilibrium conformers of molecules comprising upwards of several
thousand atoms.

Quantum chemical models are required to account for the geometries
of transition states as well as for reaction and activation energies.’
The simplest of these are semi-empirical molecular orbital models.
The PM3 model, supported in Spartan Student, has proven successful
for determining equilibrium geometries including the geometries of
transition-metal compounds, but it is not reliable for the calculation
of the reaction or activation energies.

Hartree-Fock molecular orbital models are a mainstay of quantum
chemical techniques, in particular, for determining equilibrium and
transition-state geometries and reaction energies, and are supported in
Spartan Student with the STO-3G, 3-21G, 6-31G* and 6-311+G**
basis sets. Hartree-Fock models generally provide suitable descriptions
of many types of reactions, but are not adequate for thermochemical
comparisons where bonds are broken or formed. In addition, they
do not provide a proper account of the geometries of molecules
incorporating transition metals. Supported in Spartan Student are the
B3LYP, EDF2, and ®B97X-D density functional models (DFT) and
the MP2 Magller-Plesset model. All properly account for the energies
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of reactions that involve bond making and breaking and both density
functional models (but not the MP2 model) properly account for the
geometries of molecules incorporating transition metals. DFT and
MP2 models are supported with the 6-31G* and 6-311+G** basis
sets. The T1° thermochemical recipe, providing high accuracy heats
of formation for uncharged, closed-shell systems containing H, C,
N, O, F, Si, P, S, Cl and Br, is also provided.

Spartan Student provides access to infrared spectra (MMFF, PM3,
Hartree-Fock, B3LYP, EDF2, wB97X-D and MP2 models) and NMR
spectra’ (Hartree-Fock, B3LYP, EDF2, ®B97X-D models only). These
are available both as numerical data (vibrational frequencies, chemical
shifts) as well as spectral plots. Spartan Student provides internet
access to experimental IR and NMR databases®*, allowing direct
comparison with calculated spectra. Infrared spectra from density
functional models has been corrected using both a multiplicative scale
of calculated frequencies and peak width at half height as parameters.
Proton and "*C chemical shifts obtained from B3LYP/6-31G* and
wB97X-D/6-31G* as well as proton, *C and "F chemical shifts
obtained from the EDF2/6-31G* density functional model have been
empirically corrected to account for local environment.

Also available are energy, equilibrium and transition state geometry,
and frequency calculations using the C-PCM solvation model in
conjunction with Hartree-Fock and density functional models only.
The model depends only on the dielectric constant of the solvent and
preset values are available for typical non-polar and polar solvents
as well as water.

New in Spartan Student 9 is calculation of UV/vis spectra (density
functional only) based on ground state geometry, with excited state
calculation from TDDFT. In general, calculated UV/vis spectra results
are not sufficient to identify or confirm color, but are sufficient to
indicate if substitutions will shift color toward red or blue.

Spartan Student provides a variety of graphical tools to assist in
interpreting the results of calculations. These include molecular
orbitals, electron and spin densities, local ionization potentials and
electrostatic potentials that can be displayed as surfaces, slices and
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property maps. Spartan Student provides the ability to distinguish
accessible and inaccessible regions on a density surface and on
property maps based on this surface. Animations can be created and
used to depict conformational changes or the progress of chemical
reactions.

wbk e

ChemDraw is not included with Spartan Student, but may be obtained from PerkinElmer
(www.perkinelmerinformatics.com). Seamless access to ChemDraw is not available in
the Macintosh version although both Windows and Macintosh versions are able to read
ChemDraw files.

PDB web reference: https://www.rcsb.org.

NIST web reference: https://book.nist.gov.

NMRShiftDB web reference: https:/nmrshiftdb.nmr.uni-koeln.de

Full discussion and assessment of the specific molecular mechanics and quantum chemical
models available in Spartan Student is provided in: W.J. Hehre, 4 Guide to Molecular
Mechanics and Quantum Chemical Calculations, Wavefunction, Irvine, 2003. This is
available as a PDF on Wavefunction’s website (www.wavefun.com). See also: W.J. Hehre,
L. Radom, P.v.R. Schleyer and J.A. Pople, Ab Initio Molecular Orbital Theory, Wiley, New
York, 1986; Y. Shao, Z. Gan, E. Epifanovsky, A. T. B. Gilbert, M. Wormit, J. Kussmann, A.
W. Lange, A. Behn, J. Deng, X. Feng, D. Ghosh, M. Goldey P. R. Horn, L. D. Jacobson, 1.
Kaliman, R. Z. Khaliullin, T. Kus, A. Landau, J. Liu, E. I. Proynov, Y. M. Rhee, R. M. Richard,
M. A. Rohrdanz, R. P. Steele, E. J. Sundstrom, H. L. Woodcock III, P. M. Zimmerman, D.
Zuev, B. Albrecht, E. Alguire, B. Austin, G. J. O. Beran, Y. A. Bernard, E. Berquist, K.
Brandhorst, K. B. Bravaya, S. T. Brown, D. Casanova, C.-M. Chang, Y. Chen, S. H. Chien,
K. D. Closser, D. L. Crittenden, M. Diedenhofen, R. A. DiStasio Jr., H. Dop, A. D. Dutoi, R.
G. Edgar, S. Fatehi, L. Fusti-Molnar, A. Ghysels, A. Golubeva-Zadorozhnaya, J. Gomes, M.
W. D. Hanson-Heine, P. H. P. Harbach, A. W. Hauser, E. G. Hohenstein, Z. C. Holden, T.-C.
Jagau, H. Ji, B. Kaduk, K. Khistyaev, J. Kim, J. Kim, R. A. King, P. Klunzinger, D. Kosenkov,
T. Kowalczyk, C. M. Krauter, K. U. Lao, A. Laurent, K. V. Lawler, S. V. Levchenko, C. Y.
Lin, F. Liu, E. Livshits, R. C. Lochan, A. Luenser, P. Manohar, S. F. Manzer, S.-P. Mao, N.
Mardirossian, A. V. Marenich, S. A. Maurer, N. J. Mayhall, C. M. Oana, R. Olivares-Amaya,
D. P. O’Neill, J. A. Parkhill, T. M. Perrine, R. Peverati, P. A. Pieniazek, A. Prociuk, D. R.
Rehn, E. Rosta, N. J. Russ, N. Sergueev, S. M. Sharada, S. Sharmaa, D. W. Small, A. Sodt,
T. Stein, D. Stiick, Y.-C. Su, A. J. W. Thom, T. Tsuchimochi, L. Vogt, O. Vydrov, T. Wang,
M. A. Watson, J. Wenzel, A. White, C. F. Williams, V. Vanovschi, S. Yeganeh, S. R. Yost,
Z.-Q.You, I. Y. Zhang, X. Zhang, Y. Zhou, B. R. Brooks, G. K. L. Chan, D. M. Chipman, C.
J. Cramer, W. A. Goddard III, M. S. Gordon, W. J. Hehre, A. Klamt, H. F. Schaefer III, M.
W. Schmidt, C. D. Sherrill, D. G. Truhlar, A. Warshel, X. Xua, A. Aspuru-Guzik, R. Baer,
A.T. Bell,N. A. Besley, J.-D. Chai, A. Dreuw, B. D. Dunietz, T. R. Furlani, S. R. Gwaltney,
C.-P. Hsu, Y. Jung, J. Kong, D. S. Lambrecht, W. Liang, C. Ochsenfeld, V. A. Rassolov, L.
V. Slipchenko, J. E. Subotnik, T. Van Voorhis, J. M. Herbert, A. I. Krylov, P. M. W. Gill,
and M. Head-Gordon. Advances in molecular quantum chemistry contained in the Q-Chem
4 program package. [Mol. Phys. 113, 184-215 (2015)].

W.S. Ohlinger, P.E. Klunzinger, B.J. Deppmeier, W.J. Hehre, J. Phys.Chem.A,103,10,2165(2009).
Chemical shifts only. HH coupling constants and splitting patterns are evaluated empirically.
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Chapter 2

Operating Spartan Student

This chapter describes the general operating features of Spartan
Student.

Opening and Exiting/Quitting Spartan Student

To open from Windows, click the Search field next to the Windows
icon and type: Spartan Student. Click on the Spartan Student v.9
app to open (or double click on the Spartan Student shortcut icon on
your desktop). To open from Macintosh, double click on the Spartan
Student icon in the Applications Folder. To exit, select Exit from the
File menu (select Quit Spartan Student from the Spartan Student
menu for Mac), or click the Close button (=) at the top right (@ top
left for Mac) of the Spartan Student interface.

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 menus (Drop Down),
for example, the Setup menu:

File Edit Model Geometry Build Display Options Activities Help

Calculations...
& Surfaces
& Submit

or under Windows (only) from a list of icons presented in a palette
(Button Pad), for example, the Display menu:

10 Chapter 2



? Qutput

o Properties

“ Orbital Energies

Q Surfaces

SrYav:
= Ii ||I Spectra

Spreadsheet

><5“\ Plots

ﬂ Reactions

Selection is made in the Settings Preferences dialog (Preferences...
under the Options menu; Chapter 10).

Icons for all menu functions (as shown alongside text in both Drop
Down and Button Pad styles) are available. Display choice (beyond
the default initially supplied with Spartan Student) is made in the
Icons tab (Preferences... under the Options menu; Chapter 10).
Icon size is selected from the Settings tab (Preferences... under the
Options menu; Chapter 10).

File

Allows you to build or sketch a new molecule or read in a molecule that
you have previously saved, to retrieve the structure, properties and IR
and NMR spectra from a molecule in Spartan Student’s database from

Chapter 2
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MNew Build

. | Build New Molecule
Oy

ﬂ Delete Molecule

Open

. Open Recent Documents

L
L. | Save

- Print

W Access PDB Online

Exit

/ New Sketch

-

/l Sketch New Malecule

1‘_ | Append Molecule(s)

P
, Close

Jp 0N

i | Save As
2
3

- Save Image As

H_. Access Database By Name
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its name, to retrieve a protein structure from the Protein Data Bank, to
print what is on screen or save it as an image file, and to make QuickTime
movies (Macintosh only). Open, Close, and program Exit functions are

also accessible.

Edit
‘ n Undo ‘ 4 Cut H J Copy ‘
A L
=] By N
‘ I Paste H Select All ¥<‘ Find ‘
\_\ Find Mext ‘ ‘ .‘C Center ‘ ‘ "-lir Clear ‘
1 5

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

Model
Model:
®
Wire Ball and Wire h Tube
) U"l
Ball and Spoke b Space Filling Hide
uz \
Toggles:
“ Global Model ‘) Coupled
' Labels _Jk Hydrogens ﬁ Ribbons
(4 @
R," Chirality ‘b Hydrogen Bonds i Ramachandran Plot
] “p " Hydrog -y
\ Configure. . .

Allows you to control the style of your model, to display hydrogen bonds
and to couple or decouple molecules in a multi-molecule document.
Enables display of a Ramachandran plot for a protein structure brought
in from PDB, toggles on/off display of hydrogen bonds and labels R/S

chiral centers.
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Geometry

G?F Measure Distance A_? Measure Angle _\?\_- Measure Dihedral
e Constrain Distance @ Constrain Angle e Constrain Dihedral
® L ] P
.':# Define Point .i_r‘ Define Ligand Point "é Define Plane
reeze Center : enerate lsomers ign
F Cent - G te | Alig

Allows you to measure and constrain bond lengths, angles and dihedrals,
define points and planes, specify atoms to be “frozen”, elaborate isomers
and align molecules.

Build

View j Edit Build j Edit Sketch

bé =i £

\’ Delete .\. Make Bond .-.’ Break Bond
Minimize Transition State

Allows you to build or sketch and edit molecules, and to build/estimate
a transition state geometry based on a library of reactions (using arrow
pushing markers).

Setup

‘ (‘.; Calculations Q Surfaces ‘
‘ ﬁ Submit ‘

Allows you to specify the task to be performed and the theoretical model
to be employed for this task, and specify graphical surfaces and property
maps and to submit jobs for calculation.”

If a quantum chemical calculation has previously been performed, or if the molecule
has been retrieved from the SSPD, surfaces are generated “on-the-fly” from the Spartan
Student graphical interface, and do not require submission to generate graphical models.
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Display

? Qutput

o Properties

“ Orbital Energies

Q Surfaces

STYar
= Ii ||I Spectra

Spreadsheet

><5“\ Plots

ﬂ Reactions

Allows you to display text output, molecular and atomic properties,
orbital energy diagrams, surfaces and property maps and infrared and
NMR spectra, as well as to access experimental IR and NMR over the
internet. Allows you to present data in a spreadsheet and make plots
from and perform regression analysis on these data, and to compute
reaction energies based either on user data or from entries in the database
associated with Spartan Student.

Options

.(} Preferences. . .

@ Fonts. ..

H"-‘ Monitor
“‘3\{ lcons

Colors

Graphics Fonts. . .

& =) F)

Calculator

Allows you to set display standards, specify the location of the database,
monitor executing jobs and customize colors, icons and other aspects of
the graphical user interface.

Activities

$ Tutorials

i Topics

Labs
=

-
- % Look up in Wikipedia

Allows you to display tutorials, topics, and lab
activities inside of Spartan Student and to search

Wikipedia.
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Help

> . 0 .
& 4 Spartan Student v Help Provides access to information on Spartan

IQ spatenswcenvo | SZWAent’s general operation and a number of
computational FAQ’s, the Spartan Student

=] License Ufiiy. .. Manual, and license information. Allows users
R checktor upaatss.. to check for version updates.
@ about Spartan stacert ... A complete listing of menu functions is
provided in Appendix B.
Additional Icons

A variety of other icons appear in Spartan Student, both in individual
dialogs and in the information bar at the bottom of the screen.

N/ Post to Spreadsheet Search Transition State

@@ Lock/Unlock Constraints («)/[x] Move Up/Down Dialog

»| Play | Pause |/ »] Step

Extend to Fullscreen Revert to Actual Size Stop

) wikipedia | Look Up in Wikipedia chemspider [ ook Up in ChemSpider

Tabs

Spartan Student assigns a tab to each open document. When more
than a single document is open, these appear in a single row along
the bottom of the screen in the order that the documents were created
or read. Backward and forward step keys ([4] and [»]) at the far right
provide access to tabs outside of those displayed. Documents are
selected for display by clicking on its tab. To the left of each tab
1s a check box, if checked, this indicates that the document will
be displayed on screen even if it is not the selected document. By
default, tabs are not checked. Selecting Pin New Documents from
the Settings tab (Preferences... under the Options menu; Chapter
10) changes the behavior and checks all tabs.
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Mouse/Keyboard Operations

The following functions are associated with a standard mouse and
keyboard. Note: the the zoom function (translation in the z plane) is
managed by the center mouse wheel (or moving the finger over the
center of the mouse for the standard Macintosh mouse)

Keyboard Left Right

- X/Y rotation, atom/fragment X/Y translation
substitution?, insertion®

Shift Range selection, Z rotate Zoom (Z translate)

Ctrl (view mode) multiple rotation, X/Y rotation X/Y translation for all
for all visible molecules visible molecules

Ctrl (build mode) selected fragment, selected fragment,
X/Y rotation X/Y translation

Ctrl (build) Windows chiral center inversion®

Command (build) Macintosh chiral center inversion®
Ctrl + Shift (view) Z rotation for all visible molecules

Ctrl + Shift (build) Windows selected fragment Z rotate,
absolute chirality inversion®

Command + Shift selected fragment Z rotate,

(build mode) Macintosh absolute chirality inversion®

Alt Windows (view) group selection®

Option Mac (view) group selection®

Alt Windows (build) bond rotation bond stretching
Option Mac (build) bond rotation bond stretching

a) Build mode only, requires double clicking.
b) With no keys pressed, holding down the center mouse wheel (or both left and right
mouse buttons), dragging enables a selection box for group selection.

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

Selection. Clicking (left button) selects objects on screen and/or
menu items. Left and right buttons together are used to define a
selection box for copying to the clipboard, as well as for multiple
model selection. Together with the Shift key, the left button allows
for selection over a range. Together with the Ctrl (Control) key, the
left button allows for multiple selection. Both range and multiple
selection apply not only to text items in lists, but to atoms and bonds
in molecules as well. Together with the Alt key (Option key for
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Mac), the left button allows for selection of an entire group (detached
molecular fragment).

In Edit Build mode (only), double clicking (left button) on an atom
exchanges it with the atom or atomic fragment selected in the model
kit. Double clicking on an atom while holding down the Ctrl key
leads to inversion in chirality of the atom and double clicking on a
molecule while holding down both the Ctrl and Shift keys inverts
the absolute configuration of the molecule. These operations are not
available in the 2D sketcher (Edit Sketch mode). Once an initial
fragment, group or ring has been specified, double clicking on the
background will insert it alongside (but not bonded to) whatever
currently exists on screen.

Manipulation. The left button is used for rotation and the right
button is used for translation and scaling of objects on screen. With
no keys depressed, moving the mouse while holding down the left
button gives rise to rotation about the X and Y (screen) axes, while
moving the mouse while holding down the right button gives rise
to translation in the X and Y (screen) directions. Together with the
Shift key, moving the mouse while holding down the left button
gives rise to rotation about the Z direction, while moving the mouse
while holding down the right button gives rise to scaling. The center
(scroll) wheel on the mouse may also be used for scaling.

The Ctrl key in conjunction with the left or right mouse buttons and
(optionally) the Shift key, signifies a change in focus away from
the default for the purpose of rotations and translations. Outside
of Edit Build/Edit Sketch mode, the default is focus on a single
molecule (the selected molecule). Use of the Ctrl key changes focus
to the entire set of molecules on screen, meaning that rotations and
translations are carried out globally. 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 the Ctrl key changes focus to a single
fragment (the selected fragment), and rotations and translations now
refer only to this fragment (does not apply to Edit Sketch mode).
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In Edit Build mode (only), moving the mouse while holding down
the Alt key (Option key for Mac) together with the left mouse button
rotates about the selected bond. With the right mouse button, this
changes the length of the selected bond. Bond rotation (only) may
also be accomplished by moving the mouse up and down inside the
demarked area at the left of the screen while holding down the left
mouse button (does not apply to Edit Sketch mode).

Additional keys control various Spartan Student functions.

Page Up, Page Down Moves up (Page Up), down (Page Down), to the

Home, End top (Home) and to the bottom (End) of the set of
open molecules. Also, moves up and down pages
in the Output dialog.

Insert In Edit Build/Edit Sketch fragment mode only,

(Option for Mac) inserts a new fragment on screen. This is

accomplished by selecting the fragment from the
model kit, holding down the Insert key and clicking
on screen. Insertion may also be accomplished
by double clicking on the background following
selection of a fragment.

Delete Deletes a fragment, free valence, reaction arrow or
the contents of a selection box. This is accomplished
by holding down the Delete key and clicking on
the fragment, etc.

Enter Required following text or data entry into
(Return for Mac) spreadsheet or dialogs.

Touch-Screen Operations

Tapping is equivalent to clicking and double tapping is equivalent
to double clicking. Touch commands for range and multiple
selection have not been implemented. One finger motions on screen
are equivalent to left button motions (object and bond rotation).
Two finger motions are equivalent to right button motions (object
translation). Two finger pinching is equivalent to scroll wheel
operations (zooming).
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Selecting Molecules

While two or more molecules may be simultaneously displayed in
Spartan Student’s window (see Tabs earlier in this chapter), only
one molecule may be selected. Only the selected molecule has
access to all capabilities. Molecule selection occurs by clicking on
its structure model or on any of its associated graphical surfaces.
The previously selected molecule is deselected.

Where the molecule belongs to a document with more than a single
molecule, selection from among the different molecules may be made
using either the [4] and [»] buttons or the scroll bar at the bottom left
of the screen. Clicking on ®| 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 the Settings tab
(Preferences... under the Options menu; Chapter 10). Clicking on
[n] (thatreplaces ®|) stops the animation. Ifthe spreadsheet associated
with the document is open (Spreadsheet under the Display menu;
Chapter 9), selection can also be made by clicking 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
display by checking the box immediately to the left of the molecule
label in the spreadsheet.

Database

Included with Spartan Student is a ~6,000 molecule subset of the
Spartan Spectra and Properties Database (SSPD).”™ This provides
infrared and NMR spectra in addition to a variety of molecular
properties obtained from the EDF2/6-31G* or ®B97X-D/6-31G*
density functional model. The database may be accessed either by
molecule name (see Chapter 3) or by molecule structure (see below).

The existence of the selected molecule in the database is signaled by
its name being displayed at the bottom of the screen.

** The SSPD is a growing collection of >300,000 organic molecules along with associated
properties and IR and NMR spectra data. Contact sales@wavefun.com for licensing options.
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Details are provided by clicking on [a] to the immediate left of the
molecule name (it then changes to [¥]). This brings up a dialog
that allows a 3D model of the entry in the database to be rotated,
translated and scaled using the usual mouse/keyboard commands
(you need to position the cursor inside the viewing area). Model
style may not be changed.

€ Spartan Student v8 £

¢

[ EDF2/6-316"
[ wB97X-D/6-31G*

Update malecule names when replaced.

[wBS?X-D,’G-&lG' 'H Replace I

The selected (on-screen) molecule may be replaced by the selected
database entry by clicking on Replace at the bottom of the dialog.
(Replacement can be undone by selecting Undo from the Edit
menu; Chapter 4). If Update molecule names when replaced is
checked, the name of the molecule in the database will replace the
name previously associated with the molecule.

In the event that the selected (on-screen) molecule belongs to a
multi-molecule document, it is possible to replace all molecules in
the document for which database entries are available. In this case,
clicking on Replace will give rise to a second dialog. Clicking on
All will replace all the molecules in the document, while clicking on
Current will replace only the selected molecule.

Stereo Displays

Spartan Student supports red-cyan stereo. Red/blue glasses must
be worn. To enter stereo-mode, select Stereo ON, under the Stereo
preference (Options menu, Preferences, Settings tab).
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Changing Colors and Setting Preferences

Colors and Preferences... under the Options menu (Chapter 10)
allow for changing default background and graphical object colors,
and for setting (and resetting) program defaults, respectively.

Monitoring and Terminating Jobs

Monitor under the Options menu (Chapter 10) allows for monitoring
of executing jobs as well as for terminating jobs.

Chapter 2 21



22

Tutonal 1
Walking Through

Spartan Student

This tutorial introduces a number of basic operations in Spartan
Student required for molecule manipulation, property query and
spectra and graphics display. Specifically it shows how to: i) open
molecules, ii) view different models and manipulate molecules on
screen, iii) measure bond distances, angles and dihedral angles,
iv) display energies, dipole moments, atomic charges and infrared,
NMR, and UV/vis spectra, and v) display graphical surfaces and
property maps. Spreadsheet operations are not illustrated, molecules
are not sketched or built and no calculations are performed.

1. Start Spartan Student. Click (left mouse button) on File from
the menu bar that appears at the top of Spartan Student’s main
window. Click on Open... from the File menu that appears.
Alternatively, click on the icon that appears at the top of the
screen. A file browser appears.

@ lapon at the top of the screen. If the icon is not available,
{g\ tap on File in the menu bar to bring up a palette of icons and

then tap on

Move to the Tutorials directory”, click on Walking Through
Spartan Student and click on Open.

@ Iap on Walking Through Spartan Student and tap on Open.
(S(\ Note that click (left mouse button) and zap (one finger) are
equivalent as are double click and double tap. We shall only
indicate click/double click throughout the text that follows.

*  For Windows, the Tutorials directory is found in Program Files/Wavefunction/Spartan
Student. 1t needs to be copied and saved to another location to access. For Macintosh, the
Tutorials directory is on the Spartan Student disc image. It needs to be copied to another
location available to the user (we recommend Documents or Desktop).
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A single document containing ethane, acetic acid dimer,
propene, ammonia, hydrogen peroxide, acetic acid, water,
cyclohexanone, camphor, 3-aminobenzophenone, ethylene,
benzene, aniline and cyclohexenone will be opened. A ball-and-
spoke model for the first molecule (ethane) will be displayed;
its name will appear at the bottom right of the screen. The
appearance of the name means that the molecule is included
in the =~6,000 molecule subset of the Spartan Spectra and
Properties Database (SSPD) installed with Spartan Student.

Practice rotating (move the mouse while holding down the left
button), rotating in the plane of the screen (move the mouse
while holding down both the left button and the Shift key),
and translating (move the mouse while holding down the right
button). Use the scroll wheel to zoom in and out, or alternately
move the mouse up or down while holding down both the right
mouse button and the Shift key.

@ To rotate, move one finger across the screen. To rotate in the

(S(\ plane of the screen, twist two fingers. To translate, move two
fingers across the screen. To zoom in, pinch two fingers together.
To zoom out, move two fingers apart.

Click on Model from the menu bar.

Model:
L
Wire Ball and Wire Tube
B - J

Ball and Spoke b Space Filling Hide
c.-z \

Toggles:

@ Global Model ‘ ), Coupled

‘! Labels "z Hydrogens ¢ Ribbons

R," Chirality “:b Hydrogen Bonds i Ramachandran Plot
] “p " Hydrog -y
-'\ Configure. . .

Tutorial 1
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[ ]

Wire Ball-and-Wire Tube Ball-and-Spoke

One after another, select Wire, Ball and Wire, Tube and finally
Ball and Spoke from the palette of icons that results from
selection of the Model menu. All four models for ethane show
roughly 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 ball-and-wire 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 represented by
solid cylinders. The tube model is better than the wire model in
conveying three-dimensional shape. The ball-and-spoke model
is a variation on the tube model; atom positions are represented
by colored spheres, making it easy to see atom locations.

Select Space Filling from the palette of icons that results from
the selection of Model menu.

Space-Filling

The space-filling model is different from the others in that bonds
are not shown. Rather, each atom is displayed as a colored
sphere that represents its approximate size. Thus, the space-
filling model provides a measure of molecular size. While
lines between atoms are not drawn, the existence (or absence)
of bonds can be inferred from the extent to which spheres on
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neighboring atoms overlap. If two spheres substantially overlap,
then the atoms are almost certainly bonded, and conversely,
if two spheres barely overlap, then the atoms are not bonded.
Intermediate overlaps suggest weak bonding, for example,
hydrogen bonding.

Click once on the right arrow key [#] at the bottom left of the
interface. This will move to the next molecule in the document,
acetic acid dimer. Its name will appear at the bottom of the
screen. If you make a mistake, use the backward [4] or forward
[v] step keys to access acetic acid dimer in the document. Switch
to a space-filling model and look for overlap between the (OH)
hydrogen on one acetic acid molecule and the (carbonyl) oxygen
on the other. Return to a ball-and-spoke model. Click on the
Model menu and select Hydrogen Bonds.

Ball-and-Spoke model for acetic acid dimer
with hydrogen bonds displayed

The two hydrogen bonds responsible for holding the acetic acid
molecules together will be drawn.

Distances, angles, and dihedral angles can easily be measured
with Spartan Student using Measure Distance, Measure
Angle, and Measure Dihedral (respectively), from the
Geometry menu.

G?F Measure Distance A—_? Measure Angle \?\ Measure Dihedral
e Constrain Distance @ Constrain Angle e Constrain Dihedral
.’f; Define Point .:iv: Define Ligand Point ";: Define Plane

% Freeze Center : Generate lsomers Ji Align

Tutorial 1
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a)

b)

Measure Distance: This measures the distance between
two atoms. Click once on [®] to move to the next molecule,
propene. Click on the Geometry menu and select Measure
Distance (or click on the «2» 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 right of the screen. Repeat the
process for different bonds or pairs of atoms. When you
are finished, select View from the Build menu (or cl/ick on
the &g icon at the top of the screen).

View ? Edit Build j Edit Sketch
bé =i £
\? Delete .\ Make Bond ..’ Break Bond
N o -
Minimize Guess Transition State

Measure Angle: This measures the angle around a central
atom. Click once on [®] to move to the next molecule,
ammonia. Click onthe Geometry menu and select Measure
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.
Alternatively, click on two NH bonds. The HNH angle (in
degrees) will be displayed at the bottom right of the screen.
Click on &g when you are finished.

Measure Dihedral: This measures the angle formed by
two intersecting planes, one containing the first three
atoms selected and the other containing the last three atoms
selected. Click once on [»] to move to the next molecule,
hydrogen peroxide. Click on the Geometry menu and
select Measure Dihedral (or click on the v icon if it
appears at the top of the screen) and then click in turn on
the four atoms (HOOH) that make up hydrogen peroxide.
The HOOH dihedral angle will be displayed at the bottom
right of the screen. Click on g when you are finished.
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5. Energies, dipole moments, atomic charges, thermodynamic and
QSAR properties (among other calculated data) are available
from Properties under the Display menu.

? Cutput o Properties
“ Orbital Energies Q Surfaces

=y
N

||I Spectra Spreadsheet

><5“\ Plots ﬂ Reactions

Molecule Properties:

a)

Tutorial 1

Molecule: Click once on [®] to move to the next molecule,
acetic acid. Click on the Display menu and select Properties
(or click on € icon if it appears at the top of the screen).
The Molecule Properties dialog appears. It provides the
energy and a host of other information relating to the isolated
molecule.

Molecule Properties u

Molecule QSAR Thermaodynamics 2-D Drawing Utilities

w4 MName: acetic acid

w4 Formula: Cz2H.O: w4 Expt Heat: -434.30 kl/mol
w4 Energy:-229.010331 au w4 T1Heat: -426.76 kl/mol
va EHOMO:-0.77 eV va ELUMO: 2.46 eV

w4 Conformers: 1 w4 Weight; 60.053 amu

w4 Point Group: Cs L4 Mass: 60.021 amu

L4 WBOTX-V/6-311+G(2df,2p)//wBATX-D/6-31G* Energy: -229.098810 au

o4 Dipole Moment: 163 debye, [ Display Dipale Vector

:_Q, Wikipedia ChemSpider

:él Labe|:|acetic acid | —

The energy for acetic acid is given in atomic units (Energy in
au). The magnitude of the dipole moment (Dipole Moment
in debye) is also provided in the Molecule tab. A large
dipole moment indicates large separation of charge. You can
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b)

c)

d)

display the dipole moment vector, +— where the + side
refers to the positive end of the dipole, to the model on the
screen, by checking the box to the left of Display Dipole
Vector near the bottom of the dialog.

The vector will not be displayed if the dipole moment is zero.
The dipole moment will not be reported if the molecule is charged
because in this case it depends on the location and orientation of
the molecule in space.

QSAR: Quantitative structure - activity relationship
properties including area, volume and polar surface area
(and many others) may be accessed from the QSAR tab.

Thermodynamics: Thermodynamic properties including
zero-point energy, entropy, enthalpy, Gibbs free energy, and
heat capacity are available from the Thermodynamics tab.

2-D Drawing: Spartan Student Edition will generate a
2-D drawing for anything constructed in 2D or 3D (with a
maximum limit of 100 atoms).

Utilities: Access to a number of convenient options related
to a molecule’s display, color, bonding and absolute
configuration are available.

Atomic Charges: To display the charge on an atom, c/ick on it
when the Molecule Properties dialog is on screen. The Atom
Properties dialog replaces the Molecule Properties dialog.
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Tutorial 1

Atom Properties n

Name: Carbon

Smlbas & . Electrostatic: -0.706
Atomic Number: 6

Mass Number: [12 * L4 Chem. shift: 18.8

Chirality: <none=

[ Freeze 4 Expt. Chem. Shift: 20.7 +

4 Exposed Area: 19.532 A*

Experimental Data From: |acetic acid 7

Edit: (Current Molecule)

Expt. Chem. Shift: | 207 ~

+ Item references experimental data from: acetic acid

:E' Label:|c2 | -

Atomic charges based on the electrostatic potential are
given in units of electrons. A positive charge indicates a
deficiency of electrons and a negative charge indicates an
excess of electrons. Repeat for other atoms. Confirm that
the positively-charged atom(s) lie at the positive end of the
dipole moment vector. When you are finished, close the
dialog by clicking on @ at the top.

Infrared Spectra: Molecules vibrate (stretch, bend, twist)
even at absolute zero. The infrared spectrum of a molecule
arises due to transitions between ground and excited-state
vibrational energy levels, that is, correspondence of the
frequency of the light and the energy of vibrational excitation.
Infrared spectroscopy is important for identifying molecules
as different functional groups vibrate at noticeably different
and characteristic frequencies.

Click once on [® to move to the next molecule in the
document, water. To animate a vibration, select Spectra
from the Display menu (or click on ‘|| if it appears at the
top of the screen). This leads to an empty spectra pane at the

bottom of the screen.
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Click on at the top left of the pane and select 'R | w-
from the available spectra.

D'R' Calculated D'R" 1 Experimental

1
|:| Il Calculated
1 1
|:| Ilu,lj Calculated |:| !w{l" Experimental
L =L

13, 13,
|:| C Calculated |:| C Experimental

Dm Calculated Dfu{N:\ Experimental

The calculated IR spectrum of water from 4000 - 500 cm’!
appears in the pane.

Spectra ? A <| T

IR Spectrum [cm™)

= =+ =+

There are three lines, one of moderate intensity around 3728
cm’!, one very weak around 3608 cm™ and one very strong
around 1623 cm™. In turn, move the cursor on the spectrum
(move the mouse while holding down the left mouse button
over each of these lines). In response, the molecular model
will vibrate. The line of moderate intensity corresponds to
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Tutorial 1

an asymmetric OH stretching motion, the very weak line
corresponds to a symmetric OH stretching motion and the
strong line corresponds to the HOH 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 spectrum and use the scroll wheel on your mouse (or
alternatively move the mouse while holding down both
the right button and Shift key). To reset the spectra plot to
the original values, click on ) in the bar at the top of the
spectra pane.

To see a complete listing of frequencies and intensities, click
on . at the left of the spectra pane.

=)
"lf I—yj-'ﬂx

W Spectrum [em ]

Click on each entry in the table to highlight the frequency in
the spectrum and animate the vibration. Click on ) again to
dismiss the table and click on 4 to remove the spectrum.

@. Changing the size of the spectra pane as well as translating
g(\ and rescaling a spectrum is quite simple with touch screen
operations. To resize the spectrum, position one finger inside the
menu bar at the top of the spectra pane and move up or down. To
translate the spectrum, move two fingers over the spectrum. To
alter the scale, pinch two fingers over the spectrum.

Click once on [»] to move to cyclohexanone, the next
molecule in the list. The spectra pane is still on screen but
should be empty. (If it is not on screen, select Spectra from
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the Display menu or click on ‘|| if it appears at the top of
the screen to restore.) Click on = in the bar at the top of the
spectra pane and select 'R« . The calculated infrared
spectrum of cyclohexanone appears.

IR Spectrum (em™)
D

ﬂ 3000 ﬂ

000

Calculated

The spectrum obtained from quantum chemical calculations
has been broadened (to account for finite temperature) and
scaled (to account for the fact that the underlying energy
function is assumed to be quadratic). The same broadening
and scaling parameters are used for all molecules. The
strongest line appears at 1759 cm™ and 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 functionality. Move the cursor over this
line and examine the “vibrating” model for cyclohexanone
on screen above the spectrum.

Click again on and this time select || . The
experimental IR spectrum (from the public NIST database)
is superimposed on top of the calculated spectrum.

IR Spectrum (em™)
D

2000 ﬂ

O 3500

Calculated
— Experimental

Note that the two spectra are quite similar. This would have
not been the case with the raw calculated data, however,
calculated frequencies and intensities have been empirically
corrected to account for finite temperature and for systematic
errors in the theory.
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When you are done, select (® from the bar at the top of the
spectra pane.

NMR Spectra: Along with mass spectrometry, NMR
spectroscopy is the most powerful tool available with which
to assign molecular structure. Among the nuclei that exhibit
NMR spectra, proton and "*C are by far the most important.

Click once on [®] to move to the next molecule in the
document, camphor. With the spectra pane on screen, click
on in the bar at the top of the spectra pane and select
0 "C s . The calculated *C NMR spectrum appears.

Calculated

i e e % 3
This comprises nine lines, in the range of 150 to 0 ppm
(there is a tenth line corresponding to the carbonyl carbon
at 217 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 60 to O ppm to get a better look at the
other lines.

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 == in the bar at the top of the spectra pane
and select ‘EL . The experimental "*C spectrum obtained

from a public database will be superimposed on top of the
calculated spectrum.

— Calculated
— Experimental

|

*3C Spectrum

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

empirically corrected (for density functional calculations
only).

Click again on == and select | == . An “idealized”
proton spectrum where three-bond HH coupling constants
are set to zero appears.
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Calculated

7 5

The manipulations are as before and the hydrogens
responsible for selected lines 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 comparison of *C spectra.

'H ne *J Spectrum

Click again on and select M| «~ from the palette.
The resulting spectrum which takes account of three-bond
HH coupling is more complicated and much closer to what
would be observed experimentally. Coupling constants and
splitting patterns have not actually been calculated from
quantum mechanics, but rather have been estimated based
on local environment.

Calculated

%u- I‘ 1 lLng I zgx
Zoom in on specific lines (scroll wheel) to see the detailed
splitting patterns. For example, the two protons at C; are
both split by the proton at C4. The doublet at 2.23 ppm
shows a much larger splitting than the doublet at 1.99 ppm
(you need to zoom way in to see that this is a doublet). This
reflects the fact that the proton responsible for the line at
2.23 ppm makes a dihedral angle of 43° with the proton at
C,4, whereas the proton responsible for the line at 1.99 ppm
makes a dihedral angle of 80°.

Finally, note that you can switch among the three calculated
NMR spectra (as well as the experimental *C spectrum)
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for camphor by clicking on the associated button in the bar
above the spectra pane. When you are done, remove all three
spectra by clicking (® three times in succession.

UV/visible Spectra: Absorption of light in the visible or
ultraviolet range of the electromagnetic spectrum leads to
electronic excitation from the ground-state to excited-states
and (in the case of absorption in the visible), is responsible for
a molecule’s color. UV/visible spectroscopy not only offers
a “fingerprint” but is also an important screen to identify
molecules that may be damaged by exposure to light.

Click once on to move to the next molecule,
3-aminobenzophenone. The spectra pane should still be
on screen. Click on and select DA% === . No empirical
corrections have been applied to the calculated spectrum
that appears.

Calculated

200 300 400 500 “00 700

UV/Vis Spectrum

Wifvis:

Click again on = = and select DA === . The experimental UV/
visible spectrum from the freely available NIST database
will be drawn on top of the calculated spectrum.

— Caleulated
/
Experimental

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 will not
often be able to account for the “color” of the molecule.
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Where the theory is likely to be more successful is in
anticipating changes in color resulting from subtle changes
in structure. Click on (® when you are done. Also, remove
the spectra pane either by clicking on &4 at the top right or
by selecting Spectra from the Display menu or by clicking
on ‘|| if it appears at the top of the screen.

Spartan Student permits display, manipulation and query
of a number of important graphical quantities resulting from
quantum chemical calculations. Most important are the electron
density (that reveals how much space a molecule actually takes
up), the bond density (that reveals chemical bonds), and key
molecular orbitals (that provide insight into both bonding and
chemical reactivity). In addition, the electrostatic potential
map, an 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 electrophilic addition is provided by the
local ionization potential map, an overlay of the energy of
electron removal (ionization) on the electron density. Finally,
an indicator of nucleophilic addition is provided by the |LUMO)|
map, an overlay of the absolute value of the lowest-unoccupied
molecular orbital (the LUMO) on the electron density.

Click once on [®] to move to the next molecule in the list,
ethylene. Click on the Display menu and select Orbital
Energies (or click @@ 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 two unoccupied molecular orbitals.

Tutorial 1
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10 4

LUMO

Orbital Energy (eV)

HOMO
10 o

54—

_z2p -

Click on the energy level in the diagram labeled HOMO. In a
second, the familiar © bond in ethylene will appear. Note that
the graphic has “blue” and “red” regions. These correspond to
positive and negative values of the orbital (the absolute sign
is arbitrary). Examine the other occupied orbitals (by clicking
on their respective energy levels in the diagram) as well as the
lowest-unoccupied molecular orbital (the LUMO). 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.

@ “Swipe” one finger up or down over the orbital energy
diagram to move to the next higher or lower energy level.

Click once on [®] to move to the next molecule in the list,
benzene. Click on the Display menu and select Surfaces from
the palette (or click on & if it appears at the top of the screen).
The Surfaces dialog appears.
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€) Surfaces X

O/l Surface Description Status IsoValue Resolution Label
[0  electrostatic patential map Completed 0.002 e/au® med Surfacel

add  ~*  More Surfaces... Delete Global Surfaces Auto-Gen is active.

Select electrostatic potential map inside the Surfaces dialog
(click inside the box to the left of the name). An electrostatic
potential map for benzene will appear. Click on the map. The
Style menu will appear at the bottom right of the screen. Select
Transparent from this menu. This makes the map transparent
and allows you to see the molecular skeleton underneath. Go
back to a Solid display (Style menu) in order to clearly see
color differences. The surface is colored red in the m system
(by convention, indicating negative potential and the fact that
this region is attracted to a positive charge), and blue in the
o system (by convention, indicating positive potential and the
fact that this region is repelled by a positive charge). Click
on the Display menu and select Properties (or click on €D
if it appears at the top of the screen) and click on the surface.
Remove the checkmark from the box to the left of Bands in the
Surface Properties dialog to replace the series of color bands
(discrete display) by a continuous display.”

*  Discrete displays are the default. You can change the default to continuous displays from
the Molecule Preferences dialog (Preferences... under the Options menu; Chapter 10,
Spartan Student Manual).
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Surface Properties IE\

local ionization potential map
Property Range: (eV) Style:
‘ 10.3006 17.6817 | [Reset | [solia -]

4 Min1030 i Max:17.68 |Reset Myn| [ Bands:

Color Style:

: 0,002 efau®
Isoval : [Red-Green-EIue ']

Clipping:
4 Vval12.410131 eV

&
4 [ selected Area: .
[T] Inaccessible Markers
[7] Legend
4 Acc Area: 10429 A [ silhouette

4 Area:r12551 A® Li Vol 10878 A*

Global Surfaces [[]

:E' Label: Surfacel B

Click once on [*] to move to the next molecule in the list, aniline,
and select local ionization potential map inside the Surfaces
dialog. 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
ionization is relatively difficult (by convention, colored blue).
Note that the ortho and para ring carbons are more red than the
meta carbons, consistent with the known directing ability of the
amino substituent.

Click once on [*] to move to the last molecule in the list,
cyclohexenone, and select LUMO inside the Surfaces dialog.
The resulting graphic portrays the lowest-energy empty
molecular orbital (the LUMO) of cyclohexenone. This orbital
is delocalized onto several atoms and 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. First, remove the LUMO from your structure (select
LUMO 1in the Surfaces dialog) and then turn on the LUMO
map (select [LUMO| map in the dialog). By convention, the
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color blue is used to represent maximum value of the LUMO
and the color red, minimum value. Note that there are two blue
regions, one directly over the carbonyl carbon and the other over
the 3 carbon. This is entirely consistent with known chemistry.

Enones may either undergo carbonyl addition or conjugate
(Michael) addition.

(0]
CH3LI CH3 QCULI
carbonyl addition Michael addition
CH

When you are finished, close the document by selecting Close
from the File menu or alternatively by clicking on the '3 icon
if it appears at the top of the screen.

HO CHs

Tutorial 1
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Section 11
Tutorials

This section includes a brief description (Getting Started) of a
collection of tutorials organized of 10 Chapters covering a good
portion of available features in the Spartan Student’s graphical
user interface (GUI). Where appropriate estimates are given for the
approximate amount of computational time (these are based on a
modestly configures (quad core) laptop.

Completing the full set of tutorials in this section will take a few
hours of your time. This will not make you an “expert”, but will leave
you comfortable enough to navigate throughout Spartan Student.
Later tutorials build upon skills introduced in earlier tutorials and
will expose you to a wider range of the program’s features and
capabilities.

Finally, a selection of 42 Labs, organized into the following broad
categories:

General Chemistry, Organic Chemistry, Physical Chemistry,
Organometallic Chemistry, and Biochemistry are available from
within the program, accessible from the Activities menu.
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Getting Started

The tutorials that follow provide an introduction to both the user
interface and the calculation capabilities of Spartan Student. The
intent is to provide hands-on experience with the user interface and
in doing so, illustrate the setup, submission, and interpretation of
molecular mechanics and quantum chemical calculations. Tutorials
are not intended to illustrate the full range of capabilities available
in Spartan Student, but focus on building and sketching a variety
of molecules and on use of the program to calculate equilibrium and
transition-state geometries, to search conformation space, to align
molecules, to evaluate reaction thermochemistry and activation
energetics and to obtain NMR, infrared spectra and UV/vis spectra.

Sketching Organic Molecules (Tutorial 2) and Building Organic
Molecules (Tutorial 3) present alternative ways to specify molecular
structure, the first step in performing a molecular mechanics or
quantum chemical calculation. The advantage of 2D sketching over
3D building becomes more and more evident as molecular size and
complexity increase, and with the rapidly growing popularity of
touch-screen tablets and Windows PC’s. The 3D building paradigm
i1s quite general and Spartan Student provides tools not only for
building organic molecules (described in Tutorial 3) but also for
inorganic and organometallic molecules and for polypeptides and
polynucleotides. The tutorials in these chapters are limited to building/
sketching and do not involve either calculations or examining the
results of calculations.

The tutorials in Spectra, Properties, and Graphical Models of Organic
Molecules from the Database (Tutorial 4) and Spectra, Properties
and Graphical Models from Quantum Chemical Calculations
(Tutorial 5) make use of the same molecules sketched or built in the
previous chapters, but with focus on obtaining and interpreting the
results of calculations.

The tutorials in Groups of Organic Molecules (Tutorial 6) introduce
multi-molecule documents and associated spreadsheet, plotting and

Getting Started 43



analysis tools available in Spartan Student. In order to save time,
no quantum chemical calculations are required with all results being
drawn from the database (Spartan Spectra Properties Database).

The tutorials in Spectra of Organic Molecules (Tutorial 7) further
illustrate the use of Spartan Student to interpret infrared spectra, to
assist in the assignment of NMR spectra, and to introduce the UV/
visible spectra calculation.

All of the molecules considered up to this point have either been
rigid or have been assumed to exist in a single conformer. In reality,
most molecules can adopt more than one conformation. The tutorials
in Flexible Molecules (Tutorial 8) illustrate how to examine the
conformational profile of a molecule with only a single rotatable
bond, how to assign the lowest-energy conformer of a molecule with
multiple degrees of freedom and how to interpret the NMR spectrum
of a flexible molecule.

Organic Reactions (Tutorial 9) illustrates two approaches available
in Spartan Student for finding the transition state for an organic
reaction. The first starts from a guess based on the structure of the
reactant together with a set of “reaction arrows”, while the second
moves a geometric variable through the transition state.

Applications to proteins and nucleotides are provided in Biomolecules
(Tutorial 10). Access to the PDB is illustrated.

Finally, Inorganic and Organometallic Molecules (Tutorial 11)
illustrates the inorganic model kit available in Spartan Student. An
example of a transition state for an organometallic reaction is also
provided.
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Tutorial 2
Sketching Organic Molecules

The tutorials in this section introduce and illustrate tools to sketch
organic molecules in 2D and convertthem into realistic 3D structures.

Not only are 2D sketches (or “drawings”) more familiar to most
chemists (and chemistry students) than 3D structures, they are
often easier to produce especially for complex molecules that may
incorporate fused rings or require stereochemistry to be defined. The
advent of touch-screen 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 sketched in seconds.
The key is automatic and reliable conversion from 2D drawings to
3D structures.

Sketch Palette

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

gamn% of
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These include atoms that are most commonly found in organic
molecules (H, B, C, N, O, F, Si, P, S, Cl, Br and I), the phenyl,
cyclohexyl and cyclopentyl rings and the carbonyl, acid/ester and
amide functional groups. A More icon (immediately below H and
B icons) allows for entering additional elements, functional groups
and ligands. The palette also contains stereochemical markers and
charge/radical markers.

Tutorial 2
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Sketching a Molecule

To start a sketch, first select (c/ick on) an atom, group, ring or wildcard
icon in the palette and then double click in the white portion of the
screen (the drawing area). To draw a bond, first c/ick on an atom,
group, or ring 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 the cursor while holding
down the left button (“drag” the cursor) to the place in the drawing
area where you want the bond to end and release the button. Multiple
bonds are made by dragging over existing bonds.

1. position 3. release
—_— [ | gives ——
2. drag
1. position 3. release 6. release
— 0 — 1

5 d gives
4. position ™ rag \

1. position o drag 3. release _
. P S— . gives ——
6.release °- drag 4. position

. To make a bond touch the screen where you want it to start, move
(S(\ one finger to where you want it to end and lift. Replace position by
touch, drag by move and release by lift in the diagram above.

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
and Shift key. Use the scroll wheel to resize the sketch.

. To translate the sketch, move two fingers over the screen. To rotate
(S(\ the sketch in the plane of the screen, “twist” two fingers on the
screen. To resize the sketch, pinch (or spread) two fingers on the screen.
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N,N-Dimethylaniline

3.

N

Select New Sketch from the File menu (or click on if it
appears at the top of the screen) to bring up the sketch pad. Click
on (7] in the palette and double click on screen.

Click on m in the palette. Position the cursor over the “top”
carbon on the benzene ring, drag it up and release. You have
drawn aniline.

Click on E in the palette. Position the cursor over the nitrogen,
drag it up and to the left and release. a is still selected. Again
position the cursor over the nitrogen, drag it up and to the right
and release.

Clickon & in the palette to clean up your drawing and click on
&9 to produce a 3D structure. The name N,N-dimethylaniline
will appear at the bottom of the screen as the molecule is in the
database.

Close N,N-dimethylaniline.

trans-Stilbene

Select New Sketch from the File menu () to bring up the
sketch pad. Click on a in the palette. Position the cursor on
the screen, drag it to the right and release. Position the cursor
on one end of the line (CC bond) that you have just drawn, drag
it to the other end and release. You have drawn ethylene.

Tutorial 2



48

2. Click on [£]. Position the cursor over the left end of the double
bond, drag it down and to the left and release. You have drawn
styrene.

3. 1s still selected. Position the cursor over the right end of the
double bond, drag it up and to the right and release.

4. Clickon { to clean up your drawing. Click on &g to convert
it to a 3D structure. The name trans-stilbene will appear at the
bottom of the screen as the molecule is in the database.

5. Close trans-stilbene.

Indigo

1. Select New Sketch from the File menu ( ). Click on |} and
double click on screen.

2. @ is still selected. Position the cursor over C, (see numbering
in diagram above), drag it to the right and release. Your sketch
should appear as below.

3. Select n from the palette. Position the cursor above C;, drag it

away from the ring and release. Again position the cursor above
C;, drag it along the CO bond to the oxygen and release. Repeat
for C;'. You are left with a drawing.
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O

Select m from the palette and one after another double click
on C] and Clv.

Select B from the palette. Position the cursor above C,, drag
it to C,' and release.

H O
/
N
N
/
0 H

Select [ from the palette and double click on the bond
connectlng Cs, and C;,. Repeat for Cs, and Cs,.

Clickon ¢ to clean up your drawing and click on gg to turn it
into a 3D structure. The name indigo will appear at the bottom
of the screen as the molecule is in the database.

Close indigo.

3-Cyano-4-methylcyclohexenyl Radical

l.

2.

. CN

the palette and double click on screen.

Click on E in the palette. Position the cursor over C, (see
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7.

diagram above for numbering), drag it away from the ring and
release. You have drawn methylcyclohexane.

a is still selected. Position the cursor over C;, drag to C, and
release. You have drawn 4-methylcyclohexene.

Double-click on the More icon that is located immediately below
H and B in the palette, and then cl/ick on the Groups tab. Click on
—CN in the upper right corner. CN now appears as the selected
icon. Position the cursor over C;, and drag it away from the ring
and release. You have drawn 3-cyano-4-methylcyclohexene.

One of'these icons (6,@, ) will appear in the palette directly
below _J Ifitisnot (., click on the icon until the icon 1s

Double click on Cs. A “dot” (radical marker) will appear next to
Cs.

Clickon ¢ to clean up your drawing and click on fg to make
a 3D structure. The name will not appear at the bottom of the
screen as this radical is not in the database.

Close 3-cyano-4-methylcyclohexenyl radical.

Androsterone

Select New Sketch from the File menu () to bring up the
sketch pad. Click on [ and double click on screen. Cyclohexane

is still selected. Double click on the 5-10 bond (see diagram

above).
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Cyclohexane is still selected. Double click on the 8-9 bond.

Click on @ and double click on the 13-14 bond. You have now
drawn the complete steroid skeleton.

Click on B, position the cursor over C,o, drag up and release.
Repeat for Ci;.

Click on u Position the cursor over C;, drag down and to the
left and release. Position the cursor over C;;, drag up and to
the right and release. Convert the single (CO) bond at Cy; to a
double bond. Double click on the C-OH bond to convert this to
a carbonyl bond.

It is necessary to explicitly specify hydrogens at Cs, Cg, Cy and
C,41n order to incorporate the necessary stereochemical cues (up
and down “wedges”) in your drawing. Click on | . *, position the
cursor over Cs, drag away from the ring and release. Repeat for
Cyg, Co and Cy,.

Click on [g. Position the cursor over Cy, drag along the bond
to the methyl group that you drew in step 4 and release. Repeat
for C;. Position the cursor over Cg, drag along the CH bond
that you drew in step 6 and release. Up wedges will appear for
all three centers.

Click on [. Position the cursor over Cs, drag along the CO
bond that you made in step 5 and release. Position the cursor
over Cs, drag along the CH bond that you made in step 6 and
release. Repeat for the CH bonds at Cy and C,4. Down wedges
will appear for all four centers.

Click on ¢ to clean up your drawing. Click on bg. The name
androsterone should appear at the bottom right of the screen as

*

Beginning in Spartan Student v.9, you can sketch with stereochemical markers. This
removes the need to first create a bond and then modify its stereochemistry.
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10.

1.

the molecule is in the database. If it does not, you have made
an error somewhere. Select Edit Sketch from the Build menu
or click on %, if it appears at the top of the screen to return to
the sketch pad.

Androsterone incorporates seven chiral centers. To assign them
as R or S, select R/S Chirality from the Model menu or click on

®is 1f it appears at the top of the screen. R/S labels will appear
next to each of the chiral centers.

Close androsterone.
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Tutorial 3

Building Organic Molecules

The tutorials in this section introduce and illustrate tools to build 3D
molecular structures. These include atomic fragments, functional
groups andrings containedin the organic model kit together with tools
formaking and breaking bonds, deleting atoms and refining structure.

Organic Model Kit

The organic model kit contains a selection of atomic fragments
corresponding to elements commonly found in organic molecules.

Model Kit =
[ Qrganic ” Inorganic ]
[ Peptide ” Nucleotide ]
\yC_
‘ :\}C_ sp® Carbon =
iy ~ ™~
BN
N D \
NN —
EIENENEN
R h A
NN
~, hS
A ENEN
\ Groups || Rings ‘
More hd Clipboard
» “e « Be
[

Difterent hybridization states are included for some elements (C, N,
O, and S) from top to bottom.
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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 by clicking on its icon, which is then displayed
in a box at the top of the model kit. Once selected, the fragment may
be used to initiate building, to add alongside of an existing structure or
appended onto an existing structure. To initiate building, double click
anywhere on screen. To add alongside of an existing structure, double
click in a blank area on screen. To bond to an existing structure, click
on a free valence (not an atom). Free valences are colored yellow
on the selected molecule. Bond type in the case of atomic fragments
with multiple bond types, for example, sp* carbon, depends on the
nature of the free valence selected.

Clicking on the Groups button near the bottom of the model kit
changes the focus from fragments to groups, one of which will be
shown in the box at the top of the model kit and named directly
underneath. Clicking on the name brings up a menu of available groups.

{ Alkenyl
-C=c-  Alkynyl
J6==0%  Allenyl
e Amide
Nehen azido
=0 Carbonyl
B
a

& carboxylic Acid/Ester

o
~N=C Isocyano
o -
Nitro
Mitrosa
0 Phosphine Oxide
450 Sulfone

S=0 Sulfoxide
Once selected from the menu, a group may be used to initiate building,
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to add alongside of an existing structure on screen, or to add to an
existing structure.

Clicking on the Rings button near the bottom of the model kit changes
the focus to rings, one of which will be shown in the box at the top
of the model kit and named immediately underneath. Clicking on the
name brings up a menu of available rings.

A, Cyclopropane
O Cyclobutane
O Cyclopentane
o Cyclohexane
(:‘f Cycloheptane

g Benzene
L0 Maphthalene
J:;CC: Anthracene

ok
ﬁ,i.O Phenanthrene

,¢lé‘> Indene
-ﬁgﬁfr Fluorene

Once selected from the menu, a ring may be used to initiate building,
to add alongside of an existing structure on screen, or to add to an
existing structure.

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. Note also,
that the amide and carboxylic acid/ester groups and the cyclohexane,
cycloheptane, naphthalene, phenanthrene, indene and fluorene rings
have more than one different free valence. The free valence that is
to be used is marked with a gold ¢ (in the icon shown in the box at
the top of the model kit). The marked position circulates among the
possible positions with repeated cl/icking on the icon. Selection of an
axial or equatorial free valence in cyclohexane and cycloheptane is
indicated by the label ax or eq appearing alongside the icon.

*  Additional heterocycles are available from the [ _ve= [ ~ | button, which accesses a library
of additional molecules including nitrogen, oxygen, and sulfur heterocycles.
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Acrylonitrile

Click (left button) on the File menu and select (click on) New
Build. Alternatively, c/ick on @ at the top of the screen. The
organic model kit appears. Click on trigonal planar sp? hybridized
carbon from the fragment library. A model of the fragment
appears at the top of the model kit. Bring the cursor anywhere on
screen and double click (left button). To maintain compatibility
with the sketch builder (see next tutorial), a double click is used
to add the first fragment. This can be changed to single click (as
in previous versions of Spartan Student) from the Settings tab in
the Preferences dialog (Preferences under the Options menu).
Rotate the carbon fragment (drag the mouse while holding down
the left button) so that you can clearly see the double free valence
(=) and the two single free valences (-).

sp? carbon is still selected. Click on the double free valence. The
two fragments are connected by a double bond, leaving you with
ethylene. The name ethylene will appear at the bottom right of
the screen. If you make a mistake and click instead on the single
free valence, select Undo from the Edit menu (or click on ) at
the top of the screen). You can also start over by selecting Clear
from the Edit menu (or c/ick on 1l from the Edit menu).

Click on the Groups button at the bottom of the model kit, click
on the name of whatever group is shown in the text box at the
top of the model kit, and select Cyano from the groups available
from the menu. Click 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 now
appear at the bottom right of the screen.

Click on [Re at the bottom of the model kit. (You can also select
Minimize from the Build menu or click on [Be if the icon appears
at the top of the screen.) The molecular mechanics energy (36.2
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kJ/mol) and symmetry point group (C;) are provided at the
bottom right of the screen.

5. Select View from the Build menu (or click on the &g icon at the
top of the screen). The model kit disappears, leaving only a ball-
and-spoke model of acrylonitrile on screen. As noted, the name
appears at the bottom of the screen, indicating as acrylonitrile
is in the database.

®

¢

ball-and-spoke model

This model can be rotated, translated and zoomed by using the
mouse 1n conjunction with keyboard functions. To rotate the
model, drag the mouse while holding down the left button; to
rotate in the plane of the screen also hold down the Shift key.
To translate the model, drag the mouse with the right button
depressed. To zoom the model (translation perpendicular to the
screen), use the center mouse wheel (scroll wheel) if available,
or hold down the Shift key in addition to the right button while
dragging the mouse up (zoom in) or down (zoom out).”

@. Rotate the molecule by moving one finger over the screen.
Rotate in the plane of the screen by twisting two fingers.
Translate by moving two fingers. Zoom by pinching two fingers.

6. Select Close from the File menu or click on ' 5 at the top of the
screen.

*  Described is standard 3-button (center wheel) mouse behavior, both Windows and
Macintosh allow for user customization of mouse behavior.
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Cyclohexanone

4.

o)

A

Click on the File menu and select New Build from the palette or
click on Lf[ at the top of the screen. Click on the Rings button
near the bottom of the model kit, click on the name of whatever
ring is shown in the selection bar and select Cyclohexane from
the list of rings. Double click anywhere on screen.

Select sp* carbon from the model kit. Double click on
any carbon (not a free valence). The sp® hybridized carbon will
be replaced by an sp® hybridized carbon.

In the Organic Model Kit, fragment replacement is subject both to
the usual valence rules and to the availability of free valences. For
example, replacement of an sp® carbon by an sp* carbon requires
that at least two free valences are available.

Select sp? oxygen from the model kit. Click on the double
free valence on the sp? carbon. You have made cyclohexanone.
Clickon [Be at the bottom of the model kit to produce a structure
with C, symmetry. Click on &g to remove the model kit. The
name cyclohexanone appears at the bottom of the screen as the
molecule is in the database.

Close cyclohexanone.

Limonene

Select New Build from the File menu (or click on the |-¢] icon
at the top of the screen) to bring up the organic model kit. Click
on the Rings button near the bottom of the model kit, click on
the name of whatever ring is shown and select Cyclohexane
from the list of rings. Double click anywhere on screen.
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Click on the Groups button near the bottom of the model
kit, click on the name of whatever group is shown and select
Alkenyl. Click on the equatorial free valence on C, (see figure
above for numbering). You have made vinylcyclohexane.

Click on the Make Bond icon ( %) at the bottom of the model
kit. One after another click on the axial free valence on C, and
then the axial free valence on C,. You have made 4-vinyl-1-
cyclohexene.

Selectsp? carbon from the model kit and one after another
click on the free valence on C, and on the free valence of the
vinylic carbon attached to the ring. You have made limonene.
Click on [Re at the bottom of the model kit to give a refined
geometry and finally click on (g) to remove the model kit.
The name will appear at the bottom of the screen as limonene
is in the database.

Close limonene.

Nicotine

N
| > Me
N
Select New Build from the File menu (@ ). Click on the Rings
button in the model kit. Click on the name of whatever ring

is shown in the window at the top of the model kit and select
Benzene. Double click anywhere on screen.

Click on the name Benzene (the currently selected ring) in the
model kit and select Cyclopentane from the list of rings. Click
on one of the free valences on benzene on screen. You have
made phenylcyclopentane (the name will appear at the bottom
of the screen).

Click on sp? nitrogen in the model kit () and double
click on the appropriate (meta) carbon (not a free valence) in
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the benzene ring for the structure on screen. You have made
3-cyclopentylpyridine.

Click on sp® nitrogen in the model kit () and double
click on the appropriate carbon in the cyclopentyl ring for the
structure on screen. You have made nornicotine. Note, if you
have built the R enantiomer, Spartan will name this 3-[(2R)-
1-methylpyrrolidin-2-yl]pyridine. Click on €) to access the
Molecule Properties dialog, click on the Utilities tab. Finally,
click on the Change Absolute Configuration button. The name
(r,s)-nornicotine will appear at the bottom of the interface.

Click on sp® carbon in the model kit () and click on the
free valence on the nitrogen in the pyrrolidine ring. Click on
e at the bottom of the model kit to clean up your structure.
The name nicotine will appear at the bottom of the screen as
the molecule is in the database.

Click on the bond connecting the pyridine and pyrrolidine rings.
Ared arrow will encircle the bond and will also appear at the top
of a narrow shaded band at the left of the screen. While holding
down the left mouse button, move the cursor up or down inside
this band to rotate about the bond.”

@. Move one finger up and down on the bond to rotate about the
bond.

Select R/S Chirality from the Model menu ( ®s ). The R/S
chirality will be displayed. The S isomer is the naturally
occurring isomer of nicotine.

Close nicotine.

*

Bond rotation may also be accomplished by left clicking to select the bond, then holding
down the Alt (Windows) or Option (Macintosh) key and with the left mouse button
depressed, moving the mouse up or down.
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Tutorial 4

Spectra, Properties and
Graphical Models of Organic
Molecules from the Database

The tutorials in this and the section that follows will utilize the
molecules that you built and sketched in the preceding two tutorials.
The emphasis shifts from providing input, to analyzing the results
of quantum chemical calculations (this tutorial) and to submitting
calculations (the following tutorial).

The database supplied with Spartan Student provides atomic and
molecular properties as well as IR and NMR spectra that have
previously been calculated using the wB97X-D/6-31G* density
functional model. The wave functions are available, allowing
graphical models to be generated and displayed “on-the-fly”.

P

1.  Build limonene ( Lf[ ), minimize ( [Se ) and exit the builder (5d).
Alternatively, sketch limonene (@ ) and exit the sketcher (&g).

Limonene

2. Click on the name limonene at the bottom of the screen and click
on Replace in the dialog that results. Properties and spectra for
limonene are now available.

3. Select Spectra from the Display menu, or click on ‘|| if it
appears at the top of the screen. Click on at the top of the
spectra pane that results to show available calculated spectra (in
red) and (possibly) available experimental spectra (in blue).
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I:llR .\ Calculated D'Rﬂ 1 Experimental

1
|:| ![ Calculated
1 1
|:| ![IL‘] Calculated |:| !H‘%\. Experimental
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13, 13,
|:| c Calculated |:| c Experimental

i Calculated e Experimental
N N~ =P

Select O "Gwusea . The calculated *C NMR spectrum appears in
the spectra pane. Move the cursor horizontally over the spectrum.
You will see that when you intersect a line, it will be highlighted
in the spectrum and the value of the chemical shift indicated.
Also, the carbon (or carbons) in the structure responsible for
this line will be highlighted in the structure model (in the top
part of the screen). You will see that there are ten lines in the
calculated *C spectrum, corresponding to the ten unique carbons
in limonene.

Again, click on at the top of the spectra pane, but this time,
select ‘E' The experimental *C spectrum of limonene
will be superimposed on top of the calculated spectrum. Visual
comparison will give you an idea of what you can expect from
BC shift calculations. To get an even better idea, alter the
range of the scale (initially from 150 to 0 ppm), by moving
the cursor over the spectrum while holding down the right
button. You can also change the scale (initially from 150 ppm),
that is, zoom-in or zoom-out, using the scroll wheel on your
mouse. You can return to the original setting by clicking on
() in the bar at the top of the spectra pane.

@. Move one finger over the spectrum to select a line. Move
two fingers over the spectrum to shift the range of the scale
and pinch two fingers to zoom in and out.

Close limonene.
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Indigo

1. Build indigo (Lﬂ), minimize ([Re ) and exit the builder (&g).
Alternatively, sketch indigo ( @) and exit the sketcher ( 66).

2. Click on the name indigo at the bottom of the screen and make
sure ®B97X-D/6-31G* is selected and cl/ick on Replace in the
dialog that results. Properties and spectra for indigo are now
available. If the name does not appear, then you have made an
error. In this case, re-enter either the builder by selecting Edit
Build from the Build menu (., ), or the sketch pad by selecting
Edit Sketch from the Build menu (2,) and correct your model.

3. The calculated proton NMR spectrum of indigo can be displayed
in two ways. The simpler “idealized” presentation assumes that
three-bond HH coupling constants are zero. Select Spectra
from the Display menu ( | |) to bring up the spectra pane. Click
on in the bar at the top to show available calculated spectra
(in red) and possibly available experimental spectra (in blue).
Select ‘L'ﬂaﬁ from the palette. The spectrum that results
shows only lines corresponding to the four unique hydrogens.
To see the more familiar (and more complex) proton spectrum,
click again on ==, but this time select ™| <= . The same four
lines appear, but all are split (as in a real proton spectrum). The
lines at = 6.72 and 7.88 ppm are doublets due to C; and C,,
respectively (and split by Cys and Cs, respectively). The lines
centering at = 6.9 and 7.48 are quartets (doublet of doublets),
due to Cs and Cg, respectively (and split by C, and C4 and Cs
and C,, respectively).

4. The experimental proton NMR for indigo is not available from
the on-line database. However, the experimental *C spectrum is
available. You can if you wish compare it to the corresponding
calculated spectrum. Either is accessed by clicking on == at the
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5.

top of the spectra pane followed by selecting the appropriate
entry from the resulting palette.

Close indigo.

trans-Stilbene

Build trans-stilbene (Lﬂ), minimize ([2e ) and exit the builder
(66). Alternatively, sketch trans-stilbene (@) and exit the
sketcher (66).

Click on the name trans-stilbene at the bottom of the screen,
make sure wB97X-D/6-31G* is selected and then click on
Replace in the dialog that results. Data are now available.

Select Spectra from the Display menu ( | |). Click on == in
the bar at the top of the spectra pane and select \'“ | @ | The
calculated IR spectrum of trans-stilbene appears in the spectra
pane. You may find it valuable to increase the size of the spectrum.
Position the cursor inside the bar at the top of the spectra pane
and drag it up.

Move the cursor horizontally over the spectrum. You will see
that as you intersect a line in the spectrum, it will turn green
and the value of the frequency will appear at the bottom. In
addition, the molecular model ““vibrates” to reflect the motion
that the molecule undergoes. Examine the motions of one or
more of the lines of moderate intensity in the vicinity of 1500
cm! (at 1446, 1494 and 1609 cm™). You might find it useful to
expand the scale (use the scroll wheel) or to shift it (move the
mouse horizontally over the spectrum while holding down the
right button). You can return to the original settings by clicking
on (%)) in the bar at the top of the spectra pane.
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@ Move one finger over the spectrum to select a line. Move
two fingers over the spectrum to shift the range of the scale
and pinch two fingers to zoom in and out.

Click on from the bar at the top of the spectra pane and
select 'R | =wnw . The experimental IR spectrum of trans-stilbene
obtained from the public NIST database will be superimposed
onto the calculated spectrum. Note that the two spectra are similar
although the experimental spectrum exhibits a number of (small)
lines not found in the calculated spectrum.

Close trans-stilbene.

Nicotine

Build nicotine (|-¢]), minimize ([Re ) and exit the builder (&g).
Alternatively, sketch nicotine (@) and exit the sketcher (ba).

Click on the name micotine at the bottom of the screen, and
click on Replace in the dialog that results. Your structure will
be replaced by that in the database making the wave function
available.

Select Surfaces from either the Setup or Display menu or click
on (@) if it appears at the top of the screen. Click on Add
(at the bottom of the Surfaces dialog that results) and select
electrostatic potential map from the menu. This requests an
electrostatic potential map (an electron density surface onto
which the value of the electrostatic potential is mapped). A line
electrostatic potential map appears at the top of the dialog.

The graphics calculation will run automatically following your
request. When it completes in a few seconds, check the box to
the left of electrostatic potential map in the Surfaces dialog.
The surface itself corresponds to the electron density, and
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provides 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 potential (orange to red). Which is the more negative,
the nitrogen in the pyridine ring or that in the pyrrolidine ring?

Quantify your observation. Select Properties from the Display
menu or click on (€D) if it appears at the top of the screen and
click anywhere on the electrostatic potential map. This will bring
up the Surface Properties dialog.

Surface Properties a
electrostatic potential map
Property Range: (kJ) Style:
[ 200 I ||| Reset | [soia <
4 Min: 20236 .. Max 89.06 | Reset M/M Bands: 7 -
Color Style:
Isoval: [0.0020 e/au ¥ | | 99.18% ~ Red-Green-Blue A
Clipping:
4 vak-95 ki La P-Area: 1264 A* ®

va [ selected Area: _
Display:

. Area: 196.54 A* L4 Vol 187.49 A® [ Inaccessible Markers
[J Legend
4 Acc Area: 14308 A° (i Acc P-area: 11.51 A% [ silhouyette

Global Surfaces

e - :
oQ Label: |e|edrnstatlc potential map - nicotine | v

Check the box to the left of Legend to display the property range
on screen. (Uncheck the box to remove the legend.) To translate
the legend, click on 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 and
click on the area that is “most red”. An arrow marks the point on
the surface and the value of the potential is shown to the right
of the legend. Do the same for the pyrrolidine nitrogen.
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@. Tap on the legend to select. Move two fingers to move it
g\ around the screen. Pinch two fingers to make the legend
smaller or larger.

5. Nicotine 1s 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 the Style menu located both inside the
Surface Properties dialog and at the bottom right of the screen.
Select Transparent or Mesh from this menu. You now can see
through the map to the underlying molecular structure.

6. Close nicotine and any open dialogs.

N,N-Dimethylaniline

.

1. Build N,N-dimethylaniline (Lﬂ), minimize (|2 ) and exit the
builder (&g). Alternatively, sketch N,N-dimethylaniline (@)
and exit the sketcher (&g).

2. Click on N,N-dimethylaniline at the bottom of the screen and
click on Replace in the dialog that results. Your structure will
be replaced by that in the database.

3. Select Surfaces from either the Setup or Display menu (&).
Click on Add at the bottom of the Surfaces dialog that results
and select local ionization potential map from the menu.
This requests a map showing the energy required to remove an
electron (the ionization potential) as a function of its location on
the electron density surface. Calculation is automatic and will
only take a few seconds. When completed, check the box to the
left of local ionization potential map in the Surfaces dialog.
Select Properties from the Display menu or click on (€).
Click on the local ionization potential map surface. Click on the
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Reset M/M button. This puts the property range on an absolute
scale which is useful when examining individual molecules. The
color convention is the same as for the electrostatic potential
map, although the scale is completely different. Local ionization
potentials are always positive. Colors toward red correspond
to small ionization potentials (greatest electrophilic reactivity,
easiest atoms to remove an electron from) and colors toward
blue correspond to large ionization potentials. Note that the red
regions on the map are over the ortho and para ring positions.
This is exactly what is experimentally observed.

4. Close N,N-dimethylaniline and any open dialogs.
Androsterone
Ho ™

1. Build androsterone (Lﬂ), minimize (|2e) and exit the builder
(&d). It is much easier to sketch the molecule (@) and exit the
sketcher (bd).

2. Click on the name androsterone at the bottom right of the screen
and click on Replace in the dialog that results. Your structure will
be replaced by that in the database. If the (correct) name is not
provided, then you have made a mistake. In this case, re-enter
the builder by selecting Edit Sketch from the Build menu (2‘ ).

3. Select Orbital Energies from the Display menu or click on

@9 ifit 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 diagram, click on the line. You
will see that the LUMO is a n* orbital localized on the carbonyl
group. It is clearly more concentrated on carbon than on oxygen,
but you cannot easily tell which side of the steroid skeleton
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(toward or away from the two methyl groups) it is concentrated.
For this, a LUMO map is a much better graphical model.

4. Select Surfaces from the Display menu (&). Click on Add and
select LUMO| map from the menu. The graphics calculation
will run automatically and will only require a few seconds. When
completed, check the box to the left of [LUMO| map inside the
Surfaces dialog. The largest (absolute) values of the LUMO
are colored blue. Note that by visualizing the |[LUMO| map
and rotating the molecule, you can easily see that the LUMO is
more concentrated on the face away from the methyl groups.

5. Close androsterone and any open dialogs.
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Tutorial 5

Spectra, Properties and
Graphical Models of Organic
Molecules from Quantum
Chemical Calculations

The tutorials in this section provide the earliest, and some of the
simplest examples, of specifying and performing quantum chemical
calculations. As in the previous tutorial, they refer back to Tutorials
2 and 3.

Acrylonitrile

1. Build acrylonitrile (@), minimize ([Re) and exit the builder
(69). Alternatively, sketch acrylonitrile (@) and exit the

sketcher (bd).

2. Select Calculations... from the Setup menu or click on | !F?, and
perform the following operations in the Calculations dialog
which appears.
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e Calculations

Equilibrium Geometry
Calculate:

Subject To: Constraints

Compute: IR NMR

Est. Time: Calibrate

>4
Q

-

in | Gas

-

with | Density Functional = || wB37X-D ~ | 6-31G*

Frozen Atoms

UVivis

Global Calculations v

QSAR

-

Unpaired Electrons: 0 -

QK

Total Charge: MNeutral (0)

Cancel 2 submit

a. Select Equilibrium Geometry from the leftmost menu to the
right of Calculate. This specifies optimization of equilibrium

geometry.

Select ®B97X-D and 6-31G* from the middle and rightmost
menus to the right of Calculate. This requests that the
wB97X-D/6-31G* density functional model is to be used
for this calculation (the same model as that in the database).

Click on Submit at the bottom of the dialog. A file browser

appears.

@ Save As - Submit

Savein ‘

*

Quick access

Desktop

Libraries
This PC

w

Network

MName

<

File name:

Save as type:

Spartan Student 9 Files

>
=~ o E-
. Date modified Type
>
|acry|on'rlnle.spartan j Save |
|Spartar| Doc's {* spartan) j Cancel

Because the model is in the database (even though we will not use
the data), the name acrylonitrile will be presented to you in the
box to the right of File name:. Either use it or type in whatever
name you like and then click on Save. You will be notified that
the calculation has been submitted.
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€) Spartan Student @ X

o Chspartan Student 9 Files\acrylonitrile.spartan has started.

The message will close automatically (after =5 seconds); you
can also click on OK to remove the message from the screen.

After a molecule has been submitted, and until the calculation has
completed, you are not permitted to modify any dialogs or other
information associated with it.

You will be notified when the calculation has completed (less
than a minute).

€) Spartan Student v@ x

o CA\Spartan Student g Files\acrylonitrile.spartan has completed.

Click on OK to remove the message from the screen. Select
Output from the Display menu or click on & if it appears at
the top of the screen. A window containing a summary of the
calculation appears.

(3]

Summary Output Verbose Output Molecule Reference Job Log
SPARTAN STUDENT 9.0.1

Name: acrylonitrile

Formula:  CsH:N

Job type: | Equilibrium Geometry
Method: | @B97X-D
Basis set: | 6-31G*

Energy: | -170.764625 hartrees

P> Molecular Orbital Energies
P Atomic Charges
P Calculated Bond Orders

Find: l:l © previous @ Next [ Match Case

Depending on calculation details, a number of data tables are
available (explore by clicking on the » indicator to the left of
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the title). Additional data is accessed by clicking on the Qutput
tab. You can scan this by using the scroll bar at the right of
the window or by clicking (left button) on or inside the output
window and using the scroll wheel on your mouse. Additional
information includes the task, basis set, number of electrons,
number of unpaired electrons and the charge, as well as further
details of the calculation including the number of threads used
during the calculation. Below this is the symmetry point group
of the molecule that was maintained during the optimization.

The lines under the heading Optimization tell the history of the
optimization. If the geometry was not optimized satisfactorily
an error message, such as: Optimization has exceeded N steps
— Stop, will be displayed following the last optimization step
and you would be notified that the job had failed.

Near the end of the output is the final total energy (=-170.764625
atomic units for acrylonitrile with the ®wB97X-D/6-31G*
model), and the computation time. Click on [ 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. Select Properties from the Display menu to bring up
the Molecule Properties dialog.

Melecule Properties n

Molecule  QSAR  Thermodynamics ~ 2-D Drawing  Utilities
4 Name: acrylonitrile
4 Formula: CsHsN w4 Expt Heat: 179.70 klymal
4 Energy: -170.764625 au s T1Heat: 187.62 kJ/moal
4 EHOMOQ: -10.02 eV wa  ELUMO: 048 eV
4 Conformers: 1 wa Weight: 53.064 amu
4 Paint Group: Cs w4 Mass: 53.027 amu
4 WBYTX-V/6-311+G(2df 2p)//WBITX-D/6-31G* Energy: -170.830511 au

L2 Dipole Moment: 3.97 debye, [ Display Dipole vector

it Wikipedia Chemspider

:EI Label: |acry\nmtri|e -
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To see the dipole moment vector (indicating the sign and
direction of the dipole moment), check the box to the right of
Display Dipole Vector. Wire, ball-and-wire or tube models are
best for this display.

Uncheck the box to remove the dipole moment vector.

Click on an atom. The (Molecule Properties) dialog will be
replaced by the Atom Properties dialog.

Atom Properties a

Name: Nitrogen

SmiEet: ¥ . Electrostatic: -0.405

Atomic Number: 7

Mass Number: |14 ~ L4 Chem, shift: Pending =

Chirality: <none>

[ Freeze . Expt. Chem. Shift: Not Specified <= +

4 Exposed Area: 15.348 A®

Experimental Data From: | acrylonitrile =

Edit: (Current Malecule)

Expt. Chem, Shift: Edit ~

+ Item references experimental data from: acrylonitrile

:6 Label:|l\|1 | hd

Among other things, this provides atomic charges based on the
electrostatic potential. To obtain the charge on another atom,
simply click on it. Inspect all the atomic charges on acrylonitrile
(by clicking on the appropriate atoms). When you are finished,
click on [E at the top of the Atom Properties dialog to close it.

Select Surfaces from either the Setup or Display menu (&).
Click on Add at the bottom of the Surfaces dialog that results,
and select electrostatic potential map from the menu. This
requests an electrostatic potential map (an electron density
surface onto which the value of the electrostatic potential is
mapped). The graphics calculation will run automatically
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(without needing to resubmit the job) following your request.
When it completes in a few seconds, check the box to the left of
electrostatic potential map in the Surfaces dialog. 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 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 nitrogen
(the most electronegative atom) is red and the hydrogens (the
most electropositive atoms) are blue.

5. Close acrylonitrile and any open dialogs.

Cyclohexanone
0

A

1. Build cyclohexanone (Lﬂ ), minimize ( [2e ) and exit the builder
(bﬁ). Alternatively, sketch cyclohexanone (@) and exit the

sketcher (bg).

2. Select Calculations... from the Setup menu or click on
Specify Equilibrium Geometry, ®B97X-D and 6-31G* from
the three menus to the right of Calculate. Click on Submit
and accept the name cyclohexanone. Wait until the calculation
completes (2-3 minutes) before proceeding to the next step.

3. Cyclohexanone undergoes nucleophilic attack at the carbonyl
carbon, and it is reasonable to expect that the molecule’s lowest-
unoccupied molecular orbital (the LUMO) will be localized
here. To visualize the LUMO, bring up the Surfaces dialog
(Surfaces from the Setup or Display menu or click on &).
Click on Add and select LUMO from the menu. Also request
an electron density surface onto which the (absolute) value of
the LUMO has been mapped in color (a so-called LUMO map).
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Click on Add and select LUMO| map from the menu. The two
graphics calculations will run automatically and will require
only a few seconds.

Check the box to the left of LUMO in the Surfaces dialog.
You will see that the resulting graphic is a n* orbital primarily
localized on the carbonyl group, consistent with the fact that
nucleophiles (electron pairs) add to the carbonyl carbon. See if
you can tell on which face of the carbonyl carbon is the LUMO
more concentrated.

Uncheck the box to the left of LUMO in the Surfaces dialog (to
turn off the display of the LUMO, it operates in toggle mode).
Then check the box to the left of [LUMO| map to 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 of the
LUMO. We are looking for a “blue spot”. Note that it is directly
over the carbonyl carbon. This corresponds to the maximum
value of the LUMO and is where nucleophilic attack will occur.

You will see that the blue spot over the axial face of the carbonyl
carbon is “more blue” than that over the equatorial face. This
indicates preferential attack by nucleophiles onto the axia/ face.
Quantify the difference by measuring the (absolute) value of the
LUMO on these two faces. Select Properties from the Display
menu or click on € and click anywhere on the graphic to bring
up the Surface Properties dialog.
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Surface Properties =
JLUMO| map
Property Range: (v(e/au®)) Style:
I 0 N oos ] | Reset Solid =
. Min000 .. Max0.05 | Reset M/M Bands: 7 -
Color Style:
: 0.0020 v 99.12% v
Lo £l Red-Green-Blue =
Clipping:
4 Val0.002711 V(e/au® @
+ [ selected Area:
Display:
. Area: 13209 A* . Vol 117.21 4= []naccessible Markers
[ Legend
4 Acc. Area: 9335 A® [ silhouette
Global Surfaces
* 4
+Q Labe|:|ILUMO| map 1 ‘ —

Check the box to the left of Legend to display the property range
on screen. (Remove the checkmark to remove the legend.) To
translate the legend, click on 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 axial
face of the carbonyl carbon, and click 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 of Val.
Note the value, and then turn the map over such that you can
now see the equatorial face of the carbonyl carbon, and click
on the region of maximum blue on this face. Do these values
support your qualitative conclusions from viewing the image?

Close cyclohexanone and any open dialogs.
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3-Cyano-4-methylcyclohexenyl Radical

CH3

<.

Build 3-cyano-4-methylcyclohexenyl radical (Lﬂ ), minimize
(Re ) and exit the builder (bﬁ). Alternatively, sketch the radical

(|/]) and exit the sketcher (&)

Select Calculations... from the Setup menu (| ). Specify
Equilibrium Geometry, Density Functional-Fock, wB97X-D,
and 6-31G* from the menus to the right of Calculate. This
molecule has one unpaired electron. If you sketched it (which
requires that you explicitly specify the radical center) the number
of unpaired electrons will be correct. However, if you built the
molecule, you will need to change Unpaired Electrons from 0
to 1. Click on Submit at the bottom of the Calculations dialog.
Name it 3-cyano-4-methylcyclohexenyl radical. (A name will
not be provided as the radical is not in the database.) Wait for
the calculations to complete before proceeding.

Select Surfaces from the Setup or Display menu or click on
& . Click on Add and select spin density from the menu. Click
on Add and select spin density map from 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 of the spin density onto
an electron density surface. Finally, request the singly-occupied
molecular orbital. Click on Add one more time and select
aHOMO (the highest-occupied molecular orbital of a spin that
is, the orbital that contains the unpaired electron) from the menu.

The three graphics you requested will run automatically and
will require only a few seconds to complete. When they are
done, check the box to the left of spin density in the Surfaces
dialog to display the spin density surface. Note that the spin
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density is delocalized over two of the ring carbons and onto the

cyano group.

5. Remove the spin density surface (uncheck the box to the left
of spin density in the Surfaces dialog) and then check the box
to the left of spin density map to 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 map (uncheck the box to the left of
spin density map), and then check the box to the left of aHOMO
(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 previously-displayed image of
the spin.

7. Uncheck the box to the left of aHOMO. Click on More
Surfaces... at the bottom of the (Surfaces) dialog, and select
Slice from the Surface menu and spin density from the
Property menu. Click on OK. A new line Slice, spin appears
in the window at the top of the dialog.” Select it by checking
the box at the left. A plane (a slice of spin density) surrounded
by a frame appears in the middle of the model on screen. Click
inside the frame to select. The frame will turn gold. Position
the cursor outside the frame, then press both the Shift key and
right button and move the mouse up and down (or use the scroll
wheel). This will zoom the plane. You can also translate and
rotate the plane independently of the molecule using the usual

*  You can change the display style from Contours to Solid or Transparent using the Style

menu at the bottom right of the screen. This will appear only when the slice is selected.
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mouse operations. Alternatively, you can move the molecule and
plane together by first clicking 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.

@. Tap on the graphic to select the graphic and on the frame to

{g(\ select the frame. Use one finger to rotate and two fingers to
translate the graphic or frame. Pinch two fingers to zoom the graphic
or frame.

8. Remove 3-cyano-4-methylcyclohexenyl radical and any open
dialogs.
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Tutorial 6

Groups of Organic Molecules

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

Computational investigations typically involve series of related
molecules. Here, it may be of interest to compare geometries, energies
or other calculated properties, or to compare trends in calculated
and measured properties. Spartan Student allows molecules to be
grouped into a single document, either manually, or automatically
as a result of following a particular vibrational motion, or from a
scan of a dihedral angle. Once grouped, molecules may be aligned.
Calculations may be performed either on individual molecules or on
the complete group of molecules, and the results may be analyzed
individually or altogether to seek out trends.

Associated with a multi-molecule document is a spreadsheet. This
allows convenient access to virtually any calculated quantity that can
be given a value. Additionally, data may be entered manually into
the spreadsheet or pasted from other applications such as Excel. Data
in the spreadsheet may be manipulated, linear regression analyses
performed and plots displayed. Alternately, the data in a Spartan
Student spreadsheet may be pasted into Excel (or other applications)
for further analysis.

The tutorials in this section introduce and illustrate a number of
basic group operations available in Spartan Student, building and
manipulating multi-molecule documents, and fitting an experimental
observable to one or more calculated properties by way of linear
regression. The use of the Reactions dialog is illustrated. None of
the examples in this tutorial actually require performing quantum
chemical calculation as all molecules involved are available from
the included database.
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Dienophiles in Diels-Alder Cycloadditions

The most common Diels-Alder reactions involve electron-rich dienes
and electron-deficient dienophiles.

/T\—X_> X

==\ Y = CN, CHO, CO.H
Y Y

X =R, OR

The rate of these reactions generally increases with increasing
ni-donor ability of the diene substituent, and with increasing
n—acceptor ability of the dienophile substituent. This can be
rationalized by noting that donor groups raise the energy of the
highest-occupied molecular orbital (the HOMO) on the diene, while
acceptor groups lower the energy of the lowest-unoccupied molecular
orbital (the LUMO) on the dienophile. Thus, the HOMO-LUMO gap
1s reduced, leading to enhanced stabilization.

better donor groups — LUMO
Orbital / l
Energy | HOMO ‘H’ P better acceptor groups
diene dienophile

The objective of this tutorial is to correlate experimental relative
rates of Diels-Alder cycloadditions involving cyclopentadiene and a
variety of cyanoethylenes with dienophile LUMO energies.

1. Build (@) and minimize ([Re) acrylonitrile, H,C=C(H)CN.
Select View from the Build menu (h5g). Copy the structure to
the clipboard. Either right click on the background and choose
Copy from the resulting contextual menu, or select Copy from
the Edit menu (| ).

2. Select Build New Molecule (not New Build) from the File
menu ([.4]). This specifies that a new molecule is appended
to the end of the current document. The screen will be
cleared. Click on Clipboard at the bottom of the model
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kit and double click on screen. Acrylonitrile will appear.
Click on Groups in the model kit, select Cyano and add
to the appropriate free valence on acrylonitrile to make
1,1-dicyanoethylene. Click on [e.

3. Repeat this procedure (Build New Molecule, followed by
Clipboard, followed by Groups, followed by [2e) four more
times to build cis and trans-1,2-dicyanoethylene, tricyanoethylene
and tetracyanoethylene. When you are all done (six molecules in
total in a single document), click on g to remove the model kit.

4. Click on the name of whatever molecule from the document
appears at the bottom of the screen make sure that wB97X-D/
6-31G* is selected and cl/ick on Replace in the dialog that results,
and then cl/ick on All. Your structures will be replaced by those
from the database (all six are available).

5. Select Spreadsheet from the Display menu ().

@ Dienophilesiacrylenitrile X

Label Lo
O acrylonitrile
[1,1-dicyanoethene
[ cis-1,2-dicyanoethylene
[trans-1,2-dicyanoethylene
[Otrieyanoethylene
[tetracyancethylene

]
< >

fix) Add ~ Delete Sort ~*Formulas

You can move among the six molecules either by clicking inside
the “Label” cells at the far left of the spreadsheet, or by using
the [a] and [»] (step) keys at the bottom left of the screen.

6. Enter experimental relative rates into the spreadsheet.
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dienophile

acrylonitrile
1,1-dicyanoethylene

tricyanoethylene
tetracyanoethylene

cis-1,2-dicyanoethylene
trans-1,2-dicyanoethylene

log,, (relative rate)

0

4.64
1.94
1.89
5.66
7.61

Experimental data from: J. Sauer, H. Weist and A. Mielert, Chem. Ber., 97, 3183 (1964).

Double click inside the header cell for a blank column in the
spreadsheet, type Log(rate)= and press the Enter key (return
key on Mac). You need to press the Enter key (return key on
Mac) following each entry (or use the [v] key). Sort by relative
rate. Click on the column header Log(rate), and then click on
Sort at the bottom of the spreadsheet.

Click inside a header cell for a blank column and click on Add...
at the bottom of the spreadsheet. Alternatively, right click inside
the header cell for a blank column in the spreadsheet, and select
Add... from the contextual menu that results. Select E LUMO
(eV) from the list in the dialog that results.

Molecule | QSAR | Thermodynamics | Meolecule List I Summaries I Linear Regression |

Name

Formula

CAS

Molecular Wt. (amu)

Energy (au)

Point Group

Heat(kl/mal)

T1 Heat (kl/mol)

Tautomers

Conformers

E HOMO (eV)

E LUMO (eV)

Dipole (debye)

wB9TX-V/6-311+G(2df,2p) Energy (au)

Energy Units:

Auto-Select 1

The spreadsheet, which now contains both the calculated LUMO
energies and experimental relative rates, has served its purpose.

Remove it from the screen by clicking on == at the top.
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e Dienophiles:acrylonitrile s
Label Log(rate) E LUMO (V) @D
O acrylonitrile 0.00 0.49
O 1,1-dicyanoethene 4,64 -0.86
[ cis-1,2-dicyanoethylene 1.94 -1.06
[ltrans-1,2-dicyancethylene 1.89 -1.15
Dtrlcyanuethylene 5.66 -2.23
[tetracyancethylene 7.61 -3.20
v
< >
fix) Add -4 Delete Sort ~—+Farmulas

8.  Select Plots... from the Display menu or click on < if it appears
at the top of the screen. This leads to an empty plot pane at the
right of the screen. Click on in the bar at the top of the pane.

Select Log(rate) from the list of items in the X Axis menu and
E LUMO(eV) from the Y Axes list, and click on Create.

X Axis: Y Axes:
Log(rate) - Log(rate)
E LUMO (eV)

i
'
1
1
l 1
1
I | [ T
| 1 [ Properties Cancel
l 1
| 1 '
l 1
= | 1 1
E M | i R e N e il I I
— | 1
o | | '
| '
= | |
- | i '
e | [t Lomm e e D — o |
w ' l '
| '
| '
| '
| '
ol Lol ______>__ 1
' i 1
| 1 | | m
l 1 l l 1
| 1 | | 1
l 1 l l 1
el [ !
0 2 4 6 3

Log(rate)

Click on the Edit icon (%), and then click to choose Least
Squares Fit. Click Done when finished. A least-squares line
will be drawn through the six data points.

9. Close the document and 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 cyclohexane to give trans-1,2-dibromocyclohexane
(the addition product) not 1-bromocyclohexene, whereas it reacts with
benzene to give bromobenzene (the substitution product) not trans-
5,6-dibromo-1,3-cyclohexadiene.

8 Br Br
O + B C[ Vs, O/ + HBr
Br
Br Br
O ﬂ Oi =3 O/ + HBr
Br

The objective of this tutorial is to establish the preferred product for
each reaction.

1.  One after another, build or sketch cyclohexene, trans-1,2-
dibromocyclohexane, 1-bromocyclohexene, benzene, trans-
5,6-dibromo-1,3-cyclohexadiene, bromobenzene, bromine
(Br,) and hydrogen bromide (eight molecules in total). Put
all in the same document. Use New Build (Lﬂ) or New
Sketch (7)) for the first molecule and Build New Molecule
(124]) or Sketch New Molecule ( -)) for each successive molecule.

2. Click on the name of whatever molecule from the document
appears at the bottom of the screen, confirm wB97X-D/6-31G*
is selected and click on Replace in the dialog that results and
then click on All. Your structures will be replaced by those from
the database (all eight are available).

3. Select Reactions from the Display menu or click on g if it
appears at the top of the screen.
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€ Reactions X

Reactants: Products:

1 ~  bromine = 1 ~ trans 1,2-dibromocyclohexane <
Balance .

1 ~ | cyclohexene 4 1 ~ | <none> A

Reactions:

Reactants Products AE (kJ/mal) Boltzmann Substituents

1 bromine + cyclohexene --» trans 1,2-dibromocyclohexa.. -153.75 0:100

wBITX-D/6-31G*

Source: Current Document | Reaction Energy Units: Shaw: Temperature:

kJ | - N - 298.15 K -
Calculate: AE o ames

Compute the energy for Br, addition to cyclohexene: select
bromine and cyclohexene as Reactants and trans-1,2-
dibromocyclohexane (and <none>) as Products. Note the
reaction energy. Repeat for the corresponding substitution
energy (same reactants but the products are 1-bromocyclohexene
and hydrogen bromide) and for both addition and substitution
reactions of benzene (reactants are benzene and bromine and
products are trans-5,6-dibromomo-1-3-cyclohexadiene and
<none> for addition and bromobenzene and hydrogen bromide
for substitution).

Are all reactions thermodynamically favorable (exothermic)? If
any of the reactions are not exothermic, provide a rationale as
to why they are not. Why is there a change in preferred reaction
in moving from the alkene to the arene?

4. Close the document and any open dialogs.
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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 energy,

AH — A + H*

or, more commonly, as the deprotonation energy relative to that of a
standard acid (A°H).

AH + A~ —= A™ + AH

Electrostatic potential maps may offer an alternative to energy
calculations for the description of relative acidities. In particular,
the value of the electrostatic potential in the vicinity of the acidic
hydrogen in the neutral acid might be expected to reveal gross trends
in acidity. For example, the acidic hydrogen in a strong acid, such as
nitric acid, is more positive than that in a weak acid, such as acetic
acid, which in turn is more positive than that in a very weak acid,
such as ethanol.

nitric acid acetic acid ethanol

The objective of this tutorial is to use electrostatic potential maps
to quantify changes in acid strength due to subtle variations in
structure.

1.  One after the other, build or sketch trichloroacetic, dichloroacetic,
chloroacetic, formic, benzoic, acetic and pivalic acids. Put all
molecules into the same document. Use New Build ( |¢] ) or New
Sketch (] ) both from the File menu for the first molecule and
use Build New Molecule ([3]) or Sketch New Molecule ([])
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both from the File menu for each successive molecule. Click on
&0 when you are done.

2. All of the molecules that you have built are available in the
database. Click on the name of whichever molecule is selected at
the bottom of the screen, c/ick on Replace in the dialog that results
and finally on All. The wave function is also provided as part of the
database entry allowing electrostatic potential maps to be made.

3.  Select Spreadsheet from the Display menu or click on |
Expand it so that you can see all seven molecules, and that two
data columns are available. Double click inside the header cell
of the next available data column, fype pKa and press the Enter
key (return key on Mac). Enter the experimental pK,’s (given
on the next page) into the appropriate cells under this column.
You need to press the Enter (return) key following each entry.
Alternatively, use the [=] key to move to the next cell.

acid pK,
trichloroacetic (C1;CCO,H) 0.7
dichloroacetic (CLCHCO,H) 1.48
chloroacetic (CICH,CO,H) 2.85
formic (HCO,H) 3.75
benzoic (CcHsCO,H) 4.19
acetic (CH;CO,H) 4.75
pivalic ((CH;);CCO,H) 5.03
Experimental data from: E.P. Sargeant and B. Dempsey, Ionization Constants of Organic
Acids in Aqueous Solution, IUPAC no. 23, Permagon Press, 1979.

4.  Arrange the seven molecules on screen such that you can clearly
see the acidic hydrogen on each. To display all molecules at once,
check the box to the left of the molecule name (Label column)
in the spreadsheet for each entry. To manipulate the molecules
independently of one another, c/ick to deselect Coupled from the
Model menu or click on &) if it appears at the top of the screen.

5. Select Surfaces from either the Setup or Display menus or click
on € and then select electrostatic potential map. When the
electrostatic potential map calculations complete (they will be
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marked “completed”), check the box at the left of electrostatic
potential map in the Surfaces dialog. Select Properties from
the Display menu or click on € and click on the electrostatic
potential map to display the Surface Properties dialog. Click
on , , to the left of Max inside the Surface Properties dialog.
The maximum value of the electrostatic potential (corresponding
to the acidic proton) will be pasted to the spreadsheet. Leave the
dialog on screen.

Plot experimental pK, vs. maximum in the electrostatic potential.
Select Plots from the Display menu or click on < and then
select pKa under the X Axis menu and Property Max (Surface)
from the Y Axes list. Click on Create. Click on Edit (&).
Choose Least Squares Fit and c/ick on Done. Does there appear
to be a correlation between pK, and the maximum value of the
electrostatic potential?

Close the document and any remaining dialogs from the screen.
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Tutorial 7

Spectra of Organic Molecules

This collection illustrates applications involving the calculation of
IR, proton and >C NMR spectra, and UV/vis spectra.

In addition to equilibrium geometries, reaction energies and diverse
molecular properties, calculations are able to account for molecular
spectra. The infrared spectrum arises from the transitions between
ground and excited vibrational states, while the NMR spectrum arises
from transitions between nuclear spin states. While experimental
spectra are used to provide clues to the structure of an unknown
molecule, that is, features in the spectrum are taken as evidence for
features in the molecular structure, 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 very similar to that for which a spectrum was measured. Lack
of similarity suggests that the two molecules are not the same.

The first tutorial in this section deals with the infrared spectrum of
methyl formate. It details the steps needed to calculate a spectrum
and to relate the spectrum to the underlying molecular structure.
The next three tutorials deal with NMR spectroscopy: detailing the
steps involved in calculating and displaying the proton spectrum for
I-methylindole and the "*C spectrum of cytisine, and examining the
dependence of carbon chemical shifts on stereochemistry. The final
tutorial presents the new procedure for calculating and plotting a
UV/visible spectra, specifically the organic dye indigo is utilized to
demonstrate both steps and performance of the underlying approach.
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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 mass (the product of 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 involved in the bond.

f force constant
frequency o -

reduced mass
The same expression applies for each of the 3N-6 vibrations of
a polyatomic molecule with N atoms. Cartesian (or internal)
coordinates need to be transformed to normal coordinates, a system
that leads to a diagonal matrix of second energy derivatives. For a

polyatomic molecule, these will typically involve the motions of
several (and perhaps all) of the atoms.

Infrared Spectrum of Methyl Formate

The intensity of absorption for a diatomic molecule is proportional
to the change in the dipole moment with change in bond length. The
fact that there is no change in the dipole moment of a homonuclear
diatomic molecule with change in bond length, means that molecules
such as N, and O,, which make up the bulk of the earth’s atmosphere,
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. Note that some of the normal coordinates in a polyatomic
molecule may not lead to a change in dipole moment, for example,
the symmetric stretch in carbon dioxide where both CO bonds are
simultaneously moved.

This tutorial illustrates the steps required to calculate and display an
infrared spectrum and to compare it with an experimental spectrum.
It illustrates how the ease or difficulty of molecular motion and
atomic masses impact frequency.
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1.  Build methyl formate and click on [2e. Select Calculations...
from the Setup menu (| (), and request an equilibrium geometry
using the EDF2/6-31G* density functional model. Check IR and
click on Submit.

2. After the calculation has completed (several minutes), select
Spectra from the Display menu (‘| |). Click on the in the
bar at the top of the spectra pane and select "“ |« from the
palette of icons. Click on the again and select \ "*; soment frOM
the icon palette. Calculated (in red) and experimental (in blue)
infrared spectra are now superimposed.

IR Spectrum (cm™")
3500 3000 quﬂ 2000

Calculated

—— Experimental

3.  Move the mouse while holding down the right button to shift the
cursor across the spectrum. Position it over the intense line in
the (calculated) spectrum at 1817 cm™. Note that the molecular
model (on screen above the spectra pane) vibrates. Describe the
motion. Position it over the intense line at 1211 cm™ and describe
its motion.

4. Select Save As from the File menu (7 1) to make a copy of
methyl formate; name it methyl formate d3. Select Properties
from the Display menu or click on €) and click on one of the
three hydrogen atoms on the methyl group to bring up the Atom
Properties dialog. Change Mass Number from Standard to 2
Deuterium. Repeat for the other two methyl group hydrogen
atoms. Resubmit the calculation (it will require only a few
seconds) by selecting Submit (% ) from the Setup menu.
Compare the frequencies of the undeuterated and deuterated
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forms of methyl formate, and identify which change the most
and which change the least. Explain your results.

5. Close all molecules and dialogs that are open on screen.

Proton NMR spectroscopy was the first tool available to chemists that
allowed definitive assignment of the molecular structures of complex
organic molecules. By the 1970’s, it had largely replaced infrared
spectroscopy and to a large extent chemical proofs of structure. *C
NMR is now more dominant, but proton NMR remains an essential
tool in the chemist’s arsenal.

Proton NMR Spectrum of 1-Methylindole

NMR is based on 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 A Energy of these states (AE)
depends on the nucleus and on the strength of the applied magnetic
field, by way of a simple relationship.

AE = '\{hBo

vy 1s the gyromagnetic ratio (a constant for a given type of nucleus),
h 1s Planck’s constant divided by 27w and By is the strength of the
magnetic field at 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
strength (a resonance) 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
molecule, and is different for each (chemically) distinct nucleus. The
reason 1is 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 those that are poorly
shielded, and will show a smaller energy splitting. The difference,
givenrelativeto astandard, is termed a chemical shift. By convention,
both proton and *C chemical shifts (treated later in this tutorial)
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are reported relative to tetramethylsilane (TMS) as a standard.

While each unique proton in a molecule gives rise to a single line
(resonance) in the spectrum, the spins on nearby nuclei add and
subtract to the external magnetic field. This leads to a splitting of
lines, the splitting pattern depending on the number of neighboring
protons and their geometry. Discounting splitting, the intensity of
the lines is approximately proportional to the number of equivalent
protons that contribute. For example, the proton NMR spectrum of
1-methylindole 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

methyl group protons.
@
N

The objective of this tutorial is to calculate the proton NMR spectrum
of 1-methylindole and compare it with the experimental proton
spectrum in the absence of three-bond HH coupling.

1. Build or sketch 1-methylindole. If you build, cl/ick on [Re and
then on fg. If you sketch, click on §g. Select Calculations...
from the Setup menu or click on | ;. Specify calculation of
equilibrium geometry using the ®B97X-D/6-31G* density
functional model. Check NMR and click on Submit. Accept the
name I-methylindole. The calculation will require a few minutes.”

2. When the calculation has completed (or after you have retrieved
results from the database), select Spectra from the Display menu
or click on ‘[|. Click on == in the bar at the top of the spectra
pane and select \L‘jﬂ;ﬁlcmw (proton NMR spectrum in which there

is no HH coupling).

*  1-methylindole is in the database and you can, if you like, avoid doing any calculations and
simply retrieve it. In this case, click on the name at the bottom of the screen and then click
on Replace in the dialog that results.
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...................................................................................................................................................

Calculated

0 [ [ 4 F] [}
*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
proton shift appears at the top of the spectrum.

Click again on and this time select Ok~ (experimental
proton NMR spectrum with HH coupling constants set to 0). The
experimental spectrum will be retrieved from the public NMR
database and displayed on top of the calculated spectrum. Proton-
proton coupling has been eliminated (all coupling constants are
assumed to be 0).

...................................................................................................................................................

— Calculated
— Experimental

PN

4 [

*H no ) Spectrum

1o

The comparison gives you an idea of the level of agreement that
can be expected between calculated and experimental proton
spectra.

Click again on and select \L‘M (calculated proton NMR
spectrum). The calculated proton spectrum that now appears
accounts for three-bond HH coupling. Note that coupling
constants not calculated but rather evaluated empirically based
on the three-dimensional geometry of the molecule.
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Calculated

L VAN

"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 both the right button and Shift
key). You will see that lines due to protons at C,, C;, C, and C,
are doublets, while those due to protons at Cs and Cg are quartets
(doublet of doublets).

5. Close I-methylindole and any remaining dialogs.

There are several reasons why NMR spectroscopy, in particular, *C
NMR, is one of the most important routine analytical techniques
available for characterizing organic molecules. The experiment,
which is straightforward and can be carried out rapidly, requires
relatively small samples and is non-destructive. The resulting (proton
decoupled) spectrum is quite simple, comprising but a single line for
each and every unique carbon. However, assigning "*C spectra is by
no means trivial, even for molecules that might appear to be quite
simple. The problem is that the positions of the lines in the spectrum
(the chemical shifts) are very sensitive to the environment in which
the carbons find themselves. Where two or more carbons in a molecule
reside in what appears to be similar environments, it may be very
difficult to distinguish them.

BC Spectrum of Cytisine

This tutorial uses the alkaloid cytisine to illustrate the use of
calculated "*C spectra to assist in assigning the measured spectrum
of the molecule.
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1. Either build and minimize or sketch cytisine and click on
&9. Select Calculations... from the Setup menu or click on
"¢, and specify calculation of equilibrium geometry with the
wB97X-D/6-31G* density functional model. Check NMR, click
on Submit and accept the name cyftisine. The job will require
upwards of 15 minutes to complete”.

2. When the calculation is done (or after you have accessed
information from the database), select Spectra from the Display
menu or click on ‘[|. Click on =* in the bar at the top of the
spectra pane and select ‘LCL' (experimental *C spectrum).
The experimental *C spectrum is drawn.

Experimental

A

5.0 W %
3¢ Spectrum

o

3.  Use the calculated spectrum to associate the individual lines
in the experimental “C spectrum with specific carbons in the
structure of cytisine. Click on and this time select 0] 7€ cses
(calculated *C spectrum). The calculated spectrum (in red) will
be superimposed on top of the experimental spectrum (in blue).
This gives an impression of the performance of the quantum
chemical calculations. It also allows you to assign the lines in
the (calculated) spectrum to individual carbons and by inference
to assign the lines in the experimental spectrum. Move the
mouse while holding down the left button over the spectrum.

*  Cytisine is available in the database. If you decide to use this instead of doing the
calculations, click on the name at the bottom of the screen and click on Replace at the
bottom of the dialog that results.
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When the cursor overlaps a line in the spectrum, the value of the
chemical shift will be shown, and the carbons responsible will
be highlighted in the structure model.

4. Close cytisine and any open dialogs.

Stereochemical Assignments from C Spectra

NMR spectroscopy, in particular *C spectroscopy, is without doubt
the method of choice to establish the three-dimensional structure of
organic molecules. Only X-ray diffraction provides more definitive
results, although the requirement of a crystalline sample severely limits
its application. The availability of a “virtual NMR spectrometer” offers
organic chemists an entirely new paradigm for structure determination,

that is direct comparison of a measured spectrum with calculated
spectra for one or more chemically reasonable candidates.

The objective of this tutorial is to compare calculated *C chemical
shifts for endo and exo stereoisomers of 2-methylnorbornane with
the corresponding experimental shifts. The question to be answered
1s whether or not the calculations are able to reproduce differences
in chemical shifts as a function of stereochemistry.

1. Buildorsketch endo and exo stereoisomers of 2-methylnorbornane.

A\jﬂe
Me

endo exo

Place both in the same document. Use Build New Molecule
(1)) or Sketch New Molecule (7)) from the File menu (instead
of New Build or New Sketch) for the second stereoisomer.

2. Both stereoisomers are available in the database so there is no
need to perform any calculations. Click on the name of whichever
molecule is selected at the bottom of the screen. Confirm that
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wB97X-D/6-31G* is selected and click on Replace in the dialog
that results and then on All.

3. Select Spectra from the Display menu or click on ‘||, click on

in the bar at the top of the spectra pane and select 07 cwss |

You can switch between the two stereoisomers using the 4| and

] keys at the bottom of the screen. Compare the *C chemical

shifts with experimental values, paying particular attention to
differences between endo and exo stereoisomers.

Experimental *C NMR Data endo exo A

C, 435 422 -13
C, 368 346 2.2
G, 402 40.7 0.5
G, 373 38.2 0.9
Cs 303 30.6 0.3
Cs 29.0 224 -6.6
G, 350 38.9 3.9
CH; 223 174 -4.9

Can the calculations be used to distinguish between the two
isomers? Are the differences due to stereochemisty in the
experimental shifts reproducible in the calculated shifts?

4. Close the document and any open dialogs.
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Absorption of light in the ultraviolet (UV) or visible (vis) range of the
electromagnetic spectrum leads to electronic excitation (from ground
state to excited states). In the case of absorption in the visible range,
this determines a molecule’s color.

UV/visible Spectrum of Indigo

excited states

ground Stale ee——

Note the visible band is tiny (= 400 — 700 nm).

Gamma rays X-rays uv Infrared Radio waves
Radar ™ FM AM
| : : | : |
0.0001 nm 0.01 nm 10.nm 1000 nm 0.01cm lcm im 100 m
visible

B

UV/visible spectroscopy provides a molecular “fingerprint”, that can
be used in identification/detection. This technology is also utilized
in concentration measurement and, in general, supports production
of materials and products that protect from damage caused from
exposure to light.

The common presentation is a plot of intensity vs. energy, the latter
ranging from the far UV (<200 nm), through the near UV (200-400
nm) into the visible (400-800 nm). A shorthand is simply to identify
the maximum absorption, commonly referred to as Amax. Absorption
(in particular maximum absorption) dictates “color” in the sense
that it removes a component of the visible spectrum, and what is not
removed (absorbed) determines the color that is reflected (seen).
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The color wheel (below) affords a convenient way of assessing
color. If one “walks across” the color wheel below, and looks at
the complementary color convenient . A molecule that absorbs in
the green appears red, while one that absorbs in the yellow appears
violet.

570 nm

410 nm

New inSpartan Student Editionv.9,1s the ability calculate and display
a UV/visible spectrum, and optionally a corresponding experimental
UV/visible spectrum (if available) from NIST (National Institutes
of Standards and Technology, https://webbook.nist.gov/chemistry).
The student edition can also read in (import) an experimental UV/
visible spectrum in the JCAMP (.dx) file format.

Dyes are molecules that absorb in the visible range, and commonly
include a network of alternating single and double bonds. Indigo
(dye), above, is a dye with a known A, (maximum absorption) of
~ 612 nm. Can quantum models be called upon to calculate or

confirm color?
H
N
g N ‘
H

(0]

1. Build or sketch indigo, explicit instructions for sketching indigo
in 2D are provided in the Sketching Organic Molecules in 2D
section. Indigo is also available from the subset of the SSPD
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and can be accessed via the File menu via the Access Database
by Name. . . entry. Once you have built, sketched, or retrieved
indigo from the database, click on fyg.

2. Select Calculations... from the Setup menu (| ;), and request
an equilibrium geometry using the B3LYP/6-31G* density
functional model. Check the UV/vis button, click on the Submit
button. Accept the provided name. Following the geometry
optimization, a ground state and a set of excited state energy
calculations will be performed, with resulting data used to
generate a calculated UV/vis spectrum.

When performing UV/vis calculations, Spartan Student obtains the
ground state geometry using the specified DFT model, a subsequent
energy calculation for the ground state and the first twenty (20)
excited states using the time-dependent density functional theory
(TD-DFT) are performed. While additional options exist in the
research version, the UV/vis recipe is fixed in the Spartan Student
version, and uses B3LYP/6-31+G* model. For each excited state,
Spartan Student returns a wavelength and intensity (also called
the oscillator strength or “strength” in the Verbose Output).
Wavelength and intensity are used to display the UV/vis spectra
plot, where the X axis is the wavelength and the Y axis is the
intensity. A fit of the calculated data (wavelength and intensity) to
a Gaussian function in which peak width and half height is treated
as a parameter (one value for all 20 peaks) which accounts for the
line broadening. Additionally, the Y axis uses a logarithmic scale
(1.0e-06 to 1.0).

3. Select (‘[|) from the Display menu, and click on (**) and
then click inside the checkbox for (% cee ). Approximate Apax
(maximum absorption) for the calculated spectrum. Note that
indigo absorbs both in the visible but also in the near UV range
(200 to 400 nm). Use the peak on the right-hand side of the plot
to estimate Ay
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UV/Vis Spectrum
With a known experimental A,,,, of 612 nm, does the calculation
provide sufficient results such that they could be used to estimate
color based on calculated UV/visible spectra?

While calculated A, are almost always off by more wavenumbers
than allowable to be useful in a computationally predicting color,
there are a number of observations that point towards the potential
of improved results (and perhaps a new correction scheme). Firstly,
including solvent in the calculation has been shown to improve
results. Adding to the number of excited states (the procedure in
Spartan Student calculates the first twenty) also improves results. In
most cases, calculated A, is lower than experiment (and might be
improved by a simple scaling factor).

As is often the case, asking the question in a relative way, is a good
strategy for benefiting from cancelation of errors. The UV/visible data
does quite well in anticipating the results of a structural substitution
(does a change at position X shift).

4. Close indigo and any open dialogs.
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Tutorial &
Flexible Molecules

This collection demonstrates procedures associated with calculations
on flexible molecules.

The three tutorials in this section illustrate applications involving
molecules with more than one stable conformer, that is, molecules that
incorporate rotatable single bonds or flexible rings. The first tutorial
deals with amolecule with only one degree of (conformational) freedom.
The goal here is not only to identify the “best” conformer, but also to
rationalize why it is the best. The second tutorial deals with a molecule
with multiple degrees of freedom and multiple conformers. The goal
here is to identify the best (lowest energy) conformer. The final tutorial
involves a molecule with several degrees of conformational freedom.
Its goal is to obtain the lowest energy conformers that contribute to
the molecule’s Boltzmann distribution (with molecular mechanics),
and then to calculate the NMR spectrum for these conformers and
compare the calculated C NMR to a known experimental NMR.

Internal Rotation in Dimethylperoxide

CHj
\
0—-0
\
CHs

Any function chosen to represent the energy of rotation about a single
bond needs to repeat itself in 360°. The most common choice is a
truncated Fourier series.

Etorsion (0)) — ktorsion1 (1 _ COS(u) _ weq)) + ktorsion2 (1 _ COS2((1) _ weq))
+ Kiorsiond (1 - cos3(w - w°9))

Here, w® is the ideal dihedral angle and k'rsion!| ktorsion2 gnd kiorsion3 gre
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parameters. The three terms are independent and may be independently
interpreted. The first (one-fold) term accounts for the difference in
energy between syn and anti conformers, the second (two-fold)
term for the difference in energy between planar and perpendicular
conformers, and the third (three-fold) term for the difference in energy
between eclipsed and staggered conformers.

The objective of this tutorial is to interpret the potential energy function
for rotation about the oxygen-oxygen bond in dimethylperoxide.

1. Build dimethylperoxide. If the molecule is not already in an anti
conformation, select Measure Dihedral from the Geometry
menu () and set the COOC dihedral angle to 180 (180°) by
typing 180 in the box at the lower right of the screen and pressing
the Enter key (return key on Mac). Do not minimize.

2. Select Constrain Dihedral from the Geometry menu (@).
Select the COOC torsion, and then click on @ at the bottom
right of the screen. The icon will change to ’E\ indicating that a
dihedral constraint is to be applied.

Check the box to the left of Profile at the bottom right of the
screen. This will result in two additional text boxes.

Constraint(Conl) = | [y N 18000 ° to 0.00° Steps: 10 Profile

Leave 180 (180°) in the original (Ieftmost) box alone, but change
the contents of the box to the right of to to 0 (0°). You need to
press the Enter (return) key after you type in the value. Steps
should be 10. If it is not, zype 10 and press the Enter (return)
key. What you have specified is that the dihedral angle will be
constrained first to 180°, then to 160°, then to 140°, etc. and
finally to 0°*. Click on &g.

4.  Select Calculations... from the Setup menu (| ;) and specify
Energy Profile, Hartree-Fock and 6-31G* from the menus to
the right of Calculate. Click on Submit and accept the name
dimethyl peroxide.

*  The difference between constraint values is given by: (final-initial)/(steps-1).
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5. When the calculations complete, the results are written to a new
document named dimethyl peroxide. Prof.spartan. Click on Yes
following the prompt that will ask you if you want to open this
file. Align the conformers. Select Align from the Geometry
menu (|), one after the other, cl/ick on both oxygens and on one
of'the carbons, and finally c/ick on the Align button at the bottom
right of the screen. Select Spreadsheet from the Display menu
(), and enter both the energies relative to the 180° conformer,
and the COOC dihedral angles. First click on the label (M0001)
for the top entry in the spreadsheet (the 180° conformer), then
click on the header cell for the leftmost blank column, and finally,
click on Add at the bottom of the spreadsheet. Select A Energy
from the quantities under the Molecule List tab, kJ/mol from the
A Energy Units menu. To enter the dihedral angle constraints,
select Constrain Dihedral from the Geometry menu (@), click
on the constraint marker attached to dimethylperoxide and click
on , , at the bottom of the screen (to the right of the value of
the dihedral angle). Click on bg.

6. Select Plots from the Display menu ($x). Click on
at the top of the (empty) plot pane and select Constraint(Conl)
from the X Axis menu and A Energy (kJ/mol) from the Y Axes
list; click on the Create button.

...........................................................
_____________________________________________________________
--------------------------------------------------------

_____________________________________________________________

Relative Energy (kJ/mol)

--------------------------------------------------------

30 60 50 120
Constraint{Conl)

150 -1

By default, the data points are not connected. To fit the points to
a Fourier series, click on %, at the top of the plot pane and select
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Fourier to the right of Curve in the resulting dialog. Check the
box to the left of Curve and click the Done button.

Relative Energy (kJ/mol)

[ 30 60 90 120 150 Tat
Constraint{Con1)

Use energies from wB97X-D/6-31G* density functional
calculations, together with the Hartree-Fock geometries
to provide a better fitting function. First, make a copy
of dimethyl peroxide. Prof.spartan. Name it dimethyl peroxide
density functional. Select Calculations... from the Setup menu
(i_;_gr}j) and select Energy, ®B97X-D and 6-31G* from the three
menus to the right of Calculate. Make certain that Global
Calculations (at the bottom of the dialog) is checked to signify
that energy calculations are to be performed on all conformers.
Click on Submit.

Energy calculations for all ten conformers will require a few
minutes to complete. When they are done, examine the plot and
compare it to the energy plot produced earlier.

Remove all molecules and dialogs from the screen.
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Ethinamate
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NH»

Ethinamate, a prescription drug previously used for the treatment
of insomnia, provides a very simple example of a molecule with
multiple conformers. These arise from rotation about the CO single
bond connecting the carbamate group and the cyclohexane ring and
the “flipping” of the ring. Rotation about the other CO single bond
can be ignored as the “cis” conformer drawn above is much lower in
energy than the “trans” alternative.

1.

Build or sketch ethinamate. Click on fyg. Select Calculations...
from the Setup menu (| ) and specify Conformer Distribution
from the menu to the right of Calculate. MMFF molecular
mechanics is the only model available in Spartan Student. Click
on Submit, and accept the name ethinamate.

When the job completes (a few seconds), all low-energy
conformers will be placed in a new document ethinamate. Conf.
spartan. Click on OK to the request to open this document.
Select Spreadsheet from the Display menu (|), and size
the spreadsheet such that all rows (corresponding to different
conformers) are visible. Click on the top row of the spreadsheet
(corresponding to the lowest-energy conformer according to the
MMFF model). Click on Add at the bottom of the spreadsheet.
Select A Energy, Boltzmann Weights and AEnergy from the
Molecule List tab. Describe the lowest-energy conformer. Does
the carbamate group prefer to be equatorial or axial? Does one
conformer dominate the Boltzmann distribution or are two or
more conformers needed to account for 90%? Have you found the
expected number of conformers? If not, describe any “missing”
conformers and suggest why they are missing.
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3. Seeiftheresults of the molecular mechanics calculations (identity
of the lowest-energy conformer and makeup of the Boltzmann
distribution) maintain if you utilize a better theoretical model.

Make a copy of ethinamate.Conf.spartan (Save As from the
File menu or click on #%). Name it ethinamate conformers
density functional. Select Calculations... from the Setup menu
(" +.) with this copy and specify calculation of Equilibrium
Geometry using the B3LYP/6-31G* density functional model.
Make certain that Global Calculations at the bottom of the
dialog is checked. (This applies the calculation model to all the
molecules in the document and not just the selected molecule.)
Click on Submit.

4. The calculations will require several minutes (perhaps 10-20
depending on your computer). When completed, bring up the
spreadsheet and identify the best conformer. Is it the same as that
assigned from the MMFF calculations? If not, is the equatorial
or axial preference for the carbamate group the same? Is the
Boltzmann distribution similar in the sense that one conformer
dominates, or do two or more conformers contribute significantly?

3C Chemical Shifts Depend on Conformation

5. Close any open documents and dialogs.

At normal temperatures, the time for nuclear spin relaxation is very
long relative to the time required for equilibration among conformers.
This means that for each of the carbon chemical shifts in the NMR
spectrum of a flexible molecule, *C, will be a weighted average of
the shifts NMR of the individual conformers,'*C;.

130 = Zi (Di130i

The weight, m;, is given by the Boltzmann equation, and depends on
its energy, € (relative to that of the lowest-energy conformer, €;) and
on temperature, T. Summation is over all conformers (including the
lowest-energy conformer), g; is the number of times that conformer 1
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appears in the overall distribution and k is the Boltzmann constant.
; = gi exp - [& - e/KT)/Z{exp - [- eo/KT]}

In practice, conformers that are 10 kJ/mol or more above the lowest-
energy conformer make a negligible contribution to the total (at
room temperature). However, molecular mechanics is not capable
of providing conformer energies within such a tight threshold and
looser limits (involving more conformers) are needed for preliminary
steps in a calculation of Boltzmann weights.

In this tutorial, you will see how well the '*C spectrum of the “best”
(lowest-energy) conformer of limonene reproduces the experimental
room temperature NMR. More generally, you will assess the sensitivity
of 13C chemical shifts to change in conformation.

1. Build or sketch limonene. Click on .

2. Select Calculations... from the Setup menu (| ;) and request a
Conformer Distribution using the MMFF molecular mechanics
model. Click on Submit and accept the name limonene.

3. The job will complete in a few seconds and you will be asked
whether or not you wish to open limonene.Conf.M0001, the
document containing the full list of conformers. Click on
YES. Select Spreadsheet from the Display menu (|- |). Click
on the top row of the spreadsheet to select the lowest energy
conformer. Click on Add at the bottom of the spreadsheet, click
on the Molecule List tab, select both A Energy and Boltzmann
Weights and cl/ick anywhere on screen to dismiss the dialog.

4. Delete any conformers that are more than 40 kJ/mol higher
in energy than the best conformer, as they will not contribute
significantly to the Boltzmann distribution.

5. Select Calculations... from the Setup menu and specify an
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Energy calculation and Density Functional and ®wB97X-D with
the 6-31G* basis set. We are simplifying the calculations by
using MMFF geometries, but several conformers are involved
and 1t will require several minutes. Check NMR to the right of
Calculate and cl/ick on Submit.

When the calculation completes, select Spectra from Display
menu (| ), click on ** in the bar at the top of the spectra pane
and select O "G . Click again on and this time select the
experimental *C spectrum [0 7€ e for each of the low-energy
conformers. You can move from one conformer to another using
the “step keys” (_4] and »[) at the bottom left of the screen. While
the calculated spectrum changes from one conformer to another,
there is only one experimental spectrum. Is there significant
variation as you move from one conformer to another? Does
the spectrum from the lowest-energy conformer adequately
reproduce the experimental spectrum?

Close any open documents and dialogs.
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Tutorial 9

Organic Reactions

This section outlines and illustrates strategies for locating and
verifying transition states for organic reactions.

While unique valence structures may generally be written for most
molecules and, based on these structures, reasonable guesses at bond
lengths and angles may be made, it is often difficult to designate
appropriate valence structures for transition states (let alone
specify detailed geometries). The reason is the complete absence of
experimental data for the structures of transition states. However,
calculated transition-state geometries are now commonplace, and
Spartan Student provides both a library of calculated transition-state
geometries and a facility for automatically matching an entry in this
library with the reaction at hand.”

Spartan Student also provides a procedure for driving user-defined
coordinates. Aside from conformational analysis (see discussion in
Tutorial 8), another application of coordinate driving is to force
reactions, thereby permitting identification of transition states.

The first tutorial in this section illustrates Spartan Student’s automatic
procedure for guessing transition-state geometries. The use of
vibrational analysis to verify that a particular structure corresponds
to a transition state and to show the motion connecting it to reactants
and products is also presented. The second tutorial illustrates how a
reaction may be driven through a transition state.

An example of a transition state calculation for an organometallic
reaction is provided in Tutorial 11 Inorganic and Organometallic
Molecules.

*  Where a reaction is unknown to Spartan Student’s transition state library, a fallback

technique which averages reactant and product geometries (based on the so-called linear
synchronous transit method) is invoked.
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Ene Reaction of 1-Pentene

H H
Ho SsHH _H H_ _H H SH
C C C
! I _A I + |
wee C H C
W \‘Q/ “H HT H ~c?
z |
HH H
1-pentene ethylene propene

The proposed mechanism of the ene reaction involves simultaneous
transfer of a hydrogen atom and CC bond cleavage. The objective
of this tutorial is to establish the transition state for the ene reaction
of I-pentene and to examine the reaction coordinate for evidence of
concerted motion.

1.
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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, first click
on it to select (it will be marked by a red arrow), and drag the
mouse up or down in the area below C at the left of the screen.
Alternatively, hold down the left button and Alt key (option key
on Mac) and move the mouse up and down. Minimize and click

on bd.
Select Transition State from the Build menu or click on V, if
it appears at the top of the screen. Click on bond a in the figure

on the following page and then click on bond b. A curved arrow
from double bond a to single bond b will be drawn.

Next, click on bond ¢ and then on bond d. A second curved arrow
from bonds ¢ to d will be drawn. Finally, click on bond e and
then, click on the (methyl) hydrogen to be transferred and next



on the terminal (methylene) carbon to receive this hydrogen. A
third curved arrow from bond e to the center of a dotted line that
has been drawn between the hydrogen and oxygen, will appear.

If you make a mistake, you can remove an arrow by selecting
Delete from the Build menu (%) and then clicking on the arrow.
(You will need to select \/ﬂ, to continue.) Alternatively, hold down
the Delete key as you cl/ick on an arrow. With all three arrows in
place, click on |&& (Search Transition State) 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. In this case, select Undo from the Edit menu () to
return to the model with the arrows and modify accordingly.

3. Select Calculations... from the Setup menu (| ,), and specify
calculation of transition-state geometry using the 3-21G Hartree-
Fockmodel. Select Transition State Geometry, Hartree-Fock and
3-21G from the three menus to the right of Calculate. Check IR.
This will allow you to confirm that you have found a transition
state, and that it smoothly connects reactant and product. Click
on Submit and name it ene reaction 1-pentene.

4. When the job completes, animate the motion of atoms along the
reaction coordinate. Select Spectra from the Display menu (/| |),
click on in the bar at the top of the spectra pane and click
on ‘ R|| s inthe palette that results. Clickon -4 (Tables) at the left
of the spectra pane to bring up a list of frequencies and intensities.

Frequency Intensity

[C] 690 0.50
[C] 503 0.42
[C] 552

1097

lom | »

[[] 634 404

| P 819 678

[ 876 4229

[C] 979 1.22 "

Click the top entry in the list. It corresponds to an imaginary
frequency, and will be designated with an i in front of the number.
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Asdetailed in Tutorial 7 of the Spartan Student Manual, vibrational
frequency is proportional to the square root of the ratio of the force
constant (reflecting the curvature of the potential surface along a
particular coordinate) divided by a combination of the masses of
atoms involved in motion along that coordinate. At a transition
state (a maximum in the reaction coordinate), the curvature is
negative. Since the mass term is positive, the quantity inside the
square root is negative and the frequency is an imaginary number.

Is the vibrational motion consistent with an ene reaction of
interest and not with some other process?

5. Clickon E (Make List) at the left of the spectra pane. Controls
in the dialog that result allow for changing both the amplitude of
vibration (Amp) and the number of steps that make up the motion
(Steps). Leave the number of steps (11) alone but change the
amplitude to 0.3. Type 0.3 in the box to the right of Amplitude:
and press the Enter key (return key on Mac). Next, click on
Make List at the bottom of the dialog. This will give rise to a
new document containing 11 structures that follow the reaction
coordinate down from the transition state both toward reactant and
product. You are done with ene reaction 1-pentene, so close it.

6.  With focus on the new document, select Calculations... from the
Setup menu (| ) and specify Energy, Hartree-Fock and 3-21G
from the three menus to the right of Calculate (the same as
used to obtain the transition state and calculate the frequencies).
Make certain that Global Calculations is checked and cl/ick OK.
Select Surfaces from either the Setup or Display menu (&)
and specify evaluation of two surfaces: a bond density surface
and a bond density surface onto which the electrostatic potential
has been mapped. Before you do so, make certain that Global
Surfaces is checked. Click on More Surfaces...", select density
(bond) for Surface and none for Property and c/ick on Apply.
Select density (bond) for surface and potential for Property
and click on OK.

*  Youneed to use More Surfaces rather than Add as the electrostatic potential is mapped on
the bond density surface.
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7.  Submit for calculation®. Name it ene reaction 1-pentene
sequence. Once the job has completed, enter the Surfaces
dialog and examine the surfaces that you have calculated. For
each, step through the sequence of structures (4] and »|) keys at
the bottom of the screen) or animate the reaction ( »|). Note, in
particular, the changes in bonding revealed by the bond density
surface. Also pay attention to the value of the potential on the
migrating atom. This reflects its charge. Is it best described as a
proton (blue), hydrogen atom (green) or hydride anion (red)?

Sx2 Reaction of Bromide and Methyl Chloride

8. Close all open documents and dialogs.

H H H
\ I /
Br + ]C—CI — |Br---C---Cl| —— Br—CK + CI-
S 5 y
HH 3 HH
H H

1. The SN2 reaction passes through a transition state in which
carbon is in a trigonal bipyramid geometry and the entering and
leaving groups are collinear. To build it, first construct methyl
chloride. Then select bromine from the palette of icons in the
model kit. Hold down the Insert key (option key on Mac) and
click on screen opposite chlorine. Alternatively, double click on
screen. Two detached fragments, methyl chloride and hydrogen
bromide, appear on screen. Click on (% or hold down the Delete
key and then click on the free valence on bromine. You are left
with methyl chloride and bromine atom (bromide). Manipulate
the two such that bromide is poised to attack methyl chloride
from the backside (as in the transition state above). (Translations
and rotations normally apply to all fragments, but can be made
to apply to a single fragment by first clicking on the fragment
and then holding down on the Ctrl key while carrying out the
manipulations.) Do not minimize. Click on bg.

*  In this example, you have requested graphical surfaces prior to submitting the calculation.
You could also have requested them to be done “on-the-fly” following the calculation.
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Select Transition State from the Build menu (\/KJ). Click on
bromide and then click first on carbon and then on bromide again.
A dotted line will be drawn from bromine to carbon, together with
an arrow from bromine to the center of this line. Next, click on
the CCl bond and then click on the chlorine, and click a second
time on chlorine. A second arrow from the carbon-chlorine bond
to the chlorine will be drawn.

Br/)—---}C—/E)I
\\\I

Click on [£] (Search Transition State) at the bottom right of the
screen. Your structure will be replaced by a guess at the transition
state.

Select ¥?» Measure Distance from the Geometry menu. Click
on the CBr bond. Replace the current CBr distance in the box at
the bottom right of the screen by 3.8 (3.8A) and press the Enter
button. You have made a complex representing the reactant.

Select Constrain Distance from the Geometry menu or click on
@ if it appears at the top of the screen. Click on the CBr bond,
and then click %@ at the bottom right of the screen. The icon
will change to E\ indicating a constraint is to be applied to this
distance. Check the 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 1.900 A Steps: 10 [¥] profile

Leave the value 3.8 (3.8A) in the leftmost box alone, but change
the number in the box to the right of to to 1.9 (1.9A) and press
the Enter button. Change the number in the box to the right
of Steps from 10 (the default) to 20. 20 Calculations with CBr
bond lengths constrained from 3.8A (the starting point) to 1.9A
(the ending point) will be performed. The transition state should
have a CBr distance in between these values. Click on bg.

Select Calculations... from the Setup menu (| ), and select
Energy Profile in Water and Hartree-Fock 3-21G from the
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menus to the right of Calculate. You also need to change Total
Charge to Anion.

6. Submit the job. Name it bromide+methyl chloride. When
completed, it will give rise to a sequence of calculations placed
in a new document with the name bromide+methyl chloride.
Prof.spartan. Accept the prompt to open this file. Close the first
document bromide+methyl chloride to reduce clutter.

7.  Select Spreadsheet from the Display menu (). Click on the
Add button at the bottom of the spreadsheet. Select AEnergy
from the Energy From Molecule options under the Molecules
List tab. Next, enter the (constrained) CBr distances and bromine
charges in the spreadsheet. Select Constrain Distance from
the Geometry menu (&), click on the constraint marker in the
model and click on _ , at the bottom right of the screen.

constraint marker

Click on bgd. Select Properties from the Display menu (€))
to bring up a Properties dialog. Click on bromine and cl/ick on
. 4 tothe left of Electrostatic Charges in the Atom Properties
dialog. Close the spreadsheet and select Plots from the Display
menu (<) to bring up the Plots dialog. Click on in the
bar at the top of the dialog and select Constraint (Con1) (the
distance at which the CBr bond has been constrained) from the
X Axis menu, and both A Energy (kJ/mol) and Electrostatic
(Brl) from the Y Axes list in the dialog that results. Click on
Create. By default, the data points are not connected. Click on
&, in the bar at the top of the plots plane, select Point-to-Point
for both A Energy (kJ/mol) and Electrostatic(Br1). Also set
the X Axis Range from 4 to 1.8. and c/ick on Done.

One plot gives the energy as the reaction proceeds and the other
gives charge on bromine. Are the two related? Explain.
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8.  S\2 reactions involving charged species normally need to be
carried out in highly-polar media, for example, water. The
C-PCM solvent model available with Spartan Student allows
the effect of solvent to be estimated.

9. Select Surfaces from either the Setup or Display menu (&).
Click on More Surfaces.... * Select density (bond) from the
Surface menu and none from the Property menu and click on
Apply. Select density (bond) from the Surface menu, but this
time potential from the Property menu. Click on OK. Do not
close the Surfaces dialog. The Spartan Student interface will
perform these graphics calculations on-the-fly, however, it will
take 30 seconds to a minute to complete the two surfaces for all
20 molecules on the list.

10. When completed, check the box to the left of the bond density
surface inside the Surfaces dialog (the first one you specified) to
turn it on. Click on »| at the bottom left of the screen to animate
the display. Note, that bonds are smoothly broken and formed
during the course of reaction. Click on | at the bottom of the
screen when you are done.

11. Turn display of the bond density off (uncheck the box) inside
the Surfaces dialog, and then turn display of the electrostatic
potential mapped onto the bond density on. Click on »|. Relate

*  Youneed to use More Surfaces rather than Add as the electrostatic potential is mapped on
the bond density surface.
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the migration of negative charge during reaction as indicated by
colors in the electrostatic potential map to the plot you constructed
in step 8. Recall, that colors near red indicate maximum negative
potential.

12. Remove all molecules and any remaining dialogs from the
screen.
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Tutorial 10

Biomolecules

The two tutorials in this chapter illustrate models appropriate to
large biomolecules (proteins and polynucleotides), in particular,
ribbon displays of secondary structure and display of hydrogen
bonds. No calculations are performed.

Treatment of very large molecules, proteins and polynucleotides
(biopolymers) most important among them, requires models which
are simpler than those appropriate for small organic and inorganic
molecules. This refers both to structural models for display and
manipulation (where a simplified ribbon display of the biomolecule’s
backbone is used) and to theoretical models used for calculation of
structure and properties (where molecular mechanics replaces quantum
chemical models).

Model Kit =]

[ QOrganic H Inorganic ]

Structural Motifs in Proteins [

Peptide J [ MNucleotide ]

Two main themes dominate the H
3-dimensional structures of essentially O, |

all proteins, the a helix and the 7]
sheet.

Glycine (gly, G [7] sequence

ala val leu ile

gly

o Helix

1. Select New Build from the File -
menu () and click on the ‘ R ‘H
Peptide builder from the Model ‘ gin

thr met phe

asn

his

pro

Kit. This contains a library of Stereoisomer: @ | © d
the 20 natural amino acids, each || ;i 457,00
identified by a 3-letter code. © Other @480

Strand:|A—'| m
2. Click on gly- (glycine). As you
toggle the checkbox to the left of
Sequence on and off, the display DS o, o Se
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window at the top of the model kit will shift between a text field
showing gly (Sequence box checked) and a 2D rendering of
non-terminated glycine (Sequence box un-checked).

3. Make sure the Sequence box is checked, and randomly select
an additional 9 amino acid residues. Below the pallet of amino
acids are a series of buttons: o Helix, 3 Sheet and Other. These
allow specification of the secondary structure of constructed
polypeptide sequences. Select o Helix and double click on
screen.

4. Aball-and-spoke model ofa 10-residue polypeptide is displayed.
There are two open valences (indicated by their yellow color)
at either end of this non-terminated polypeptide molecule.
From the lower right side of the Peptide builder, click on the
Terminate button. The dialog that results lets you terminate the
polypeptide either as an uncharged form (CO,H and NH,) or as
a zwitterionic form (CO, and NH;").

€) Terminate b4
@ N:
® CO,” ® NH,"
OCO;H ©ONH;

Cancel

Choose CO,H and NH, (the uncharged form) and click on the
OK button to terminate.

5. To simplify the model, display the polypeptide as a Tube
model and deselect Hydrogens from the Model menu. Select
Hydrogen Bonds from the Model menu. Dotted lines depicting
hydrogen bonds will appear on screen between the oxygens
of carbonyl groups and the nitrogens of amine groups (recall
that display of hydrogens has been turned off). In the o helix
structure, hydrogen bonds are formed between the C=0 of one
amino acid and NH group of another amino acid, separated by
a space of 4 residues. It is this network of internal hydrogen
bonding that holds together the a helix.

Tutorial 10 123



)

O R O Ry o)
H H
HoN N N
N N OH
H H
Ri O Rs O Rs

To better see the a helix, select Ribbons from the Model menu.
You may also, if you choose, turn off the molecular structure
display of the peptide all together, by selecting Hide from the
Model menu. Rotate the model on screen to get an idea ofits 3D
structure. Note that the hydrogen bonds are still visible. Close
the document when you finish examining the a helix structure.

[ Pleated Sheet

7.

10.
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Select New Build from the File menu (@) and click on the
Peptide builder from the Model Kit. The ten-residue sequence
you previously constructed will remain in the viewer window
at the top of the builder (if not, make sure the Sequence box is
checked and randomly choose another 9 amino acids). Select 3
Sheet and double click on screen.

Again, a model of a 10-residue polypeptide is displayed. This
time, the secondary structure is in the f§ sheet configuration.
Terminate the structure in either the uncharged or zwitterionic
form.

Click on &g to remove the model kit. Note that the same
10-residue sequence is significantly longer in the § sheet
arrangement. As you did for the a helix, switch to a tube model,
and turn on display of hydrogen bonds. The extended 8 sheet
does not contain internal hydrogen bonding so no hydrogen
bonds appear. Close the document when you finish examining
the B-sheet structure.

Hydrogen bonds play a role in connecting f§ strands to make a
B sheet. Select Access PDB Online... from the File menu.

Tutorial 10



€) Online PDE Open X
Enter PDB Identifier...
PDB Id: |

Options:

[ Add Hydrogens [ Rrelabel

[ praw Ramachandran Plot ‘ Open Cancel

Type 1JIC into the dialog that results and c/ick on Open. Turn
on hydrogen bonds (Hydrogen Bonds from the Model menu).
Hydrogen bonds appear between different B strands. Note that
hydrogen bonds may also exist between residues on the same
strand, in this example they form a hairpin turn resulting in
the same 3 sheet running adjacent to itself but in the opposite
(or anti-parallel) direction. Close 1JIC when you have finished
examining the B-sheet structure.

11. Select Access PDB Online... from the File menu (%), type
143 F" into the resulting dialog and click on Open. Note that a
simple ribbon display, showing the protein backbone (secondary
structure) has replaced the usual structural models (ball-and-

spoke, tube, etc.). To see why this

is preferable, turn on (select) one
of these models from the Model
menu. The model styles that
provide detail of the enzyme’s
primary structure completely
obscure a significant structural
detail (namely that this enzyme
is comprised of three identical
sub-units). Note, however, that

a space-filling model (Space-Filling from the Model menu)

remians useful in providing indication of the overall size and

shape of the enzyme.

*  PDB designation 1JIC. Torres, A.M., Kini, R.M., Selvanayagam, N., Kuchel, PW.; J.
Biochem. 360: 539-548 (2001).

** PDB designation 1A3F. Segelke, B.W., Nguyen, D., Chee, R., Xuong, N.H., Dennis,
E.A.; J Mol. Bio., 279, 223-232 (1998).
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12.

13.
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To better visualize the three sub-units, turn the selected model
style off (choose Hide from the Model menu) and select
Configure from the Model menu, click on the Ribbons tab,
select By Strand for Coloring and Extended Ribbons for
Style and click Apply. Note that each oligomer is colored
differently. Explore the remaining options for coloring
(click Apply after each selection). Monochrome provides a
single colored model useful for tracing the backbone of the
biomolecule. By Secondary Structure gives information about
how the backbone is organized (alpha-helices are colored red,
beta-sheets are colored blue, while any remaining segments are
colored green). By Residue provides a multi-colored display
where each unique color represents a specific amino acid residue
type. To further explore, click on the OK button to dismiss the
Configure dialogue, and then click on the individual colored
segments of the ribbon. The specific peptide or amino acid
residue (in the case of peptide chains, proteins, or enzymes)
or nucleotide base (in the case of nucleotide chains, DNA, or
RNA) will be specified in the lower right of the workspace.

Select Ramachandran Plot from the Model menu.

2
= | A B L W H

-180

e ppppupape

Each point gives the dihedral angles between a pair of amino
acids (the so-called ¢ and 1 angles). Note that many points fall
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into two clusters, one corresponding to helices and the other to

B sheets.
14. Close 1A3F.

Structure of DNA

Only a single motif, a helix, defines the elegant structure of DNA.

1. Select New Build from the File menu () and click on the
Nucleotide model kit.

Model Kit =]

[ Organic ” Inorganic ]

[ Peptide ] [_ Nucleotide J

NH,
N N
i
<H A

Adenine (A) [C] sequence

B -

| Dna ~|
Helix:
©A @B ) Other
Rise/Base: 3.375

Twist/Base: 36.00

P % X Re

This model kit includes options for building a variety of nucleic
acid sequences (based on nucleotide residues) including both
single and double stranded DNA and RNA, as well as hybrid
DNA-RNA sequences. Choose DNA from the menu in the
middle of the Nucleotide model kit.
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Just below the viewer window (inside the model kit) are four
buttons designating the nucleotide bases. Click on A (adenine).
Toggle the check-box to the left of Sequence on and off. The
display window at the top of the model kit will shift between a
text field showing A- (with the Sequence box checked) and a
2D rendering of adenine (with the Sequence box un-checked).
Note that even though the 2D rendering displays only the
nucleotide base, when building, the entire nucleotide, including
the organic base (purine or pyrimidine), sugar (ribose), and
phosphate group, will be inserted on screen. In the case of double-
stranded sequences, the complementary base is also inserted.

Double click on screen to insert an adenosine nucleotide, and
its complementary base thymine nucleotide. Select Hydrogen
Bonds from the Model menu to display hydrogen bonding
between the AT base pair. Note that adenosine-thymine pairings
in double stranded DNA will always form two hydrogen bonds,
whereas guanine-cytosine pairings result in the formation of
three hydrogen bonds. When you are finished examining the
A-T base pair, select Clear from the Edit menu.

Make sure the Sequence box is checked, and randomly select
an additional 15-20 nucleotide bases. Below the pallet of
nucleotide bases is a series of buttons (marked A, B, and Other)
that provide for specification of the nucleotide sequence Helix.
Select B for the helix type and double click on screen. (DNA
exists in three forms, A, B, and Z. Almost all DNA in living
organisms is in the B-DNA configuration.)

Select Tube and Ribbon from the Model menu. Display of
hydrogen bonds has already been specified. If you turned this
off, hydrogen bonds can be accessed from the Model menu.
Also select Configure from the Model menu and click on the
Ribbons tab. Select By Strand from the Coloring options and
click OK. The ribbon tracing the backbone of the sequence you
constructed from the builder is colored red; the complementary
sequence is colored blue.
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6. Becausethe glycosidic bonds ofthe base pairs (bonds connecting
the base pairs to their sugar molecules) are not exactly opposite
one another, B-DNA has two clearly visible grooves (called the
major groove and the minor groove). The major groove is = 12
A wide and the minor groove is roughly half that size. Select
Space-Filling from the Model menu and locate the major and
minor grooves in your B-DNA sequence.

7. Close all open documents.
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Tutorial 11

Inorganic and
Organometallic Molecules

This chapter shows how to construct inorganic and organometallic
molecules using Spartan Student s inorganic model kit.

Many molecules are made up of a relatively few elements and obey
conventional valence rules. They may be easily built using the organic
model kit. However, others cannot be assembled with this model kit
either because they incorporate other elements, or do not conform
to normal valence rules or involve ligands. Important among these
are inorganic and organometallic compounds involving transition
metals.

Sulfur Tetrafluoride

\\\\\

Sulfur tetrafluoride cannot be constructed using Spartan Student’s
organic model kit. This 1s because sulfur is not in its normal bent
dicoordinate geometry, but rather in a trigonal bipyramid geometry
with one of the equatorial positions vacant. However, the molecule
can easily be made using the inorganic model kit.

1. Select New Build from the File menu (Lﬂ) and then select
Inorganic from the menu at the top of the model kit.
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The inorganic model kit comprises a selection bar (initially,
clicking on the selection bar brings up the Periodic Table)
followed by a selection of atomic hybrids. Buttons access menus
of groups, rings and ligands, additional libraries (More) and the
clipboard. Finally, a selection of bond types is provided at the
bottom of the model kit.

2. Click on the selection bar to bring up the Periodic Table.
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Select (click on) S in the Periodic Table and the five coordinate

trigonal bipyramid structure from the list of atomic hybrids.
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Double click on screen. A trigonal bipyramid sulfur will appear
at the top of the model kit.

Again, click on the atom bar, select F in the Periodic Table and
the one-coordinate entry [~ ] from the list of atomic hybrids.
One after the other, click on both axial free valences of sulfur,
and two of the three equatorial free valences.

It is necessary to delete the remaining free valence (on an equatorial
position); otherwise it will become a hydrogen. Click on (% and
then click on the remaining equatorial free valence.

Click on [Re . Click on 66 to remove the model kit.

Select Calculations... from the Setup menu ( ) Select
Equilibrium Geometry", Density Functional, ®B97X-D, and
6-31G* from the menus to the right of Calculate and click on
Submit. Accept the name sulfur tetrafluoride.

When the job completes, select Properties from the Display
menu (€D) and click on an atom, for example, sulfur. The
atomic charge based on the electrostatic potential will appear in
the (Atom Properties) dialog. Are the charges consistent with
covalent or 1onic bonding?

Select Surfaces from the Display menu, c/ick on Add and select
HOMO from the menu that results. The graphics calculation is
automatic and will take only a second or two. When completed,
check the box to the left of HOMO inside the Surfaces dialog.
Is the highest-occupied molecular orbital in sulfur tetrafluoride
consistent with the notion that sulfur is surrounded by six electron
pairs? Elaborate.

Close sulfur tetrafluoride and any open dialogs.
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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 symmetry

(C, point group). Thus, square planar SF, in Dy, symmetry would remain square planar,

while an almost square planar structure (distorted only slightly from Dy, symmetry to C,

symmetry) would collapse to the proper structure.
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Benzene Chromium Tricarbonyl

<

/CI' it} CO
oc” Yco
benzene chromium tricarbonyl

Does a chromium tricarbonyl group donate or withdraw electrons
from an aromatic ring to which it is coordinated? The objective of
this tutorial is to find out by comparing electrostatic potential maps
for benzene chromium tricarbonyl and free benzene.

1. Select New Build from the File menu (@) and then Inorganic
from the menu at the top of the model kit. Click on the selection
bar and select Cr from the Periodic Table. Select the four-
coordinate tetrahedral structure from the list of atomic
hybrids. Double click anywhere on screen.

2. Click on Ligands in the model kit, select Benzene from the
menu of available ligands.

Acetylene
Tere] Ethylene

Al
%‘_‘& Butadiene
‘/@’ Cyclopentadienyl

cmp

Carbon Monoxide

Nitrogen Oxide

Ammonia

:
AN

‘Water

L)
an 4

Phosphine

Click on one of the free valences on the four-coordinate chromium
center.
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3. Select Carbon Monoxide from the Ligands menu, and c/ick on
the remaining (three) free valences on chromium. Click on e
to produce a refined structure.

4. Select Build New Molecule from the File menu ( [.3]). Click on
Rings, select Benzene and double click on the screen. Click on
e and then on gg. The document now contains both benzene
chromium tricarbonyl and benzene.

5. Select Calculations... from the Setup menu (| ). Specify
calculation of Equilibrium Geometry and PM3 from the menus
to the right of Calculate. Make certain that Global Calculations
(at the bottom of the dialog) is checked. Click on OK.

6. Select Surfaces from either the Setup or Display menu (&).
Click on Add and choose electrostatic potential map from the
menu. Make certain that Global Surfaces is checked. Do not
close the Surfaces dialog.

7. Submit the job (Submit from the Setup menu). Name it benzene
chromium tricarbonyl. When completed select Spreadsheet
from the Display menu ( |), and check the box to the left of
the label for both entries. This allows the two molecules to be
displayed simultaneously on screen. By default, Coupled (Model
menu) is checked. Remove the checkmark by selecting it. The
two molecules may now be moved independently. Orient each
molecule so that you can clearly see the benzene face (exposed
face in the case of the organometallic).

8.  Check electrostatic potential map in the Surfaces dialog. Compare
electrostatic potential maps for both free and complexed benzene,
with attention to the exposed benzene face.” Does the Cr(CO);
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 to nucleophilic attack?

9. Close the documents and any open dialogs.

*  Electrostatic potential maps (as well as other maps) for molecules in a group will be put onto
the same (color) scale. This allows comparisons to be made among different members.
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Ziegler-Natta polymerization involves a metallocene. This complexes
an olefin, which then inserts into the metal-alkyl bond.

Ziegler-Natta Polymerization of Ethylene

HoC==CHy HyC = CHy

H2C = CH2

CpoZr'R CpsZr'R ——  CppZrt-R  —— CpoZr*CHyCH,R —

The object of this tutorial is to obtain a transition state for insertion
of ethylene into Cp,ZrCH;".

1. Select New Build from the File menu (Lﬂ) and then Inorganic
from the menu at the top of the model kit. Click on the selection
bar and select Zr from the Periodic Table. Select =< | from the list
of hybrids and double click on screen. Select Cyclopentadienyl
from the Ligands menu and c/ick on two of the free valences on
zirconium.

2. Select Organic from the menu at the top of the model kit to move
to the organic model kit. Select sp® carbon and click on
the remaining free valence on zirconium. Select Alkenyl from the
Groups menu, hold down the Insert key (option key on Mac) and
click anywhere on screen or double click in a blank area on screen.

3. Orient the two fragments (Cp,ZrCH; and ethylene) as shown

below:
HQC‘):CHg
Cp/ln,,. .:‘//YE
Zr--CH,
Cp™

(To move the fragments independently, hold down the Ctrl key.)

4. Select Guess Transition State from the Build menu (\/i/). Click
on the ZrC (methyl) bond, and then one after another, click on
the methyl carbon and on one of the ethylene carbons. Next,
click on the ethylene double bond and then, one after another,
click on the other ethylene carbon and on zirconium. Click on
(Search Transition State) at the bottom right of the screen.
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In a few seconds, a guess at the transition state appears.

Select Calculations... from the Setup menu (| ;). Specify
Transition State Geometry and PM3 from the menus to the
right of Calculate. Change Total Charge to Cation and check
IR. Click on Submit and name the job Cp2ZrMe cation +
ethylene.

When the job has completed, select Spectra from the Display
menu (| ). Click on the */* in the bar at the top of the spectra
pane and select \ "* ' = (calculated IR Spectrum). The infrared
spectrum calculated for the transition state appears. Click on
., (Tables) at the far left of the spectra pane. This brings up a
list of calculated frequencies and infrared intensities. Note that
the frequency value at the top of the list is preceded by an “1”.
This designates it as imaginary. Click on this frequency and
examine the vibrational motion. Would you describe the process
as concerted or occurring in discrete steps?

Close Cp2ZrMe cation + ethylene and any open documents and
dialogs.
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Section 111
User’s Guide

This section describes the functions available under the menus
incorporated into Spartan Student, and is intended to serve as a
general reference to the program. The coverage follows the order
of the menus presented in the user interface: File, Edit, Model,
Geometry, Build, Setup, Display, Options, Activities and Help.
The functions and usage of each of the menu entries is described.
Entries under the File, Model, Geometry and Build menus deal
primarily with the input and construction of both 2D drawings and
3D structures and with their display and query. Entries under the
Setup menu specify molecular mechanics or quantum chemical
models, and designate what properties and spectra are to be obtained,
and request one or more graphical models and include the submit
function for jobs passed on to computational programs (submitted in
the background). Entries under the Display menu access calculated
quantities including calculated spectra. Entries under the Options
menu set program defaults and user preferences, designate paths to
databases of calculated and experimental information.

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 under Zopics accessed from the Activities menu, which
also accesses PDF files comprising the Tutorials and Labs. The Help
menu provides additional technical help under Spartan Student
v9 Help, Includes the full program, manual as s PDF file, accesses
details About the program and contains the License Utility (allowing
for upgrading the licensing, renewing maintenance, configuring the
license type, etc.). New in this release, the Check for Updates... entry
compares the user’s version with the latest available for download,
and alerts the user to newer versions. Note, the software will not
automatically update, this tool only alerts users to the availability of
newer versions.
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Chapter 3
The File Menu®

The File menu accesses a 2D sketch pad, model kits to build, edit and
substitute molecules in 3D, thefile system to read and write both native
and non-native files, print text and on-screen graphics, save on-screen
graphics as image files, the database of quantum chemical results by
name, the online PDB database of protein and nucleotide structures.

Oy Ly
New Build / MNew Sketch
| Build New Molecule /l Sketch New Molecule
L%
Oy
ﬂ Delete Molecule 1:.3| Append Molecule(s)

Cpen , Close
. Open Recent Documents -
T o)
ull| Save [ || Save As
=
g Print lqr Save Image As

W Access PDB Online H_. Access Database By Name

Exit

New Build (|4])
Brings up a model kit and clears the screen. Model kits are discussed
in Chapter 7.

New Sketch (7))

Brings up the 2D sketch pane and clears the screen. The 2D sketch
pane is discussed in Chapter 7.

*  The File menu previously contained Screen Recording tools. These are now accessible
throughthe operating system: Win+Alt+R for Windows, Command+Shift+5 for Macintosh.
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Build New Molecule ([24])

Brings up a model kit and clears the screen. Build New Molecule
differs from New Build, in that the resulting molecule is appended
to the end of the document associated with the molecule (or sketch)
that is presently selected.

Sketch New Molecule ()

Bringsupthe 2D sketch pane and clears the screen. The menu baris still
accessible, but only the View (g) and Sketch New Molecule ()
icons are available. Sketch New Molecule differs from New Sketch
in that the resulting sketch is appended to the end of the document
associated with the molecule (or sketch) that is presently selected.

Delete Molecule (@)

Deletes the selected molecule(s) from a document. Deleting the last
molecule leads to an empty document.

Append Molecule(s)... ((33])

Appends molecules from one or more documents onto the end of
the current document. Append Molecule(s)... leads to a file browser
from which one or more documents may be selected.”

Open... ()

Opents a file that contains all information associated with a particular

*  Alternatively, molecules may be appended onto an existing document either by copy/paste
operations using the clipboard or by dragging from 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 select (click on) it, and then
select Copy from the Edit menu. Alternatively, c/ick on its label in its spreadsheet (in the
leftmost column), and then select Copy from the Edit menu. The latter permits several
molecules to be selected (and copied) at once using the Shift and Ctrl keys in the usual
manner. Once on the clipboard, the molecule or molecules may be moved to the destination
list by clicking on an empty row header in the spreadsheet (for the destination document),
and then selecting Paste from the Edit menu.

To copy a document from an external window, drag it onto the open spreadsheet (associated
with the destination document) inside of Spartan Student. Several documents can be
dragged at once using the Shift and Ctrl keys in the usual manner.
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molecule (or list of molecules). In addition to native (.spartan) files
(documents) including 2D sketch files, supported are files containing
2D drawings, 3D structures and 1D strings. Also supported are file
formats for experimental IR and NMR spectra. Non-native files are
normally hidden from view, but may be seen by selecting All Files
from the Files of type menu at the bottom of the dialog.

Open Recent Documents ()

Brings up a list of (at most) ten recent documents. Clicking on one
opens the document.

Save (")
Save As... ()
Save Image As... (K7)

Saves the document containing the selected molecule exactly 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
named, Save behaves as Save As.... Documents may be either be
saved in native format or in one of the formats listed under Save As....
In addition, Bitmap (.bmp), JPEG (,jpg) and PNG (.png) graphics
file formats are supported. Selection is made under the Save as type
menu in the Save As dialog. Save Image As... allows for saving
molecules as high resolution PNG files.

Save as type: | Spartan Doc's (*.spartan) ~

p P
Spartan Input (".spinput)

Spartan Summary (*.html)

Spartan Output (*.tet)

Spartan Verbose Output (".text)
Spartan Archive (*.sparchive)
Spartan Property Archive (".spproparc)
Spartan Exchange (*.sxf)

Spartan Database (*.spentry)
Farmatted Checkpoint File (.FChk)
Chemical Markup Language (*.cml)
MacroModel (*.mac)

Sybyl Mol (*.maol)

Sybyl Mol2 (*.mol2)

Protein Data Bank (*.pdb)

MDL 5D (*.5df)

MDL 5KC (*.ske)

MDL TGF (*tgf)

XVZ (*3y2)

IMol XYZ List (*jxyz)

SMILES (*.smiles)

InChl (".inchi)

JCamp (*.dx)

Comma Separated Values (*.csv)
Bitmap file (*.bmp)

JPEG file (*.jpg)

PNG file (*.png)
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Print ()

Selection leads to a dialog in order to designate a printer, specify
print layout and number of copies. It also allows printing to a file.

o= Print *
General
Select Printer
7@ Wavefunction Printer =l Wavefunction Fax
=4 Wavefunction E-fax M Microsoft Print to PDF
Al Wavefunction E-printer M Microsoft XPS Documen
£ >
Status: Ready [ Printtofile Preferences
Location:
Comment: Find Printer...
Page Range
= Al Number of copies: |1 3:
i i
" Pages: 01 r
Enter either a single page number or a single _]-rg _212 _313
page range. For example, 5-12
Print Cancel | Apply |

The contents of the spreadsheet (Spreadsheet under the Display
menu; Chapter 9) may be printed using Print from the contextual
menu. The results of a reaction energy calculation (Reactions...
under the Display menu; Chapter 9), may be printed using Print
from the contextual menu.

Access Database By Name... (A )

Included with Spartan Student is a ~6,000 molecule subset of the
Spartan Spectra and Properties Database (SSPD). The individual
entries correspond to calculations from the wB97X-D/6-31G*
density functional model and each includes the structure, energy,
infrared and NMR spectra, as well as a variety of molecular and
atomic properties. The wave function is available allowing graphical
surfaces and property maps to be computed on-the-fly. Selection
brings up a dialog:
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9 Access Database By Name X

N MName
1

2 © hypoxanthine NH tautomer

< >

A name search is initiated by entering a name (or partial name)
in the box to the right of By Name: at the bottom of the Access
Database by Name dialog. The search will return all entries that
include whatever text string is entered into this box. For example,
searching xanthine will not only result in xanthine, but also any
related molecules.

Following the search, one or more hits may be retrieved by selecting
them from the hit list and then clicking on Retrieve. Shift and Ctrl
keys areused inthe usual way to select multiple entries from the hit list.

Access PDB Online... (1)

Provides access to the online Protein Data Bank (PDB)" comprising
more than 190,000 protein and nucleotide structures. Selection
results in a dialog.

€) Online PDB Open x
Enter PDB Identifier...
PDE Id:

Options:

[ add Hydrogens [ Rrelabel

[ braw Ramachandran Plot | Open ‘ Cancel

To access a PDB structure, enter the four character identification
code in the box to the right of PDB ID and c/ick on Open. If the PDB
entry contains more than one structure and/or the PDB ID yields more
than one entry, all structures will be returned in a single document.

*  The web address is https://www.rcsb.org.
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PDB access will typically require a few seconds. The PDB ID will
appear at the right and a ribbon model of the protein or nucleotide
will appear on screen. A Ramachandran plot associated with a protein
structure may either be drawn upon initial retrieval of the PDB file
by checking the box to the left of Draw Ramachandran Plot or
later from Ramachandran Plot under the Model menu (Chapter 5).

Screen Recording

For Windows (10 or higher) use the Win+Alt+R keys to start
screen recording of the focused window. A menu is presented
allowing the “Stop” recording feature. Similarly, for Macintosh use
the Command-+Shift+5 keys to access the screenshot toolbar for
MacOS Mojave or higher.

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 name is requested. If a previously-saved document has been
altered, verification that the changes are to be saved is requested.

Exit ()

Exits Spartan Student, that is, clears the screen and closes all open
documents. A prompt for a name is provided for each document that
has not previously been saved.
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Chapter 4
The Edit Menu

Operations under the Edit 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 ‘ ‘\d Cut H _J Copy ‘
‘ :.] ‘ ‘ ‘ ‘ ./- -\\I ‘
| Paste Select All % Find
\_j\ Find Mext ‘ ‘ Q‘C Center ‘ ‘ "-lif Clear ‘
\ 1t

Undo (¥))

Undoes the last operation from the Build and Edit menus. Undoes
transition-state formation (see Transition State in Chapter 7).

Cut (), Copy (_ ), Paste (| )

Cut moves the selected item to the clipboard and removes it from
the document. Copy copies the item to the clipboard. The item
is unaffected. Paste transfers the contents of the clipboard to the
selected location. The contents of the clipboard are unaffected.
Among the important uses of the clipboard are:

(1) Transferring on-screen graphics into other applications such
as Microsoft Word® and PowerPoint®.

(11) Temporary storage of a 3D molecular structure for use in
molecule building. Temporary storage of a 2D sketch is
accomplished using Copy/Paste under a contextual menu
(see Chapter 7).

(i11) Transferring data between Spartan Student spreadsheets
and between a Spartan Student spreadsheet and other
applications such as Microsoft Excel®.
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(iv) Making multi-molecule documents and/or transferring
molecules between documents.

Copy operations for (i) and (ii) also refer to the contents of a
selection box if one has been drawn, but to the selected molecule
if a box has not been drawn. Copy operations from a spreadsheet
refer to all spreadsheet information associated with a document 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 is provided in Chapter 7 and for moving data in
and out of the spreadsheet in Chapter 9.

Select All (| )

Selects all atoms in the selected molecule.

Find...("? ), Find Next (‘)

Find locates a text string defined in the Find dialog if an output
window or a spreadsheet is selected, or a structure sequence defined
on the clipboard if an on-screen model is selected. Find Next locates
the next occurrence of a text string or a structure sequence.

Center (=3=)

Centers on screen all molecules in the document for which the selected
molecule is a member (only the selected molecule is displayed).

Clear (1)

Clears (deletes) the structure and other information for the selected
molecule, and brings up a model kit. Information is not removed
from the file system until the document is saved.
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Chapter 5
The Model Menu

Structure models available under the Model menu include wire, ball-
and-wire, tube, ball-and-spoke and space-filling (CPK) models, with
or without hydrogens, with or without hydrogen bonds indicated, with
or without atom labels, and with or without R/S chirality labels, as
well as ribbon displays for polypeptides and polynucleotides, with
or without labels and with or without hydrogen bonds indicated.
It allows drawing a Ramachandran plot for a protein structure
retrieved from the Protein Data Bank (PDB). The menu also provides
for configuring atom labels to display element name, mass number,
charge or chemical shift, and for specifying color coding and display
style for ribbon labels, as well as turning a variety of other labels on
and off. Finally, it allows model style to be applied globally (to all
molecules in a document) and models to be manipulated in concert.

Model:

L
Wire Ball and Wire Tube
B - J

3 Ball and Spoke
¢

Toggles:

@ Global Model

b Space Filling
Coupled
‘ )

\ Hide

'! Labels 'I..‘k Hydrogens ¢ Ribbons

R," Chirality “} Hydrogen Bonds i Ramachandran Plot
] “p " Hydrog -y
-'\ Configure. . .

Only one model style Wire, Ball and Wire, Tube, Ball and Spoke,
Space Filling or Hide) may be selected. The selected model is
designated by a check mark v in front of its entry in the drop down
menu or by a highlighted button in the case of the button pad menu

146 Chapter 5



display. Global Model, Coupled, Hydrogens, Labels, Chirality,
Hydrogen Bonds, Ribbons and Ramachandran Plot operate as
toggle switches. A v in front of the entry in the menu indicates that
it is selected.

All structure models and graphics may be displayed either in orthogonal or
perspective projections. The latter may be valuable in helping to visualize
large molecules. Selection is done in the Settings tab (Preferences...
under the Options menu; Chapter 10). Both structure models and
graphics may be presented in 3D stereo. This is also controlled from the
Settings tab. Stereographic displays require perspective projections.

Wire ()

This represents the molecule as a wire model where the vertices
represent the atoms.

Wire Model

Bonds are drawn in two colors, one for each of the atoms making up
the bond. Default atom colors are given in Figure 5-1.

Atom colors apply globally (to all atoms of given type), and may
be changed using the Set Colors dialog (Colors under the Options
menu; Chapter 10). All models use the same color scheme for atoms,
and provide for the same mechanism of changing colors globally or
individually. Note: Individual atoms may be custom colored, or may
be displayed in a custom model style from the Atom Style panel,
accessible from the drop down triangle in the lower right of the Atom
Properties dialog (Properties under the Display menu, Chapter 9).

Ball and Wire(_ )

This represents atoms by small balls and bonds by wires.
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Figure 5-1: Default Atom Colors

8 Periodic Table X

Color By:
Atom Colors

= 58
14012 m.gl
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Ball-and-Wire Model

The balls are color coded according to atom type, and the wires
representing bonds are drawn 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.

Tube Model

Tubes may either be solid cylinders or be split to represent multiple
bonds. As with wire models, bonds are drawn in two colors.

Ball and Spoke (_§)

This represents atoms by balls (the color of which depends on atom
type), and bonds by spokes.

Ball-and-Spoke Model

Spokes are either cylinders or are split to represent multiple bonds.
Bond (spoke) color is gray by default but it may be changed using
the Color dialog (Colors under the Options menu; Chapter 10).
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Space Filling (dp)

This represents the molecule as a composite of spheres, the radii
of which have been chosen to approximate van der Waals contact
distances.” Also known as CPK models, space-filling models are
intended to portray overall molecular size and shape.

Space-Filling Model

Volume, surface area and polar surface area (PSA)™ are displayed in
the Molecule Properties dialog (Properties under the Display menu;
Chapter 9) and correspond to a space-filling model.

Hide ()

This removes the structure model from the screen. This may be
desirable where its display leads to unnecessary crowding, for
example, in proteins where ribbon displays are more appropriate. A
structure model may be restored by selecting it from the Model menu.

Global Model (£3)

If checked (turned on), this signifies that all molecules in a document
will share attributes. These include presentation of hydrogens, atom
and other labels, hydrogen bonds and ribbon displays. Default model
style is controlled from the Molecule tab (Preferences... under the
Options menu; Chapter 10). Global Model acts in a toggle manner,
switching between global and individual display. Global Model is
normally on.

*  Default values for van der Waals radii may be changed from the VDW Radlii tab accessible

from Preferences under the Options menu (Chapter 10). Settings apply to all atoms of
given atomic number.

** Polar surface area is defined as the area due to nitrogen and oxygen and any hydrogens
attached to nitrogen and oxygen.
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Coupled ()

If checked (turned on), this signifies that all molecules in a document
will be moved together. Coupled is turned on following molecule
alignment (see Align under the Geometry menu; Chapter 6).
Coupled acts in a toggle manner, that is, repeated selection couples
and decouples the molecules.

Hydrogens (&)

If checked (turned on), this signifies that hydrogens are to be included
in the model display. Hydrogens acts in a toggle manner, that is,
repeated selection turns the display of hydrogens on and off.

Labels (#°)

If checked (turned on), this signifies that labels associated with
atoms, ribbons and bonds as well as with other attributes specified in
Configure... (see discussion later in this chapter) are to be displayed
in conjunction with model display. Labels acts in a toggle manner,
that is, repeated selection turns display of labels on and off. Labels
is automatically turned on following selection of Apply or OK in the
Configure dialog (if any changes are made).

R/S Chirality ( ®s)

If selected, this adds R/S chirality labels to the model. R/S Chirality
acts in a toggle manner, that is, repeated selection turns R/S labels
on and off.

Hydrogen Bonds (5 *)

If checked, this signifies that hydrogen bonds are to be drawn as part
of the model. Hydrogen Bonds acts in a toggle manner, that is,
repeated selection turns display of hydrogen bonds on and off.

Ribbons ()

If checked, this signifies that ribbons are to be displayed along with
the selected model. (If only ribbons are desired, select Hide for the
model.) Ribbons acts in a toggle manner, that is, repeated selection
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turns display of ribbons on and off.

Ramachandran Plot (|2 )

If checked, this draws a Ramachandran plot for a protein input from
the Protein Data Bank (see Access PDB Online under the File menu;
Chapter 3). 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 for a-helices, blue for 3-sheets, green
for “other”) is not based on the actual 3D geometry but rather on
assignments in the PDB file.

Configure... ( &)

This selects the types of labels attached to atoms and ribbons, as well
as display of other objects such as points, planes, and user annotations.

€ Configure X
Labels  Objects  Ribbons
Atom:
® Label O Mass Number O strand: Residue\Label (O Cal Chem shift O (Cal - Exp) Chem Shift
O Element O Electrostatic Charge O Exposed Area O Exp Chem Shift
Other:
[ Bond Hydrogen [ Constraint Plane Reaction Arrows [ Residue Paint
Cancel | | Apply

Atom labels may be selected from among the following: Labels,
a unique element/number combination that may be changed
from the Atom Properties dialog (accessible from Properties
under the Display menu; Chapter 9), Element, Mass Number,
Electrostatic Charge, Strand: Residue\Label (polypeptides
and polynucleotides), and Exposed Area (of an atom in a space-
filling model) and Chem Shift (Calculated, Experimental, and
Calculated-Experimental). In addition, Bond Labels, Point
Labels, Plane Labels, Constraint Labels, Residue Labels and/
or Reaction (Arrow) Labels may be provided. Default settings
(for anew molecule) are made in the Molecule Preferences dialog
(Preferences under the Options menu; Chapter 10).
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Configure Objects
Clicking on the Objects tab leads to the Configure Objects dialog.

€ Configure X

Labels Objects Ribbons
Show:
Constraints Planes Images
[ Frozens Reaction Annctations
points AT

Cancel | | Apply

If checked, Constraint and Frozen markers, Points and Planes
and Reaction arrows attach to the model. If not checked, these are
shown only in the respective modes, for example, Frozen markers
are shown only if Freeze Center is selected.

Configure Ribbons
Clicking on the Ribbons tab leads to the Configure Ribbons dialog.

@) Configure ®
Labels  Objects  Ribbons
Coloring:
By Secondary Structure ~
Style:

Extended Ribbons

Ribbon coloring may be selected from among the following:
Monochrome, By Secondary Structure, By Strand or By
Residue. Ribbon style may be selected from among the following:
Ribbons, Extended Ribbons, Beads, or Lines.

The Configure dialog is removed from the screen with all
selections maintained by clicking on OK. Clicking on Cancel
or on &4 removes the dialog but selections are lost. Clicking on
Apply maintains the selections but leaves the Configure dialog on
screen. Note, that Labels (from the Model menu) will be turned
on following either cl/icking on OK or on Apply.
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Chapter 6
The Geometry Menu

Functions available under the Geometry menu allow querying,
changing and constraining bond lengths, angles and dihedral angles,
defining points, ligand points and planes, freezing atomic centers and
aligning molecules in a document.

1?’ Measure Distance é__? Measure Angle \?\ Measure Dihedral
e Constrain Distance @ Constrain Angle e Constrain Dihedral
.—f: Define Point .:ér: Define Ligand Point .—‘.: Define Plane

% Freeze Center : Generate Isomers Ji Align

Measure Distance («2»)
Measure Angle (£2))
Measure Dihedral (3)

Measure Distance displays the distance (in Angstroms) between two
atoms, whether or not they are bonded. 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.

Distance(C1,H1) = | 1096 A ~
hd

Alternatively, clicking on a bond displays its length.

Length(Bond1) = | 1.096 A =
J (Y

Measure Distance may also be used to alter the distance between
atoms (as long as both are not incorporated into the same ring), by
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altering the contents of the box to the right of Distance (A,B) = or
Length (A)=, and then pressing the Enter key (return key on Mac).
The distance (length) may be entered into the spreadsheet by clicking
on ,  to the right of its display (see Spreadsheet under the Display
menu; Chapter 9). Alternatively, the label “Distance (A,B)=" or
“Length (A)=" may be dragged into the spreadsheet.

Angle and dihedral angle queries 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 forces atoms to be held in place during minimization (in the
3D builder) or during equilibrium or transition-state geometry
optimization, conformational searching, or energy profile generation
using methods specified in the Calculations dialog (Calculations...
from the Setup menu; Chapter 8).

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 pyrolysis of cyclohexyl 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 figure below) and then minimizing.

H H H

‘c=0 \C \c—o

TN . Vi O Vi TN .. approximate

! _modify Ny _freeze | minimize  transition-state
O\‘ H structure © ,'H 0\‘ / structure for

b ( p 4 RS cyclohexyl formate
HoC—=——CH, HC:CQ I}C—CH

transition-state structure
for ethyl formate HZC\ /CH2 H2C\ CHz
HC—CH; H,C—CH,

Selection of Freeze Center leads to a message at the bottom left of
the screen, and Freeze All, Freeze Heavy, and Thaw All options at
the bottom right of the screen.

Select atom to freeze.
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Clicking on an atom or free valence”, freezes it; clicking again thaws
it. Buttons at the bottom right of the screen allow for freezing all
atoms (Freeze All), freezing all heavy (non-hydrogen) atoms (Freeze
Heavy) and for thawing all atoms (Thaw All).

Frozen atoms are indicated by magenta colored markers ( £ ).
Whether or not these are included with the model (outside of freeze
center mode) is controlled from the Molecule Preferences dialog
under Preferences... in the Options menu (Chapter 10).

Constrain Distance (@)
Constrain Angle (@)_
Constrain Dihedral (@)

These introduce one or more geometrical constraints during structure
minimization (in build mode), and during equilibrium or transition-
state geometry optimization or conformational searching using
methods specified in the Calculations dialog (Calculations... from
the Setup menu; Chapter 8). They also allow for setting a range of
constraints needed for generation of energy profiles. Constraints may
be useful in a number of situations, among them:

(1)  constructing conformational energy profiles where one or
more dihedral angles need to be fixed while other geometrical
variables are optimized,

(1))  optimizing molecular structures where the values of certain key
parameters are known, for example, optimizing the geometry of
amolecule with an intramolecular hydrogen bond or a disulfide
linkage, and

(i11)) 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.

Selecting Constrain Distance results in a message at the bottom left
of the screen.

Select two atoms, a bord, ...

*  Thebond distance in this case is that appropriate for hydrogen being added to the free valence.
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Clicking on two atoms, or a bond results in a message at the bottom
right of the screen.

: (= ] )
Constraint(C1,C2) = | Profile

Clicking on @ changes it to @ and shows the current distance.

Constraint(Conl) = |fg N 1.500 A [T Profile

This (constraint) distance can now be changed by altering the contents
of the box and then pressing the Enter key (return key on Mac).
Alternatively, the existing distance may be used as the constraint
distance. If the selected distance had previously been constrained, the
icon @ would have been initially displayed. In this case, clicking on
’ﬁ turns the constraint off and returns the icon to |3_H‘ Finally, the
value of the constraint (that may be different from the value of the
current distance”) may be entered into the spreadsheet by clicking
on , 4 toits right. Alternatively, the label Constraint (4,B)=may be
dragged into the spreadsheet.

This sequence of operations (bond identification followed by turning
the constraint on and off) may be repeated as many times as necessary.
Any bonds or non-bonded distances on which constraints are to be
imposed are indicated by magenta colored markers. Any constraints
introduced are automatically enforced.

Angle and dihedral angle constraints are handled in a similar manner.
Note that points and planes may not be used to define constraints.

Checking the tefie leads to additional options 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 constructing an energy profile along a predefined set of
coordinates (see Calculations... under the Setup menu; Chapter 8).

(= |
Constraint(Con2) = N/ 000" to 180.00 ° Steps: 19 [ profile

The leftmost box sets the initial value of the constraint, the middle

*  Note, however, that you should not start a constrained geometry optimization from a structure
that is very different from that satisfying one or more constraints.
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box to the right of to sets the final value, and the rightmost box to
the right of Steps: sets the number of steps. 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 accomplished using the Constraint
Properties dialog, (see Properties under the Display menu; Chapter
9) and the value of the constraint posted to the spreadsheet.

Whether or not constraint markers are included as part of the
model (outside of constrain distance, constrain angle or constrain
dihedral mode) is controlled from the Molecule Preferences dialog
(Preferences... under the Options menu; Chapter 10).

Define Point (%)

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.

|Se|ect atoms. Repeat to terminate.

Clicking on atoms (or points) in any order, and 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 can be defined and these
are treated in the same way as an atom in defining distances, angles,
etc. Points move with the molecule as its geometry is altered.

Whether or not points and ligand points are shown as part of the model
is controlled from the Molecule Preferences dialog (Preferences...
under the Options menu; Chapter 10).

Define Ligand Point (%)

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 atoms). Clicking on atoms (or points) in
any order, and clicking a 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 defined. A ligand point shares all the
characteristics of a normal point, but may also be used to bond to
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atomic fragments, functional groups, etc. See Make Bond under the
Build menu (Chapter 7) for a discussion. Ligand points move with
the molecule as geometry is altered.

Delete from the Build menu (. 9) or the Delete key may be used to
remove a point or ligand point.

Whether or not points and ligand points are shown as part of the model
is controlled from the Molecule Preferences dialog (Preferences...
under the Options menu; Chapter 10).

Define Plane (%)

This defines and displays a reference plane. Selection results in
display of a message at the bottom left of the screen.

Select three atoms.

Clicking on 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 as its geometry
changes.

Delete from the Build menu (. #) or the Delete key may be used to
remove a plane.

Whether or not planes are included as part of the model is controlled
from the Molecule Preferences dialog (Preferences... under the
Options menu; Chapter 10).

Align ( |])

This aligns all other molecules to the selected molecule in the same
document. Note: the Align icon or menu entry will only be available
if you access it with focus on a multi-molecule document. If your
document has a single molecule the icon is grayed out. Selection of
Align from the Geometry 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 center, and marks it
with a red circle. Clicking on the circle removes the designation (and
the circle). Following selection of alignment centers, clicking on the
Align button at the bottom right of the screen aligns the molecules.
If no atoms are selected prior to clicking on Align, then alignment is
based on all (non-hydrogen) atoms.

Following alignment, two or more molecules may be displayed
at once using spreadsheet functions (see Spreadsheet under the
Display menu; Chapter 9). Their motions (coordinates) will be
coupled following alignment, but may be uncoupled allowing the
aligned molecules to move independently (see Coupled under the
Model menu; Chapter 5). Note that alignment center selections are
kept and molecules can be realigned by again selecting Align from
the Geometry menu (or clicking on ||) followed by clicking on the
Align button.

The alignment score from 0 to 1 (where 1 designates perfect
alignment), is available in the spreadsheet. This is accessed by clicking
on the Add button at the bottom of the spreadsheet, and selecting
Alignment Score from the Molecule List tab (see Spreadsheet under
the Display menu; Chapter 9). A score of 0 is assigned to molecules
that cannot be aligned to the selected molecule.
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Chapter 7
The Build Menu

The Build menu provides a sketch palette for drawing 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, 2D to 3D conversion and 3D structure
refinement using molecular mechanics.

Spartan Student provides a variety of tools for specification of 3D
molecular structure, a necessary first step to any molecular mechanics
or quantum chemical calculation. Molecules can either be rendered
as 2D sketches and later brought into 3D", or directly constructed
from 3D fragments. Polypeptide and polynucleotide construction is
availale from 3D (only).

2D Sketch Palette

The 2D sketch palette contains tools for making and manipulating
drawings. There are also tools for specifying charges and radical sites
and for designating stereochemistry.

B _
Dgoo: @

=l
b3 ¢ I B

Atom Icons. H, B, C, N, O, F, Si, P, CI, Br and I only.

*  The Windows version of Spartan Student also allows seamless access to ChemDraw
installed and licensed on the same computer. 2D drawings are automatically brought into
3D. Both Windows and Mac versions of Spartan Student are able to read ChemDraw files.
Information is provided in Appendix E.
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Periodic Table, Groups, Ligands. A More icon which appears
below the H and B icons, allows any atom as well as a variety of
common functional groups and a selection of common ligands to
be specified.

Common Rings. Three icons facilitate the rapid addition of

Common Carbonyl Groups. Three icons facilitate the rapid
addition of carbonyl (n), carboxylic acid/ester () and amide

() groups to drawings.

Stereochemical Markers. Wedges and dashes, represented by el
and B8, can be used to designate in-out stereochemistry. Once a
stereochemical marker has been added to a drawing, it is possible
to designate the orientation of hydrogen atoms and/or substituents
bonded to six-member rings as ax(ial) or eq(uatorial) (ax and eq
labels appear only on the drawing, not in the palette).

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 into 3D models. This
is accomplished by adding hydrogen atoms to the drawing. For
example, a single carbon on screen 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 or free
radical, charge or radical markers must be added to the drawing.

Two icons, 6 and @, are used to label atoms that bear formal
charges. ( is used to label atoms that are neutral, open-shell
radicals. Each of these markers affects the number of electrons
and the number of hydrogen atoms added to the 3D model. For
example, O will produce a 3D model of water, H,O. However,
adding the appropriate marker will result in 3D models of H;O*
(6), HO- (@), or HO radical (i), respectively. Only one
charge/radical marker can be assigned to an atom.
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Only one charge/radical marker is displayed on the palette, but
clicking on the icon will cause each marker to appear in turn.

Reaction Arrows. \/i/ designates one ore more curved arrows
allowing access to Spartan’s automated search transition state
procedure. The tail of the arrow corresponds to the source of the
electron pair. If the source is a lone pair, then select the atom that
holds the lone pair. If the source is a bond, then select the bond.
Clicking on an atom or bond highlights (colors gold) the atom or
bond. Clicking again on the same atom (or same bond) removes the
highlighting. The head of the arrow corresponds to the destination
of the electron pair. If the destination is an atom (leading to a lone
pair), then select the atom that will hold the lone pair by clicking
on it two times. If the destination is an existing bond (leading to an
increase in bond order from single — double or double — triple),
then select (click on) the bond. If no bond presently exists, select
(click 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 to an atom, or the center of a bond, or the 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 fragment. 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 removed by clicking on (® from the palette and clicking
on the arrow. You then need to select V{, to continue arrow
specification.

Once defined, reaction queries can be used to provide a guess at
a transition state based on its similarity to an entry in an internal
database” of transition states for a variety of common reactions.

Drawing Tools. ¥ Undoes the most recent drawing operation(s).
#® Removes or modifies parts of a drawing. Jif Deletes an entire

*

This collection presently consists of more than 2000 named reactions.
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drawing (a warning is provided). 4 Improve the readability of a
drawing by applying various clean up” procedures.

Making a Sketch

To start a sketch, first select (c/ick on) an atom, group, ring or the
More icon in the sketch palette and then double click in the white
portion of the screen (the drawing area). To draw a bond, first click on
an atom, group, ring or More icon in the sketch 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 the cursor
while holding down the left button (drag the cursor) to the place in the
drawing area where you want the bond to end and release the button.
Multiple bonds are made by dragging over existing bonds.

1. position 3. release
—_— O gives ——
2. drag
1. position 3. release
4 position .
ives
2. drag 5. drag 9 \

6. release

1. position 5 drag 3. release

H— Q gives ==

6.release O 949 4 position

@. To make a bond touch the screen where you want it to start, move
%\ one finger to where you want it to end and lift. Replace position by
touch, drag by move and release by lift in the diagram above.

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
and Shift key. Use the scroll wheel to resize the sketch.

To translate the sketch, move two fingers over the screen. To rotate
%\ the sketch in the plane of the screen, twist two fingers on the screen.
To resize the sketch, pinch (or spread) two fingers on the screen.
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Sketch Operations

Add an Atom, Ring, or Carbonyl Group. To add an atom,
click on that atom’s icon. Position the cursor over the atom in
the drawing that will connect to the new atom, drag it away and
release the button. To add a common ring or carbonyl group, click
on that ring’s (group’s) icon, position the cursor over the atom in
the drawing that will connect to the new ring (group) and drag
it away and release the button. The carboxylic acid/ester §%4 and
amide £ icons contain an arrow that shows which atom in these
groups will be connected to the existing drawing. To change the
location of this connection point (arrow), click on the group’s icon
until the arrow reaches the desired location.

Add Multiple Bonds. To add a multiple bond, first draw a single
bond at the location where the multiple bond is needed, then either
double click to increase the bond order, or redraw the bond once
to make a double bond, and redraw it again to make a triple bond
(in other words, position the cursor over one end of the bond, drag
to the other end, and release the button).

Fuse Rings. Click on an icon for the first ring and double click
on the screen. Next, click on the icon for the second ring and
double click the bond that the rings will share. This will create a
drawing with a fused bicyclic ring system. Note that the (cis or
trans) stereochemistry of the ring juncture is ill-defined. This will
be addressed later (Add Stereochemical Markers).

This technique can also be used to add rings to an existing bond in
any drawing. Click on the icon for the ring to be added and double
click on the bond that will become part of the ring.

Replace an Atom with Another. If a drawing contains atom A
where atom B is needed, click on the icon for B, then double click
on A in the drawing. This allows the drawing of heterocycles.
First, draw an all-carbon ring and then replace specific carbons
with heteroatoms.

Access an Element, Functional Group, or Ligand. Click on
the icon underneath H and B (this icon will initially be labeled
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with the name of the group that was previously selected (or with
More if no previous selection was made) and will change each
time you select a new moiety. A tabbed dialog initially displaying
a Periodic Table results.

i
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If instead of an element, a functional group is desired, c/ick on the
Groups tab, and then on a group from the dialog that results.

==

-Et

«ipr | tBu | Bn| -Ph | N |

-CHO | -COMe| -CONH.| -CO.H| -Co:Me| -COEt |
-NMe; -NC | -Nco | -Ncs| -Ns | -No, |
-OMe  -OEt | -OAc | -0Bn| -OPh |-0SiMe,|

Finally, if a ligand is desired, click on the Ligands tab, and then
a ligand from the dialog that results.
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An element, group or ligand defined in this way can be added to a
drawing, replaced, or removed using the same drawing techniques
used for standard atoms.

Add a Stereochemical Marker (Dash or Wedge). 3D information
can be added to a drawing by replacing single bonds with
stereochemical markers: dashes or wedges.

To use a marker, click either [ or [, then draw or (re-draw) the
single bond. To reverse the orientation of the marker, re-draw the
bond or marker in the opposite direction. One type of marker can
be replaced directly by the other. Click on the desired marker and
then re-draw the existing marker. Markers can also be converted
back into single bonds. Click on [—|, then double click on the
marker.

For best results during 2D-to-3D conversion, all substituent bonds
to rings should be drawn with stereochemical markers.

Add an Axial or Equatorial Marker (6-member rings only).
The orientation of a hydrogen/substituent on a 6-member ring
can be specified by marking one ring substituent as either
ax(ial) or eq(uatorial). If the molecule contains multiple rings,
the conformation of each ring can be specified by marking one
substituent per ring. Axial or equatorial markers can only be added
to stereochemical markers (dashes, wedge) so the bond connecting
the substituent to the ring must be drawn with a stereochemical
marker first.

To add an axial or equatorial marker to a stereochemical marker,
click on either [ or B8, then double click on the stereochemical
marker. ax will appear on top of the stereochemical marker. To
replace ax with eq, double click on the stereochemical marker
again. To remove the marker, double click on the marker again.

Although it is possible to produce a drawing in which several
bonds are marked as axial or equatorial, only one marker is used
when converting a 2D ring drawing into a 3D model.
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Assign Charges and Radical Sites. Formal charges and unpaired
electrons can be assigned to individual atoms” using charge/
unpaired electron markers. To assign a positive formal charge to
an atom, click on 6 and double click on the atom in the drawing.
To assign a negative formal charge or unpaired electron, c/ick on
the charge/unpaired electron marker until the desired icon appears
(tapping the marker rotates it through three possibilities: @, % ,
and ) and double tap the atom in the drawing.

To replace a charge/unpaired electron marker on an atom with a
different marker, click on the desired charge/unpaired electron icon
and double click the marked atom. To remove a marker, click on
® and double click on the marker.

Charge/unpaired electron markers play an important role during
the conversion of 2D drawings into 3D models in that they
determine the number of hydrogens that need to be added to the
model (it is usually unnecessary to draw hydrogens unless they
are needed to mark stereochemistry).

Hydrogens are not shown in 2D perspective drawings unless they
have been drawn explicitly (exceptions: hydrogens attached to
neutral N, O, P, and S are shown). When a drawing is converted
into a 3D model, hydrogens are added to the model according to
conventional bonding rules. A neutral carbon atom is assumed to
form four bonds, nitrogen three bonds, oxygen two bonds, and so
on. Analogous logic is used for atoms that carry a formal charge
or unpaired electron marker.

Charge and unpaired electron markers are carried over into
specification of quantum chemical calculations (Calculations...
from the Setup menu; Chapter 8). The total charge is set equal to
the sum of the formal charges in the 2D drawing. A model with one
unpaired electron is treated as a free radical (drawings that contain
more than one unpaired electron may give unanticipated results).

*  While convenient when sketching in 2D, the radical or charge is not actually located on
an atom, rather the quantum chemical calculation will convey delocalization, this is best
explored with graphical models. See Surfaces in the Display menu, Chapter 9.
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Undo the Last Action. Click on ¥') to return to the drawing as it
existed before the last action.

Clean Up a Drawing. Click on & to clean up a drawing, that is,
to equalize bond lengths, bond angles, and so on. Clean up can
improve the appearance of a 2D drawing, but not every clean up
will produce a desirable result. To undo an unsatisfactory clean
up operation, click on M.

Remove an Atom or Bond. Click on ( and then double click on
the atom or bond. If you click an atom, all bonds to that atom will
also be removed. Removing a bond, either by clicking on an atom
or by clicking on the bond itself, will also remove terminal atoms,
that is, atoms not connected to any other atoms in the drawing will
be removed along with the bond.

Remove a Multiple Bond. To remove a multiple bond, click on
® then double click on the multiple bond. This reduces the bond
order by one. Repeated double clicks on a triple bond will reduce
the bond order: triple — double — single — no bond.

Remove a Reaction Arrow. To remove a reaction arrow, click on
® and double click on the reaction arrow.

Remove a Stereochemical Marker. Click on (9, then double
click the marker. This replaces the marker with a single bond.

Change or Remove an Axial or Equatorial Label from a
Stereochemical Marker. Tap either e or [, then double click
on the stereochemical marker where an axial or equatorial label
appears. This cycles the label (in order) among ax (axial), eq
(equatorial) and nothing. The stereochemical marker itself will
not be affected.

Remove a Charge or Radical Marker. Click on (% and double
click on the marker.

Clear the Screen. Click on Jiff . A warning message will ask you
to confirm this operation.

A 3D structure is obtained from the 2D sketch by clicking on 66
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3D Model Kits

Spartan Student provides four different model kits for assembling a
variety of molecular systems: an organic model kit for most organic
molecules, an inorganic model kit for organic molecules not well
represented in terms of an uncharged (non-zwitterionic) valence
structure, as well as inorganic and organometallic molecules, and
model kits for polypeptides and polynucleotides. The organic and
inorganic model kits utilize atomic fragments, functional groups
and rings (and ligands in the inorganic model kit), while the peptide
model kit uses the set of natural amino acids as building blocks, and
the nucleotide model kit the set of nucleotide bases.

3D molecule construction in Spartan Student proceeds much in the
same manner as a chemist would assemble a structure from a plastic
model kit, that is, pieces are taken from the kit one at a time and added
sequentially to the molecule under construction.

Organic Model Kit

The organic model kit contains a suite of molecule building/editing
tools specifically designed to construct organic molecules.

Model Kit =]
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In the center of the model kit are a selection of atomic fragments,
which from left to right and then top to bottom, correspond to:

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 by clicking on its icon, which is then
displayed at the top of the model kit. Once selected, the fragment
may be used to initiate building, to add alongside of an existing
structure or appended onto an existing structure. To initiate
building, double-click anywhere on screen. To add alongside of an
existing structure, hold down the Insert key (option key on Mac),
and then click anywhere on screen, or double click in a blank area
on screen (no Insert or option key modifier required). To bond
to an existing structure, cl/ick on a free valence (not an atom).
(Free valences are colored yellow on the selected molecule.)
Bond type in the case of atomic fragments with multiple bond
types, for example, sp? carbon, depends on the nature of the free
valence selected.

While only H, C, N, O, F, Si, P, S, Cl, Br and I are available from
the organic model kit, other elements may be substituted using atom
replacement feature available in the inorganic model kit (see General
Molecule Building Functionality later in this chapter). Similarly, bond
types may be altered in the inorganic model kit.

Menus inside the model kit provide access to a number of pre-
built fragments corresponding to functional groups (Groups) and
rings (Rings), and to additional libraries of rings (as well as any
user-defined structures) stored in Spartan’s file system (More).
The model kit also accesses the clipboard (Clipboard).
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Groups

F=c alkeny
“G=C-  Alkynyl
Je==C4 Allenyl
e, Amide
NN azido

=0 Carbonyl
B

a

,4'5\ . Carboxylic Acid/Ester

Isocyano
g Mitro
Nitroso
P00 Phosphine Oxide
w50 Sulfone

S=0 Sulfoxide

Clicking on Groups brings up a menu
of groups, and displays an icon of one
group in a box at the top of the model kit.

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

The amide and carboxylic acid/ester
groups have more than one different
free valence. The free valence that is to
be used is marked with a gold ¢ (in the
icon at the top of the model kit). The

marked position circulates among the possible positions with
repeated clicking on the icon.

Rings

a¥ Cyclopropane
O Cyclobutane
o] Cyclopentane
()(’ Cyclohexane
(F Cycloheptane
|:] Benzene
m MNaphthalene
D30

Anthracene

#(JEJ Phenanthrene

fP’é Indene
-ﬁﬁ}: Fluorene

Clicking on Rings brings up a menu
of hydrocarbon rings, and displays an
icon of one ring in a box at the top of
the model kit.

Once selected from the menu, a ring
may be used to initiate building, to
add alongside of an existing structure
on screen, or to add to an existing
structure. A ring may be “fused”
by double clicking on a bond in an
existing ring. Note that the (cis or

trans) stereochemistry of the ring juncture may need to be
adjusted by inverting chirality (see discussion later in the

chapter).

Cyclohexane, cycloheptane, naphthalene, anthracene,
phenanthrene, indene and fluorene have more than one different
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free valence. The one that is to be used is marked with a
gold ¢ (in the icon). The marked position circulates among
the available positions with repeated clicking on the icon.
Selection of an axial or equatorial free valence in cyclohexane
and cycloheptane is indicated by the label ax or eq appearing
alongside the icon. All rings in this menu are hydrocarbons,
but heteroatoms may be substituted (see General Molecule
Building Functionality later in this chapter).

More

This provides access to a broader selection of rings as well as to
access user-defined entities (rings, groups, ligands, etc.). Upon
initial entry, the menu to the right of More will be empty. It
can be populated, by clicking on (=) to the far right. This brings
up a file browser that has been set to point toward a Library
directory containing documents of common rings.

nitrogen heterocycles saturated nitrogen rings
oxygen heterocycles saturated oxygen rings
sulfur heterocycles saturated sulfur rings
mixed heterocycles saturated mixed rings

Clicking on a document followed by clicking on Open or
double clicking on a document populates the menu to just
under the 3D space at the top of the Model Kit. Menu entries
are selected in the usual way. In response, a ball-and-wire
model of the selected ring will appear in a box at the top of
the model kit. This may be manipulated (rotated, translated,
zoomed) using the usual mouse/keyboard commands (you need
to position the cursor inside the box) or with the usual one and
two-finger touch commands. The ring may be used to initiate
building, to add alongside of an existing structure, or to add
to an existing structure. In the latter case, the attachment point
(on the ring in the window) needs to be identified by clicking
on the appropriate free valence.

Documents containing ligands, chelates and high-coordination
fragments intended for use with the inorganic model kit
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(discussed in the next section) are also available. In addition,
any Spartan Student document may also be accessed.

Clipboard

Clicking on Clipboard accesses the clipboard. A ball-and-
wire model of whatever is on the clipboard is displayed in
a box at the top of the model kit. This may be manipulated
using the usual mouse/keyboard commands (you need to
position the cursor inside the box or with the usual one and
two-finger touch commands). Once selected, the contents
of the clipboard may be used to initiate building, to add
alongside of an existing structure, or to add to an existing
structure. In the latter case, the attachment point needs to
be identified by clicking on the appropriate free valence.

An empty clipboard will be signaled by:

‘I

Inorganic Model Kit

Spartan Student’s inorganic model kit allows construction
of a much wider class of molecules (including inorganic and
organometallic species) than possible from the organic model
kit. Structures that violate conventional bonding rules may be
constructed, as this model kit purposefully provides no bonding
rule enforcement. The inorganic model kit is reached by selecting
Inorganic from among the tabs at the top of the model kit.”

*

174

Tabs may require too much vertical space on computers or tablets with very small screens.
Alternative Builder Selection Methods are available in the Miscellaneous tab (Preferences
from the Options menu; Chapter 10).
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Atoms may be selected by clicking on the selection bar near the
center of the model kit. This brings up a full Periodic Table.
Main-group elements are colored red, transition metals are colored
green and lanthanides and actinides are colored blue. The Model
menu inside the Periodic Table highlights elements for which the
selected model is available.

[¥EeA Unspecified

Selecting an entry from this menu leads to recoloring of the
Periodic Table. A light green color is used to indicate elements
for which the selected model may be used. Immediately below is
a selection of atomic hybrids.

Selection of atom type is accomplished by clicking on the
appropriate element in the Periodic Table. The entry will be
highlighted. Selection of an atomic hybrid follows by clicking
on the appropriate icon which will then be highlighted.” This

*  Hybrids for a number of high-coordination centers are available as a library reachable from
More (see discussion under Organic Model Kit).
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combination (atom type + atomic hybrid) may be used to initiate
building, to add alongside of an existing structure or to append
onto an existing molecular fragment. To initiate building, double
click anywhere on screen. To add alongside of an existing structure,
hold down the Insert key (option key on Mac) and click anywhere
on screen, or double click in a blank area on screen. To bond to an
existing fragment, click on the appropriate free valence.

Two of the hybrids (trigonal bipyramidal and square-based
pyramidal) may bond either axially or equatorially. Selection
of the appropriate bonding point, marked by a e, is effected by
repeatedly clicking on the icon; the bonding point alternates
between the two sites.

Atoms are connected with whatever bond type (partial single,
single, aromatic, double, triple or quadruple) is selected from a
menu near the bottom of the model kit. A bond type may be changed
by first selecting a type and then double clicking on the bond. Bond
types have no impact on quantum chemical calculations, but do
affect molecular mechanics calculations which reference a Lewis
structure (including minimization in the builder; see discussion
later in this chapter).

No valence checking is performed in the inorganic model kit, and
the user is free to construct any arrangement of atoms.

Menus under Groups, Rings and More are the same as those
described for the organic model kit as is Clipboard. One additional
fragment collection is provided:

Ligands

This provides access to a number of pre-built ligands, useful
in the construction of inorganic and organometallic molecules.
Its operation is analogous to that of the Groups and Rings
menus. Clicking on Ligands brings up a menu of available
ligands, and results in an icon of one ligand from this menu
being displayed in a box at the top of the model kit.
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Acetylene
Ethylene
hr Al

—%‘_‘/}— Butadiene

ﬁ:’ Cyclopentadienyl

/f\

&
A

Phosphine

an

A ligand may be used to initiate building or to add alongside
or to an existing structure. Additional ligands are accessible
from More (see previous discussion). Ligands may also be
built with the aid of ligand points (Define Ligand Point in the
Geometry menu; Chapter 6).

To toggle the selection bar back to atom selection from the Periodic
Table, click on one of the atomic hybrid icons.

Peptide Model Kit

The peptide model kit available in Spartan Student is not intended
to be used for constructing proteins (although this is actually
possible). Rather, it is primarily intended to build idealized helix
and sheet structures. Protein structures are best entered from the
Protein Data Bank (see Access PDB Online... under the File
menu; Chapter 3). A model kit for construction of polypeptides
1s accessed by selecting Peptide from among the tabs at the top
of the model kit.
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At the middle of the peptide model kit are icons designating the
amino acids (specified by their three-letter codes). An amino acid
is selected by clicking on its three-letter code, the icon of the
amino acid is displayed in the box at the top of the model kit. If
the Sequence check box is selected, the three-letter code for the
amino acid is appended to the sequence of codes in the box at the
top of the model kit. Amino acids replace atoms, functional groups,
rings and ligands as the building blocks in the peptide model kit.
Because these other building blocks are missing, modifications
of peptides, aside from modifications in sequence and in overall
conformation, need to be carried out using the organic or inorganic
model kits.

There are two different modes of operation: single amino acid mode
and polypeptide mode. The former is used to initiate building with a
single amino acid, to add a single amino acid alongside of an existing
structure or to add a single amino acid to an existing structure, while
the latter is used to construct amino acid sequences (polypeptides).
Sequence off (unchecked) corresponds to single amino acid
mode, and on (checked) corresponds to polypeptide mode.

Peptide construction (Sequence on) is accomplished in three steps:
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Specify Amino Acid Sequence

This is accomplished by clicking in the desired order on the
amino acid codes. Building occurs from the N end to the C
end of the peptide. In response to each selection, the three-
letter code is appended to the sequence of codes in the box
at the top of the model kit. The stereochemical configuration
of the amino acid is by default the | configuration; this may
be changed to the d configuration prior to selection of the
amino acid, by checking d to the right of stereoisomer in
the model kit. (It may be changed back to 1 by checking 1). d
amino acids are indicated by .d following the code in the box.

The sequence may be altered by changing the text in the box.
Existing amino acid codes may be deleted or changed ornew codes
can be added. The entire sequence may be specified in this way
if desired. Specification of a non-existent code will result in an
error message. The sequence can be cleared by clicking on Clear.

Specify Macroscopic Structure

Once sequencing is complete, macroscopic structure (y and
¢ angles), is specified by clicking on one of o Helix, 3 Sheet
or Other. In the case of the first two, preset angle values are
displayed on the right. In the case of specification of Other,
boxes appear, into which the desired dihedral angles need to
be entered.

Terminate

The peptide is not yet terminated, and the two ends are still set
up for addition of further amino acids.

(0] H
AN /
C N
/ \,
Cend N end

where the * indicates a free valence. Clicking on Terminate
at the bottom of the model kit leads to the Terminate dialog.
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€) Terminate X
C MN:
®CO;” @ NH;5
OCO,H ©ONH;

Cancel

C and N terminating groups may be selected by repeated
clicking on the C and N icons, respectively. Selection will
rotate among the available terminating groups. Clicking on OK
removes the dialog and terminates the polypeptide. Clicking
on Cancel or & removes the dialog but does not terminate
the polypeptide.

The peptide (or single amino acid) may now be used either to
initiate building, by double-clicking anywhere on screen or added
alongside of an existing structure, by holding down the Insert
key (option key on Mac) and clicking anywhere on screen, or
by double clicking in a blank area on screen. If unterminated, it
may also be joined onto an existing structure by clicking on a free
valence. In the latter case, attachment is made from the N end,
unless the free valence corresponds to an unterminated peptide
fragment, in which case the appropriate end required to make an
amide bond is used.

Nucleotide Model Kit

Finally, Spartan Student provides a model kit for construction of
polynucleotides. It is reached by selecting Nucleotide from among
the tabs at the top of the model kit.
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At the middle of the model kit is a menu designating the type of
polynucleotide.

DNA

DNA (single strand)
RNA

RNA (double strand)
DNA-RNA
RNA-DNA

Immediately above this menu are icons, designating the nucleotide

bases. Selection of DNA, DNA (single strand) or DNA-RNA from
the menu leads to one set of icons.

B -

Selection of RNA, RNA (double strand) or RNA-DNA leads

to a second set, the only difference is that uracil (U) has been
substituted for thymine (T).

- -

A nucleotide base is selected by clicking on its letter, following
which either an icon of the base is displayed in the box at the top of
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the model kit, or the letter for the base is appended to the sequence
of letters in the box. Nucleotide bases replace atomic fragments,
functional groups, rings and ligands as the building blocks in the
nucleotide model kit. Because these other building blocks are
missing, modifications of nucleotides, aside from modifications in
sequence and helical structure, need to be carried out using either
the organic or inorganic model Kkits.

There are two different modes of operation: single base mode and
polynucleotide mode. The former is used to place a single base or
base pair on screen, to add a single base or base pair alongside of an
existing structure, or to add a single base or base pair to an existing
structure, while the latter is used to construct strands of DNA or
RNA (or mixed strands). Sequence off (unchecked) corresponds
to single base (base pair) mode and on (checked) corresponds to
polynucleotide mode.

Polynucleotide construction (Sequence on) is accomplished in
two steps:

Specify Base Sequence

This is accomplished by clicking in order on the base codes. In
response to each selection, the letter code is appended to the
sequence of codes in the box at the top of the model kit. The
sequence may be altered by editing the contents of the box.
Existing base codes may be deleted or changed or new codes
added. The entire sequence can be specified in this way if
desired. The sequence may be cleared by clicking on Clear.

Specify Helical Structure

Once sequencing is complete, a helical structure may be
specified by clicking on A or B. These correspond to A and B
helices, respectively. Selecting Other allows user modification
of the rise (in A) per base (Rise/Base) and twist (in degrees)
per base (Twist/Base).

Note that the polynucleotide is not yet terminated, and the two
ends are still set up for addition of further bases or base pairs.
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Base W/\q CH20P02 P

o)
J
* indicates a free valence. Hydrogens occupy all free valences
(except the *’ed positions at the two ends of the chain).

The polynucleotide (or single base pair) may now be used to
either initiate building, by double-clicking anywhere on screen,
Add alongside an existing structure, by first holding down the
Insert key (option key on Mac) and clicking anywhere on
screen, or double clicking on a blank area on screen. Join onto
an existing structure by clicking on a free valence. In the latter
case, attachment is made from the phosphate end.

General Molecule Building Functionality

Additional capabilities are available with Edit Build selected:

Multiple Fragments

Multiple fragments may result either from bond breakage (see
Break Bond later in this chapter) or from use of the Insert key
(option key on Mac), or double clicking in a blank area on screen.
A fragment is selected by clicking on it, following which the
associated free valences are colored yellow (free valences for any
non-selected fragments are colored white). Rotation and translation
apply to the entire set of fragments, but may be made to apply to
the selected fragment (only) by holding down the Ctrl key while
carrying out these operations.

Fragments may be attached using Make Bond (see discussion
later in this chapter).
Rotate/Stretch Bonds

In addition to molecule rotation, translation and scaling, the mouse
is used to rotate about and stretch bonds not incorporated into rings.
This is accomplished via the following sequence of operations:
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(1) Clicking onthe bond, which is then marked by a red cylindrical
arrow. (The bond connecting the last atom, group, ring or
substituent added to the molecule is automatically selected.)

(i1) Bond rotation (only) follows from moving the cursor up and
down inside the demarked area at the left of the screen while
holding down the left button. Alternately, simultaneously
holding down the Alt key (option key on Mac) and the left
mouse button while dragging the mouse up and down, for
bond rotation, or the Alt (option) key and the right mouse
button for bond stretching.

Replace Atom/Fragment

Another function of the mouse is atom replacement. This
behaves differently in the organic and inorganic model kits.
Double clicking on an atom (not a free valence) while an atomic
fragment in the organic model is highlighted, replaces the atom by
selected fragment. Free valences are adjusted to accommodate the
replacement, for example, replacement of sp* carbon by sp* oxygen
results in two free valences being removed. Atom replacements
that violate valence rules or that would disrupt substituents are not
permitted. Double clicking on an atom (not a free valence) while
an element in the Periodic Table from the inorganic model kit is
selected, replaces the atom by the selected element, that is, changes
the atomic number. No changes in the number or arrangement of
free valences is made, and no checking is done. Atom replacement
is not applicable to the peptide or nucleotide model kits.

Invert Chirality

In the Edit Build mode, double clicking on a chiral atom with the
Ctrl key (Command key on Mac) depressed inverts the chirality
of the atom (R—S or S—R). Double clicking on any atom with
both Ctrl (Command key on Mac) and Shift keys depressed
inverts the absolute configuration of the molecule.
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@. Replace click with tap and double click with double tap for multiple

fragment, fragment replacement and chirality inversion. One finger

movement up and down the shaded area at the left of the screen results
in rotation about the marked bond.

Building/Editing Menu Functions

Molecule building/editing functions are found under the Build menu.

View ? Edit Build j Edit Sketch
bt; =i £
\? Delete % Make Bond ..’ Break Bond
N o -
Minimize Guess Transition State

Icons for Delete, Make Bond, Break Bond and Minimize are also
found at the bottom of the model kit. They may also be included in
the icon toolbar at the top of the screen.

View (bgd)

This exits build mode, and removes the model kit from the screen
and also adds hydrogens to any open valences (one does not need
to explicitly add hydrogens).

Initial entry into the 3D builder is by way of New Build or Build
New Molecule under the File menu (Chapter 3). Edit Build, Delete,
Make Bond, Break Bond and Minimize are for modifying existing
structures.

Edit Build (.7)

In addition to the capabilities discussed under General Molecule
Building Functionality, this allows access to the libraries of
atomic fragments, groups, rings, ligands and substituents, as well
as the file system and the clipboard. Clicking on any buttons or
menus in the organic, inorganic, peptide, nucleotide or substituent
model kits, leads to Edit Build. (If a model kit is not already
on screen, selection brings up the last-accessed model kit.) A
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fragment may be used to initiate building by double-clicking
anywhere on screen, to add alongside an existing structure on
screen by holding down the Insert key (option key on Mac) and
by clicking anywhere on screen, or by double clicking in a blank
area on screen, or be added to an existing structure by clicking on
the appropriate free valence. Fragment addition can be terminated
by selection of any other function.

Edit Sketch ()

This allows a 2D sketch to be modified in the 2D sketcher after it
has been converted to a 3D structure. Edit Sketch is unavailable
when the existing 3D molecule contains more than 250 atoms.

Delete ((9)

This allows atom and free valence removal from a structure.
Selection leads to a message at the bottom left of the screen.

Select object to delete.

Subsequent clicking on an atom or free valence results in its deletion.
Deletion of an atom results in deletion of all of its associated free
valences. Free valences for any atoms to which the deleted atom
was previously connected are restored. Note that atom deletion
may result in one or more detached fragments. Selection of Delete
does not bring up a model kit nor does it remove a model kit that
1s present on screen. Delete is (by default) a one-time operation.
Double-clicking on the Delete icon will hold the delete mode open
until the user selects another mode (for example &g to View, or
;i?‘ to return to Edit Build).

Delete is also used to delete points and planes.
Deletion may also be accomplished by holding down on the Delete

key (on the keyboard) while clicking on the item to be deleted.
This mode (also) allows multiple deletions.
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Make Bond (%)

This allows bonds to be drawn between free valences and/or atoms.
Selection leads to a message at the bottom left of the screen.

Select two free valences.

Clicking on two free valences (on different atoms) will cause
these atoms to be linked by a single bond. Alternatively, double
clicking on each of two atoms will bond them, and clicking on a
free valence on one atom and double clicking on a different atom
will bond the two atoms. Note that available free valences are
consumed as a result of bond formation, irrespective of whether
free valences or atoms are selected.” If the selected atoms are
already bonded, this will result in the bond order being increased
by one, that is, single — double, double — triple. Selection of
Make Bond does not bring up a model kit nor does it remove a
model kit that is already present on screen. Make Bond may be
terminated by selection of any other function.

Break Bond (¢7)

This allows breaking an existing bond resulting in free valences.
Selection leads to a message at the bottom left of the screen.

Select bond to break,

Clicking on a bond breaks it and restores free valences. Note that
bond breaking may result in detached fragments. Selection of
Break Bond does not bring up a model kit nor does it remove a
model kit that is present on screen. Break Bond may be terminated
by selection of any other function.

@. Replace click with tap and double click with double tap for delete,
(S(\ make bond and break bond operations.

*

Free valences can be protected without altering the molecule by adding hydrogens to them
( - | from the organic model kit).
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Minimize ([2e)
This uses molecular mechanics to refine the geometry. Selection
leads to a message at the bottom left of the screen.

Minimizer is active.

The molecular mechanics energy” in kJ/mol, displayed at the
bottom right of the screen, is continually updated during the
minimization process. Minimization may be stopped at any time
by clicking on the @ icon at the bottom right of the screen. Any
geometrical constraints imposed on the structure (see Constrain
Distance, Constrain Angle, Constrain Dihedral under the
Geometry menu; Chapter 6) are enforced during minimization.
Also, any frozen atoms in the structure (see Freeze Center under
the Geometry menu; Chapter 6) remain frozen.

Guess Transition State (\/i,)

Spartan Student provides a facility for automatically guessing
the geometries of transition states based on the similarity of the
reaction of interest with one or more entries in Spartan Student’s
reaction database. Where an exact match is not available, Spartan
Student will attempt to provide as close a match as possible. This
will generally involve a less substituted system or one in which
substituents differ. Here, the procedure is to use those parts of the
structure of the transition state in the database that are common, and
to optimize the remaining parts (using molecular mechanics).

It may be essential for the reactants to be properly oriented to reflect the
desired stereochemical outcome of the reaction.

Where a reaction is completely unknown to the database, a fallback
technique (the linear synchronous transit method) is automatically
invoked.

*  The mechanics energy is a combination of the strain energy which is either zero or positive and
the non-bonded or intramolecular interaction energy which can be either positive or negative.
It will most commonly be a positive quantity, although it can be slightly negative.
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Input to Spartan Student’s transition-state guessing procedure will
be familiar to organic chemistry students (and organic chemists), in
that it is based on reaction arrows. The reaction is specified using
curved arrows, where each arrow identifies the movement of one
electron pair. The direction of electron flow follows customary

practice:

source of destination of
electron pair electron pair

There are two possible sources of an electron pair and three possible
destinations, leading to six combinations:

lone pair — lone pair move lone pair

lone pair — bond use lone pair to increase bond order

lone pair — space between atoms use lone pair to make a new (single)
bond

bond — lone pair decrease bond order to make lone
pair

bond — bond decrease bond order of one bond to
increase bond order of another bond

bond — space between atoms decrease bond order to make a new
(single) bond

The first of these is a null operation, and its inclusion has no effect.

Selecting Guess Transition State results in a message at the bottom
left of the screen.

[Select atom or bond as tal.

The tail of the arrow corresponds to the source of the electron pair.
If the source is a lone pair, then select (c/ick on) the atom that holds
the lone pair. If the source is a bond, then select (c/ick on) the bond.
Clicking on an atom or bond highlights (colors gold) the atom or bond
and leads to a new message at the bottom left of the screen. Clicking
again on the same atom or bond deselects (de-highlights) it and leads
back to the first message.

Select one atom, two atoms (a gap), or a bond as head. If one atom, select it twice.
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The head of the arrow corresponds to the destination of the electron
pair. If the destination is an atom (leading to a lone pair), then select
(click on) the atom that will hold the lone pair two times. If the
destination is an existing bond (leading to an increase in bond order
from single — double — or double — triple), then select (click on)
the bond. If no bond presently exists, then select (click 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 to an atom, or the center of a
bond, or the center of a dotted line that has been drawn between atoms
that are to be bonded. The original message returns to the bottom left
of the screen.

The process (tail selection followed by head selection) is repeated
as necessary to fully define the reaction. Incorrect reaction arrows may
be removed by selecting Delete from the Build menu () followed
by clicking on the arrow to be deleted. You can also use the Undo
feature (*)). Alternatively, click on the arrow(s) to be deleted while
holding down the Delete key on your keyboard.

After all reaction arrows have been properly designated, click on the
Search Transition State icon (/&) at the bottom right of the screen
to replace the reactant with a guess at the transition state. In the event
that the guess is unreasonable, this operation may be undone with
the Undo feature (*)). This allows you to review your assignment
of arrows and make changes as needed.

Examples

Diels-Alder reaction of 1,3-butadiene and ethylene

0&6 B~

a, b. double bond to empty space leading to a single bond and to
a new single bond
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c. double bond to single bond leading to a single bond and a
double bond

Sy2 reaction of chloride and methyl iodide

a b
\ /
o ¥ O — o—c, r
W / \//

a. atom to empty space leading to a new single bond

b. single bond to an atom leading to the loss of the single bond

Ene reaction of 1-pentene

a
“HD) H
— + ||
bd@c Q
a. single bond to empty space leading to loss of the single bond
and to a new single bond

b. double bond to single bond leading to a single bond and a
double bond

c. single bond to single bond leading to loss of the single bond
and to a double bond

Ring closure of 1-hexenyl radical to methylcyclopentyl radical

. .
-

a. atom to empty space leading to a new single bond

b. double bond to an atom leading to a single bond
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Chapter 8
The Setup Menu

This chapter describes functions available under the Setup menu.
Calculations... is used to specify MMFF molecular mechanics
calculations, PM3 semi-empirical molecular orbital calculations,
Hartree-Fock molecular orbital calculations, B3LYP, EDF2, and
wBY97X-D density functional calculations, MP2 and T1 thermochemical
recipe calculations. Tasks include calculating energy, equilibrium
geometry, equilibrium conformation, conformer distribution, and
transition-state geometry, enumerating accessible conformers and
constructing energy profiles. STO-3G, 3-21G, 6-31G*and 6-311+G**
basis sets are provided for Hartree-Fock calculations and 6-31G*
and 6-311+G** basis sets for B3LYP, EDF2, ®wB97X-D and MP2
calculations. Hartree-Fock and density functional calculations may
be carried out in solvent as well as in the gas. Not all methods are
applicable to all tasks. Calculations... also optionally requests IR
and NMR spectra, QSAR properties.

Surfaces is used to designate graphical surfaces, including electron
and spin densities, electrostatic potentials, local ionization potentials
and molecular orbitals, for later display as surfaces, property maps
and contour plots. Inaccessible regions on electron density surfaces
and property maps based on these surfaces may be demarked.

Submit is used to initiate calculation.

H\( Calculations Q Surfaces ‘
‘ ﬁl Submit ‘

Calculations... (|_<)

The MMFF molecular mechanics model, the PM3 semi-empirical
molecular orbital model, Hartree-Fock molecular orbital models,
B3LYP. EDF2 and wB97X-D density functional models and MP2
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Moller-Plesset models are available to calculate energy, equilibrium
geometry and make energy profiles. All models except MMFF are
available for calculating transition state geometry. The MMFF
molecular mechanics model is also available to calculate equilibrium
conformation or conformer distribution. STO-3G, 3-21G, 6-31G* and
6-311+G** basis sets are available for Hartree-Fock calculations and
6-31G* and 6-311+G** basis sets for B3LYP, EDF2, ®B97X-D and
MP?2 calculations. The T1 recipe (although including an equilibrium
geometry task) is only available when the task specified is an energy
calculation.

Hartree-Fock and density functional calculations, aside from NMR
calculations, may be carried out in solvent according to the C-PCM
model.

Quantum chemical calculations also provide atomic charges, IR and
NMR spectra. IR spectra are available for all models but NMR spectra
are only available for Hartree-Fock or density functional models.

Selection of Calculations... results in the Calculations dialog.

° Calculations &]‘

Equilibrium Geometry T in Gas A
Calculate;
with | Density Functional = | EDF2 = |6-31G* -

Subject To: Caonstraints Frozen Atoms Total Charge: MNeutral o) ~

Compute: R NMR QSAR Unpaired Electrons: 0 -

Print: Orbitals & Energies Thermodynamics Vibrational Modes Charges & Bond Orders

Est. Time: Calibrate

:6 Global Calculations ¥ [ oK ] [ Cancel ] [)‘, Submit

This contains pull-down menus, buttons and check boxes:

Calculate

This section is used to specify the task to be accomplished,
theoretical model to be employed and spectra to be supplied.

Specification of a task is by way of a pull-down menu:
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Energy

Equilibrium Geometry
Transition State Geometry
Equilibrium Conformer
Confarmer Distribution
Energy Profile

Energy specifies calculation of energy (and in the case of quantum
chemical methods, a wave function) at a single geometry.

Spartan Student reports energies from molecular mechanics calculations
in kJ/mol, from semi-empirical calculations as heats of formation in
kJ/mol, and from Hartree-Fock, B3LYP, EDF2, ®B97X-D and MP2
calculations as total energies in atomic units (hartrees).

The molecular mechanics energy comprises two parts: the strain energy
and the non-bonded energy. The strain energy is the difference in energy
between a molecule and its “strain free” analog. It is nearly always positive
and less than a few hundred kJ/mols in magnitude. The non-bonded energy
accounts for attraction or repulsion between atomic centers that are not
connected due to van der Waals and Coulombic interactions. Because the
strain energy of every molecule relates to a different standard, molecular
mechanics energies cannot be used to obtain reaction energies (unless
there are no changes in bonding between reactants and products).

The heat of formation is to the enthalpy at 298K of a balanced chemical
reaction in which a molecule is converted to a set of standard products.
For example, the heat of formation of ethylene is given by reaction,

C,H, + — 2C (graphite) + 2H, (gas)

where graphite and hydrogen molecule are the carbon and hydrogen
standards, respectively. In practice, the actual measurement is typically
carried out for a combustion reaction, for example, for ethylene:

C2H4 + 302 - 2C02 + 2H20

Heats of formation may be either positive or negative quantities and
generally span a range of only a few hundred kJ/mol.

Heats of formation are not suitable for presenting energy data from
quantum chemical calculations, simply because the standards for several
important elements (most notably, carbon) are not well-defined isolated
species. In its place is the energy of a reaction that splits a molecule into
isolated nuclei and electrons, for example, for ethylene:

C,Hy — 2C*+4H" + 16e

Total energies, as the energies of such reactions are termed, are always
negative and may be very large (tens of thousands of kJ/mol). They are
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most commonly given in atomic units (hartrees).
1 atomic unit = 2625 kJ/mol

It is possible to relate total energies to heats of formation by incorporating
data on atomic species. Heats of formation reported from T1 calculations
(part of the information provided in Spartan Student’s database) relate
directly to experimental heats and are given in kJ/mol.

To summarize, the heat of formation differs from the total energy both with
regard to the standard reaction and with regard to units. Either provides
a suitable basis for thermochemical calculations.

Equilibrium Geometry specifies that the nearest energy minimum
will be located, Equilibrium Conformer specifies that the lowest
energy conformer will be located and Transition State Geometry
specifies that the nearest transition state (energy maximum in one
dimension and energy minima in all other dimensions) will be
located. Energy Profile steps along user-defined coordinates.

Except for Equilibrium Conformer and Conformer Distribution,
a theoretical model needs to be specified by way of pull-down
menus. (Equilibrium Conformer and Conformer Distribution
are limited to MMFF Molecular Mechanics.) The first provides a
choice among different classes of models.

MIMFF

PM3
Hartree-Fock
Density Functional
MP2

Selection of Molecular Mechanics leads to a single method,
MMFF. Selection of Semi-Empirical leads to a single method,
PM3. Selection of Hartree-Fock leads to a second menu of
available basis sets.

STO-3G
3-21G
6-31G"
6-311+G™

Selection of either B3LYP, EDF2, oB97X-D or MP2 leads to an
abbreviated menu of available basis sets.
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6-311+G**
Transition State Geometry is not available for Molecular

Mechanics. Use of solvent is available for Hartree-Fock and
Density Functional models.

Spectra

If checked, Infrared Spectra calculates vibrational frequencies
and intensities together with the corresponding vibrational
modes. These are available in the output (OQutput under the
Display menu; Chapter 9) along with zero-point energies and
thermodynamic properties (enthalpies, entropies, heat capacities
and Gibbs energies). Vibrational motions (normal modes) may
be animated and an IR spectrum displayed from the IR dialog
accessible from Spectra under the Display menu (Chapter 9).
Frequency calculations involving MP2 models are very costly in
terms of computation and are not recommended.

Infrared frequencies from B3LYP/6-31G*, EDF2/6-31G*, and
wB97X-D/6-31G* calculations have been uniformly scaled to
account for known systematic errors. Calculated frequencies from
all other models have not been scaled. The lines in the calculated
infrared spectrum obtained from all models have been broadened
to account for the fact that the calculations correspond to 0K,
whereas experimental measurements are carried out at finite
temperature.

If checked, NMR Spectra specifies that NMR chemical shifts
will be calculated. These are then available in the output (Output
under the Display menu; Chapter 9) as well as from the Atom
Properties dialog (Display menu) and as atom labels (Configure...
under the Model menu; Chapter 5). *C (proton decoupled) and 'H
spectra may be displayed from the NMR Spectra pane accessible
from Spectra under the Display menu (Chapter 9)". For density
functional calculations with the 6-31G* basis set, *C, chemical

*  Chemical shifts for other nuclei are available in the Output dialog (Output under the
Display menu) and may also be attached as labels (Configure... under the Model menu;
Chapter 5).
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shifts have been empirically corrected for local environment.
Line intensities are assumed to be proportional to the number
of equivalent carbons or hydrogens. Three-bond HH coupling
constants for 'H spectra are estimated empirically and these have
been used to simulate splitting patterns.

If checked, UV/vis specifies that a UV/vis spectrum will be
calculated based on the following procedure: energy calculations
at the ground state and the first twenty (20) excited states are
performed using time dependent density functional theory,
specifically B3LYP/6-31+G*. Corresponding wavelength and
intensity data are used to generate a calculated UV/visible spectrum.

QSAR

If checked, calculates a number of wave function-based properties
accessible from the QSAR tab in the Molecular Properties dialog
(Chapter 9).

Total Charge

Total charge. The default setting (Neutral) may be changed either
by clicking on &, and selecting Anion, Dianion, -3, etc. from the
menu, or by typing a number in the. Total Charge is ignored for
molecular mechanics calculations.

Unpaired Electrons

The number of unpaired electrons. The default setting (0) may
be changed either by clicking on &, and selecting 1 or 2 from the
menu, or by typing in the menu. Unpaired Electrons is ignored
for molecular mechanics calculations.

Global Calculations

If checked, signifies that settings in the Calculations dialog are
to be applied to all molecules in the document.

The Calculations dialog may be exited by clicking on Submit,
Cancel or OK at the bottom right of the dialog, or on =4 at
the top. (Submit and OK are not available if the job is already
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executing.) Clicking on OK or on Submit overwrites any previous
information. Additionally, Submit enters the job in the execution
queue (see discussion later this chapter). Clicking on Cancel or on
mess exits the Calculations dialog without saving any changes.

Calibrate/Est. Time

The Calibrate feature runs a single back-end calculation that
should take no more than 30 seconds. This is compared against
a reference calculation and is used to provide an estimate of how
long a specified calculation will take. Once calibrated, all future
specified calculations will include an Est. Time.

Surfaces (&)

Spartan Student allows graphical display of the HOMO and LUMO
among other molecular orbitals, the electron density, the spin density
for molecules with unpaired electrons, the electrostatic potential and
the local ionization potential.

The electron density is the number of electrons found at a point in space.
It is the quantity measured in an X-ray diffraction experiment that is
then used to locate atomic positions, that is, most electrons are closely
associated with atoms. While the electron density is non-zero everywhere,
it is possible to define surfaces of constant density. The most important
of these contains most of a molecule’s electrons and that roughly
corresponds to a space-filling model, that is, a van der Waals surface.
We will refer to this as the electron density. 1t is interesting because it
reveals overall molecular size and shape and demarks the steric barrier
seen by encroaching molecules. Another important surface, that we will
refer to as the bond density, contains fewer electrons in total and demarks
atomic connectivity.

The spin density is the difference in the number of electrons of a and 3
spin at a point in space. It indicates the location of the unpaired electron
in a radical or unpaired electrons in a triplet.

The electrostatic potential is the energy of interaction of a positive
charge with a molecule. This assumes a fixed electron distribution for the
molecule. It represents a balance between repulsive interactions involving
the positively-charged nuclei and attractive interactions involving the
negatively-charged electrons. Regions where the balance tips toward
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attraction are said to be electron rich (basic) and subject to attack by
electrophiles, while regions where the balance tips toward repulsion are
said to be electron poor (acidic) and subject to attack by nucleophiles.
Electron-rich regions such as lone pairs are typically located outside
the van der Waals surface. As such, they may be easily identified by
constructing a surface of negative (attractive) electrostatic potential.
While interesting electron-poor areas such as acidic hydrogens also
lie outside the van der Waals surface, the electrostatic potential is also
positive (repulsive) throughout the region inside this surface.

The local ionization potential indicates the ease or difficulty of electron
removal (ionization). Like the negative regions of the electrostatic
potential, regions of low local ionization potential are likely to be subject
to attack by electrophiles.

Note that neither electrostatic potential nor the local ionization potential
are experimental observables, although they relate to quantities that can
be given clear chemical interpretation.

Additionally, any one of the quantities listed above (except the electron
density) may be mapped onto any surface (except a molecular orbital
surface). In practice, the only maps to have received widespread
attention are those based on the electron density surface (depicting
overall molecular size and shape). Most common are the electrostatic
potential map, the local ionization potential map and the LUMO map.
Some regions of an electron density surface are inaccessible and are not
available for interaction with their environment (or with an incoming
reagent). Spartan Student allows these regions to be identified.”

The electrostatic potential map paints the value of the electrostatic
potential onto an electron density surface. By convention, colors
toward red depict negative potential, while colors toward blue depict
positive potential, and colors in between (orange, yellow, green) depict
intermediate values of the potential. Thus, an electrostatic potential map for
p-tert-butylphenol will show oxygen to be red, its attached (acidic)
hydrogen to be blue, the m faces of benzene to be orange or yellow and
the fert-butyl group to be green.

* A region on a density surface is designated as inaccessible if a sphere of radius 1.0 A
centered on a line normal to the surface and touching a point in the middle of the region,
impinges on any other regions of the density surface. The sphere radius may be changed in
the Settings tab (Preferences under the Options menu; Chapter 10).
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The main advantages of this presentation relative to separate electron
density and electrostatic potential surfaces are its clarity and its
compactness. A disadvantage is that it provides information only about
the contact surface and does not reveal how far electron-rich and electron-
poor areas extend beyond the surface.

An alternative to an electrostatic potential map, referred to as an exposed
electrostatic potential surface, is a composite of three different surfaces:
an electron density surface depicting overall molecular size and shape, a
negative electrostatic potential surface identifying electron-rich regions
and a positive electrostatic potential surface identifying electron-
poor regions. These surfaces need to be generated and then displayed
simultaneously. The electron density may either be displayed as an opaque
solid or as a transparent solid (in order that the molecular skeleton may be
seen inside). The two potential surfaces are best represented as transparent
solids, the negative surface colored red and the positive surface colored
blue. The exposed electrostatic potential surface for p-tert-butyl phenol
is shown below.

Note that the exposed electrostatic potential surface provides the same
information as the electrostatic potential map. Red areas in the map
correspond to regions when the negative electrostatic potential surface is
likely to protrude from the electron density while blue areas correspond
to regions where the positive electrostatic potential surface is likely to
stick out.

The local ionization potential map paints the value of the local ionization
potential onto an electron density surface. By convention, colors toward

200 Chapter 8



red indicate low ionization potential, while colors toward blue indicate
high ionization potential. Thus, the local ionization potential map for
aniline shows that the ortho and para ring positions have a lower ionization
potential than the meta positions, consistent with the known directing
ability of an amino group in electrophilic aromatic substitution.

The |LUMO| map paints the absolute value of the lowest-unoccupied
molecular orbital (the LUMO) onto an electron density surface. By
convention, colors near blue indicate high concentration of the LUMO,
while colors near red indicate low concentration. Given that the LUMO
designates space available for a pair of electrons, a |[LUMO| map indicates
where nucleophilic attack would likely occur. For example, a [LUMO|
map for cyclohexenone shows concentration in two regions, one over
the carbonyl carbon and the other over the 3 carbon, consistent with both
carbonyl addition and Michael (conjugate) addition.

The spin density map paints the value of the spin density onto an electron
density surface. By convention, colors near blue indicate high concentration
of spin density, while colors near red indicate low concentration. For
example, a spin density map for the radical resulting from loss of
hydrogen from 3,5-di-tert-butylhydroxytoluene (BHT) shows that the
spin has delocalized from oxygen onto the ortho and para ring positions.
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This radical would be expected to be particularly stable, which explains
why BHT acts as an antioxidant (scavenging less favorable localized
radicals).

Surfaces (including those underlying maps) connect points of equal
value (they are isosurfaces), and may be displayed as an arrangement
of dots, a mesh, or an opaque or translucent solid. Examples of
graphical output in orthogonal projection are provided in Figure
8-1. Surfaces (and maps) may also be rendered in perspective (see
Chapter 5) and in stereo (see Chapter 2).

Calculated quantities may also be displayed as two dimensional
contour plots (slices). Unlike surfaces and maps, these can be
translated, rotated and zoomed independently of the molecular
skeleton. An example of a slice display is provided in Figure 8-1.

Several different surfaces, maps and slices may be simultaneously
displayed. In addition, any of the usual structure models may be
displayed along with the graphic. The total display can become very
complex, and selective use of meshes and/or translucent solids (as
opposed to opaque solids) may facilitate improved visualization.

Selection of Surfaces leads to the Surfaces dialog.
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Figure 8-1: Examples of Graphical Displays Available in Spartan Student

Frontier orbitals for a symmetry-allowed
Diels-Alder reaction,

showing interaction of the HOMO of
1,3-butadiene and the LUMO of ethylene.

Space-filling model and electron density
surface of cyclohexanone,

F i'_ |
i y
é
= 4

showing overall molecular size and shape.

Electron density surface (0.08 electrons/
au’) of transition structure for pyrolysis
of ethyl formate,

showing bonding in the transition state.

Electrostatic potential surfaces (-40 kJ/
mol) of trimethylamine (left) and dimethyl
ether (right),

o

Y

showing the lone pairs on nitrogen
and oxygen, respectively.

Electron density slice for acetic acid
dimer,

showing hydrogen bonding.

Simultaneous display of the LUMO
and the electron density surfaces of
cyclohexanone,

showing accessibility for nucleophilic at-
tack.
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@ Surfaces ===}

O/ Surface Status IsoValue Resolution Label

Delete | Global Surfaces [] Auto-Gen is active.

This contains a box at the top for listing requested surfaces and
property maps.

Common Surfaces and Property Maps

Add at the bottom of the dialog is used to specify a number of
commonly-used graphical surfaces and property maps”. Clicking
on it leads to a menu.

HOMO

LUMO

density

electrostatic potential map
local ionization potential map
|JLUMO| map

More Surfaces...

Selection of all but the last entry in the menu leads to a request
for the analogous surface or map. A surface and property map
specified from this menu will be calculated at medium resolution
and will assume a fixed isovalue unless a different resolution has
been selected and/or an adjustable isovalue has been requested.

More Surfaces

Additional surfaces and maps or the same surfaces or maps
at different resolution and with adjustable isosurfaces may be
requested by selecting More Surfaces... from the menu (or by
clicking on More Surfaces... at the bottom of the Surfaces dialog).
This leads to the Add Surfaces dialog that contains three menus
and a check box:

k
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Additional selections are provided if the molecule has unpaired electrons.
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r@ More Surfaces Ié]1
Surface:
Property:

Resolution:

IsoValue: |:| Fixed

[ oK H Cancel ][ Apply

Surface

Available surface types appear under the Surface menu.

density
HOMOL-+
HOMO
LLIMO
LUMO{+}
SOMO
potential
ianization
spin density
Slice

Density is the total electron density which may be used to reveal
bonding as well as overall molecular size and shape, HOMO{-},
HOMO, LUMO, LUMO{+}, SOMO" are molecular orbitals,
potential is the electrostatic potential, ionization is the local
ionization potential and spin density” is the spin density.

Selection of HOMO{-} and LUMO{+} results in display of a box
to decrement the HOMO and increment the LUMO. This allows
any molecular orbital to be specified..

‘__HOMO{-} |1 - ‘

Slice designates that a plane will cut through the graphic defined
by Property.

Property

Properties for maps appear in the Property menu.

%

These menu entries appear only for molecules with one or more unpaired electrons.
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none
[HOMO{-}
[HOMO|
|LUMO|
[LUKO{+}|
| SOMO|
potential
ionization
spin density
density

Available properties are the molecular orbitals (HOMO{-},
HOMO, LUMO, LUMO{+}, SOMQ"), the electrostatic potential
(potential), the local ionization potential (ionization) and the spin
density (spin density)’. none indicates that no property is to be
mapped onto the surface). As with Surface above, selection of
HOMO{-} and LUMO{+} leads to a decrement (increment) box.

A Spin button will be displayed if Unpaired Electrons (in the
Calculations dialog) is set to a value other than 0, and if HOMO{-},
HOMO, LUMO or LUMO({+} has been selected for Surface or
for Property. Clicking on Spin toggles it between Alpha and Beta.
Alpha designates that the molecular orbital either to be displayed
as a surface or mapped as a property corresponds to a spin;
Beta designates that the molecular orbital corresponds to {3 spin.

Resolution

Selection of surface resolution is from the Resolution menu.

low (8x Faster)

medium

intermediate (4x Slower)
high (8x Slower)

High resolution is desirable for surfaces based on percentage
enclosure. Both calculation time and disk storage increase
significantly in moving from medium to high resolution.

Isovalue

Checking the box to the left of Fixed specifies calculation of a
surface with fixed isovalue. In the case of a density surface, the
default value of 0.002 electrons/bohr® corresponds roughly to
enclosure of 99% of the total number of electrons and closely
resembles a space-filling model. Fixed surfaces take less time to
compute and require less storage.
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Following Surface, Property, Resolution, Isovalue and (optionally)
spin selection, clicking on OK adds the requested surface to the list
and removes the (Add Surfaces) dialog. Clicking on Apply adds the
requested graphic to the list but leaves the dialog on screen. Clicking
on Cancel does not add a graphic to the list but removes the (Add
Surfaces) dialog.

The process (clicking on Add..., followed by selection from the menu
or clicking on More Surfaces... followed by selection of surface,
property, resolution and isovalue and clicking on OK or Apply) may
be repeated as required.

An existing surface may be deleted from the list by first highlighting
(clicking on) it and then clicking on Delete.

Global Surfaces

If checked, signifies that the requested surfaces will be calculated for
all members of the list.

Only one copy of the Surfaces dialog may appear on screen, and any
actions relate to the currently selected molecule. The dialog may be
removed by clicking on E=a.

Submit (%)

Following setup of a molecular mechanics or quantum chemical
calculation, including any requests for spectra and/or graphical
displays, the required calculations will begin when Submit is selected.
If the job has not previously been saved or submitted, selection of
Submit triggers a request for a name. If the document contains only
a single molecule and that molecule exists in the Spartan Spectra
and Properties Database, the name in the database will be presented
as a default name. Otherwise, the default name presented will be
spartan for the first job and spartanx (where x is an integer starting
with 1) for all successive jobs. After a name has been provided (or
the document is saved) a dialog appears indicating that the job has
actually been submitted.”

*  The job is submitted to a job queue and will begin when released from this queue. See
Monitor under the Options menu (Chapter 10) for discussion.
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@) Spartan Student v8 &J

'ﬁ" C:\Spartan Student 8 Files\acrylonitrile.spartan has started.

The message will close after 5 seconds, or you may click on OK
to remove it. After a job has started, and until it has completed, all
associated files will be designated read only.

Another dialog appears following completion of a calculation.

Q) Spartan Student v8 @
'6‘ C:\Spartan Student 8 Files\acrylonitrile.spartan has completed.

Click on OK to remove it.

Upon completion, an energy profile calculation leads to an additional
document being created for each molecule in the original document.
These new documents are named document.Prof.spartan where
document is the name given to the original document . A query dialog
is provided asking whether the resulting document is to be opened.
Similarly, upon completion of a conformer distribution calculation,
a new document named document.Conf.spartan is created, and a
prompt to open is provided.
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Chapter 9
The Display Menu

Functions available under the Display menu provide for text, dialog,
spreadsheet and graphical displays. Functions are also available to
query a variety of on-screen objects, display both calculated and (if
available) experimental IR and NMR spectra, animate vibrational
motions, prepare plots from spreadsheet data and calculate reaction

energies.

Output ( 4)

} Output 0 Properties
5
“ Orbital Energies Q Surfaces

N 1ald
[
I

II | Spectra Spreadsheet
% Plots ﬁ Reactions

Selection of Output opens a window:

@ acrylonitrileiacrylonitrile

Summary

Qutput Verbose Output Molecule Reference

SPARTAN STUDENT 38

Name:

acrylonitrile

Label:

Mo0001

Formula:

CsH3N

Job type:

Equilibrium Geometry

Method:

@BI7X-D

Basis set:

6-31G*

Energy:

-170.764629 hartrees

Find:

P Molecular Orbital Energies
P Atomic Charges
P Calculated Bond Orders

@ previous @ Next [ Match Case

Job Log

Tabs at the top left of the window select the type of output.
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Summary provides a brief summary of the calculated data, in
particular, the energy and any spectral quantities. Qutput provides
standard text output. Verbose Output contains more detailed output,
but is eliminated upon normal completion unless Keep Verbose is
checked in the Settings tab (Preferences under the Options menu;
Chapter 10). Molecule Reference provides the literature reference
for data retrieved from the PDB. Job Log contains diagnostic
information.

The contents of the output window may be scrolled and may be paged
up or down by clicking above or below the scroll bar. The contents
may be printed or copied by right clicking inside the Output window
and selecting Print or Copy from the menu that results. Similarly,
copying is accomplished by selecting Copy from the Edit menu when
an output is selected. Find... and Find Next functions from the Edit
menu are also available.

Only one output window 1is associated with each document, and
changes focus as different molecules from the document are selected.
Output windows for different documents may be simultaneously open
on screen. An output window may be closed by clicking on w=s.

Output for jobs that are executing may be viewed using the Monitor
under the Options menu (Chapter 10).

Properties (€))

Spartan Student provides specialized dialogs for reporting (and in
some cases changing) the properties of molecules, atoms, bonds,
surfaces and constraints. For plots brought into the main Spartan
Student window from the spectra and plot panes, Properties may
be used to change default plot styles, limits and fitting functions.
Only one Properties dialog may be open, and this refers either to
the selected molecule (Molecule Properties), or to the selected
component (atom, bond, etc.) or attribute (spectra, graphical surface,
constraint, etc.) of the selected molecule (Atom Properties, Bond
Properties, Surface Properties, etc.), or to a plot (Plot Properties,
Curve Properties, etc.), or fitting function (Regression Properties).
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Selection of a different molecule leads to the Molecule Properties
dialog for that molecule. Dialogs that refer to components/attributes
ofthe (newly selected) molecule follow by clicking on the component/
attribute.

With the Molecule Properties dialog on screen, clicking on a
component/attribute brings up the appropriate Properties dialog. For
example, clicking on an atom brings up the Atom Properties dialog.
Clicking on a different component/attribute brings up the appropriate
Properties dialog. Clicking a second time on the same component
reverts back to the Molecule Properties dialog.”

Most Properties dialogs have an associated Utilities or Style toggle.
For example, associated with the Molecule Properties dialog is a
Molecule Utilities dialog. These access additional information about
the molecule and its components/attributes, or provide style and color
controls. This is useful for highlighting (or de-emphasize) a particular
molecule, component or attribute. Utilities/Style dialogs are reached
by clicking on [¥] at the bottom right of the appropriate Properties
dialog. Return to the Properties dialog follows from clicking on (]
at the bottom right of the associated Utilities/Style dialog.

The Properties (or Utilities/Style) dialog may be removed from the
screen by clicking on E=.

Molecule Properties

The Molecular Properties dialog comprises four parts: Molecule,
QSAR, Thermodynamics and 2D Drawing, controlled by tabs
at the top. Entries under the Molecule tab relate to common
molecular properties, only some of which depend on the selected
level of calculation.

*  The only exception involves clicking on a graphical surface or property map, for example,
clicking on a property map to obtain the value of the property at a particular surface location.
Clicking a second time on the surface or map will report a new value of the property. Clicking
on the background leads to the Molecule Properties dialog.
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Molecule

Molecule Properties @

Molecule | QSAR | Thermodynamics | 2-D Drawing

4 Name: lysergamide

4 Formula: CieHirMN:0 w4 Heat

4 Energy: -858.795176 au w4 T1Heat71.26 kl/mol
4 EHOMO: 507 eV wa ELUMO: 076 eV

+ Dipole Moment: 6.48 debye » 4 Weight: 267.332 amu
4 Tautomers: 1 w4 Point Group: C1

4 CAs: w4 Conformers 112

4 WB9TX-V/6-311+G(2df,2p) Energy: -859.476139 au |:| Display Dipole Vector

) Wikipedia l l Chemspider ]

:6 Label: lysergamide E]

Molecule properties include the name and molecular formula,
the energy (the specifics of the type of energy and the units it
is reported in depend on the theoretical model), the HOMO
and LUMO energies (in e¢V), the dipole moment (in Debye),
the molecular weight (in amu), the point group, the predicted
number of (non-carbon) tautomers and the predicted number of
conformers, and (if available) the experimental heat of formation
(in kJ/mol), the heat of formation from the T1 thermochemical
recipe (in kJ/mol) and the CAS number. These may be posted to the
spreadsheet using the _ , buttons, or dragged into the spreadsheet.
The dipole moment vector may be added to the model by checking
the box to the left of Display Dipole Vector. Buttons at the bottom
right of the dialog access appropriate Wikipedia and ChemSpider
pages based on InChi string. Label identifies the molecule in a
document and appears in the first column of the spreadsheet (see
Spreadsheet, later in this chapter).

QSAR

Entries under the QSAR tab provide additional properties, some
of which may be particularly valuable in qualitative structure-
activity relationship type analyses.
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Molecule Properties \E‘

Molecule | QSAR | Thermodynamics | 2-D Drawing |

From CPK Madel:
o Area: 28037 AT v PSA49113 AF
wa Volume: 272,52 AF L4 Ovality:1.38

From Computed Electron Density:
o a  Acc Area 19116 A A E] P-Area(75): 64.73 A7
w4 MinElPot: -225.45 kJ/mol > E] Acc, P-Areal75): 54.21 A*
w4 MaxElPot: 240.11 kl/mol w4 Min LodonPot: 8.23 eV
wa LogP:089 w4 Polarizability: 62.46
w4 HEBED Count:1 wa HBACount:4

:6 Label: lysergamide E

These include: the area, volume, polar surface area (PSA)" and
ovality obtained from a space-filling model, and other structure-
dependent indicators: LogP, polarizability and the number of
hydrogen-bond donor (HBD) and acceptor sites (HBA).”™ All
of these are independent of the level of calculation. Additional
quantities which depend on the level of calculation and are
based on the electron density surfaces as well as on electrostatic
potential maps are also available: the accessible area, the polar
area and accessible polar area corresponding to absolute values
of the electrostatic potential greater than 75, 100 and 125 kJ/mol
(selection 1s made by repeated clicking on [=]), the minimum and
maximum values of the electrostatic potential (as mapped onto
an electron density surface) and the minimum value of the local
ionization potential (as mapped onto an electron density surface).
These quantities are not calculated unless explicitly requested by
checking QSAR inside the Calculations dialog (Calculations...
under the Setup menu; Chapter 8).

*  Polar surface area is defined as the area due to nitrogen and oxygen and any attached
hydrogens. Polar surface areas corresponding to arbitrary alternative definitions are available
for posting into the spreadsheet using the PAREA function. See Table 22-3.

**  Counts of hydrogen-bond donors and acceptors.
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Thermodynamics

Entries under the Thermodynamics tab provide the zero-point
energy, the enthalpy, the constant volume heat capacity, the entropy
and the Gibbs energy. Except for the zero-point energy, all depend
on temperature. The default setting (298.15 K) may be changed.
All require vibrational frequencies. Density functional frequency
calculations scaled by a number that is slightly smaller than 1 to
account for systematic errors.

Molecule Properties @
Molecule I QSAR | Thermodynamics | 2-D Drawin g
Thermao:
4 ZPE:782.23 KJ/mol w4 9753736 J/molK
4 H7 -B58.479612 au w4 G7-B58.540633 au
4 Cw 288.49 Jymol-K
Scale: Temperature:
Default (0.962) 7 298.15K I
b (=
- g Label: lysergamide

As discussed under Properties and Spectra in Appendix A, the
entropy and Gibbs energy are subject to considerable uncertainty
due to the underlying harmonic approximation.
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2D Drawing

Displays a 2D drawing for molecules up to 250 atoms.

Molecule Properties @

Molecule | QSAR | Thermodynamics 2-D Drawing

4 Name: lysergamide

Structure:

:6 Label: lysergamide E]

Molecule Utilities

Clicking on (=] at the bottom right of the Molecule Properties
dialog brings up the Molecule Utilities dialog (clicking on [4]
returns to the Molecule Properties dialog).

Molecule Utilities @
Notes: Global Model
[ Reset Colors I [ Register Peptides I [ Enantiomer ]
[ Reset Model I [SetAromat\:sl [Remu\reAromati:sl [ Restore Default Folds ]
[ Grow Hydrogens ] [ Grow Bonds ] [Set Bond Drder] [ Relabel ] [Replace Coordmates]
:EI Label: lysergamide B

Notes is a user-supplied text string that is reproduced in the output.
Controls reset model color and style, add missing hydrogens and
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bonds, provide information about amino acids in polypeptides and
replace coordinates by standards based only on atomic connectivity,
change enantiomers, reset default conformer selections, relabel
atoms, and attempt to find local symmetry.

Atom Properties

Selection of an atom with a Properties dialog on screen, or
selection of Properties following selection of an atom, leads to
the Atom Properties dialog.

Atom Properties

1]

Atom: Charges:

MName: [Carbon ']

Symbol: [C '] w4 Electrostatic: 10.410

Mass Number: [Standard '] 4 Chem Shift 116.4
R, 1 116,

Charge or Radical: | Default - .. Expt Chem Shift: 116.5 -

o4 Exposed Area: 13.750 A*

Chirality: <none=

] Frozen HMR Shift

-
'u Label: C1 E]

This displays the element name (and allows changing the element),
R/S chirality, electrostatic-fit charges (in electrons), calculated
NMR chemical shift (in ppm relative to the appropriate standard;
tetramethylsilane for both proton and '*C) and exposed surface area
of a space-filling model (in A?). It also allows freezing the atom
(see Freeze Center in Chapter 6), changing its mass number and
the default label, setting an atom’s charge or number of unpaired
electrons, and posting atomic charges, chemical shifts and exposed
areas to the spreadsheet.
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Bond Properties

Selection of a bond with a Properties dialog on screen, or selection
of Properties following selection of a bond leads to the Bond
Properties dialog (not shown). This displays the bond length
(in A), Léwdin or Mulliken bond order (in electrons) and bond
type (and allows changing the bond type). Note that the results of
quantum chemical calculations do not depend on bond types.

Constraint Properties

Selection of a constraint marker with a Properties dialog on
screen, or selection of Properties following selection of a
constraint marker, leads to the Constraint Properties dialog
(expanded form shown).

E

Constraint Properties

s vale [ 000° v]to [ 18000° +|steps: [ 10 =

Prafile

Attached to:

s RROR

a+

Label: Constraintl E]

This allows setting the value of a constraint, posting it to the
spreadsheet and changing the default constraint label. This also
allows specifying a sequence of constraints for an energy profile
(see Calculations... under the Setup menu; Chapter 8). The value
of the starting constraint is given in the box to the right of Value,
and the value of the ending constraint is given in the box to the
right of to. The number of steps in the profile is given in the box
to the right of Steps. Initially, the numbers in both boxes to the
right of Value will be the same, and Steps will be set to 10. These
may be altered by typing the desired numbers into the appropriate
boxes and then pressing the Enter key (return key on Mac). This
functionality may also be accessed from Constrain Distance
(Angle, Dihedral) under the Geometry menu (Chapter 6).
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Point and Plane Properties

Selection of a user-defined point or plane with a Properties
dialog on screen, or selection of Properties from the Display
menu following selection of a point or plane, leads to the Point
Properties or Plane Properties dialog (not shown). These allow
changing point or plane labels and colors.

Surface Properties

Selection of a graphical display with a Properties dialog on screen,
or selection of Properties following selection of a graphical
display, leads to the Surface Properties dialog.

Surface Properties @
electrostatic potential map
Property Range: (k) Style:
| -200 l 200 ” [ Reset ] solid hd
L. Mini31079 0L Mac108.16 Bands:
Color Style:
R Clipping:
aa VakTAT W wu P-Area:1316 A7
> [7] selected Area:
Display:
oL Areal08.21 A L. Vokg2Iz A [7] Inaccessible Markers
D Legend
wa  Acc Area:94.40 A7 w4 AccP-Area:9.55A4° [T silhouette
Global Surfaces
e
¢ I:l Label: electrostatic potential map 1 E

This allows changing display style, isovalue (and in the case of
electron density surfaces), percentage of the electrons contained
inside the surface, turning on mapped properties, selecting
between continuous and banded displays and setting the range of
the property, displaying accessible area of surfaces and maps and
changing the default labels. A clipping plane may be invoked to
allow part of the underlying structural model to be exposed. The
dialog also reports (and optionally posts to the spreadsheet) the area
and volume of the graphic, the accessible area’, the polar area of an

*  Aregion on adensity surface is designated as inaccessible if a sphere of radius 1.0 A centered ona
line normal to the surface and touching a point in the middle of the region, impinges on any other
regions of the density surface. The default radius (Accessible Area Radius) may be changed
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electrostatic potential map”, maximum and minimum value of the
mapped property and its value at the cursor position™. If checked,
Legend displays a scale. If checked, Global Surfaces designates
that the settings apply to all molecules in the document.

If the selected graphical surface is a slice, the Slice Properties
dialog replaces the Surface Properties dialog.

Slice Properties @
Property Range: [e/au’] Style:
||:0 [ 01 " I Reset ] Contours: -
»a4 Min:0.00 La Max396 Reset M/M Contours: E]
Frame: Color Style:
O crid Red Greenblue v
: Clipping:
4 Val0.063534 e/au’ LTInE
[”] Display Legend
Global Surfaces
e " E]
* U Label: slice, density 1

This contains similar controls to that found in the previous dialog.
Specification of isovalue has been replaced by specification of the
number of contours to be displayed. A sphere or a cylinder may
be selected instead of a plane, and check boxes allow for a frame
around the slice and for a grid.

Regression Properties

Following a linear regression analysis, a new row, labeled
Fit1™", appears near the bottom of the spreadsheet. This contains
information about the fit. Clicking on this line with a Properties
dialog on screen, or selecting Properties from the Display menu
(@) after clicking on the line, leads to the Regression Properties
dialog.

kK

in the Settings Preferences dialog (Preferences under the Options menu; Chapter 10).
This is defined as that part of the surface area for which the absolute value of the electrostatic
potential is > 100 kJ/mol. The cutoff (Polar Area Range) may be changed in the Settings
Preferences dialog (Preferences under the Options menu; Chapter 10).

To determine property value at another position click on it. To bring up the Molecule
Properties dialog, click on the background.

*** More precisely, a row will be written for each fit, and labelled Fitl, Fit2, . . ..
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Regression Properties @

Fit: [pKa - ] Using: | gas phase protenated energy
solvated protonation energy
Error: [<ﬂcne> '] FitVals(Fitl)

4 RMS:0.274

. R%0980

:6 Label: Fitl E

This reports RMSD and R?, as well as allows for changing what is
to be fit (Fit) and what it is to be fit to (Using). The error statistics
will immediately update.

Orbital Energies (€@)

Selecting Orbital Energies leads to the display of an orbital
energy diagram (accessible when the wave function is available).
This comprises up to ten occupied molecular orbitals and two
unoccupied molecular orbitals, the highest-occupied (HOMO)
and lowest-unoccupied (LUMO) being explicitly designated.

¢ T wwma

HCMC

Orlxital Energy (eV})

25 d

Clicking on an energy level in the diagram leads to display of the
corresponding molecular orbital. This may be manipulated in the
usual way; the energy can be posted to the spreadsheet and the
display style altered (from the menu at the bottom right of the
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screen). After one energy level has been selected and the associated
orbital displayed, moving the mouse up or down over the diagram
while holding down the left button (“swiping”) then releasing the
button selects the next higher or lower energy level.

@. Moving a finger up or down over the diagram then lifting selects
g(\ the next higher or lower energy level.

Surfaces (&)

This accesses the same dialog described in Chapter 8.

Spectra (‘| ])

Spartan Student displays calculated IR and NMR spectra. Spectra
need to have been previously requested from the Calculations dialog
(Calculations... under the Setup menu; Chapter 8). In addition, it
provides on-line access and display of experimental IR and NMR spectra
from public databases, allowing comparison with calculated spectra.

Selecting Spectra from the Display menu leads to an empty display
pane at the bottom of the screen.

Spectra: ﬁ A - " E x

The only accessible control (in a bar at the top of the pane) is
(add a spectrum). Clicking on this leads to a palette.
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DlR Calculated D'R"}% Experimental
I I

1
I:l ” Calculated
1 1
I:l IUJ Calculated |:| !’p’\. Experimental
b %S 2L

13, 13,
I:l c Calculated |:| C Experimental

I:l f-ut,_“;'i Calculated Dﬁ\vi":\ Experimental

The left hand column lists the types of spectra for which calculations
are available: IR, proton NMR with and without three-bond HH
coupling, and *C NMR. The entry is “red” if a calculation has actually
been performed and the corresponding spectrum is available. The
right hand column lists the types of spectra for which experimental
spectra may be available (from on-line public databases): IR, proton
NMR, and *C NMR. These are shown in blue.

The procedure for displaying either a calculated or experimental
spectrum (or both) is independent of the type of spectrum. For the purpose
of illustration, we use the IR spectrum of methyl frans-cinnamate.
A calculated spectrum is displayed by clicking on the appropriated
(red highlighted) entry, following which the palette is dismissed.

N
Spectra: \? A 1 » H_'] =i E x

R Spectrum (cm™)

Calculated

Clicking on IR results in an IR spectrum. Moving the mouse while
holding down the left button moves the cursor (unfilled markers at the
top and bottom of the spectrum) over the spectrum. When positioned
directly over a special line, the markers are darkened and connected
by a vertical green line, and a numerical value for the line is provided
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at the bottom of the spectrum. In the case of an IR spectrum, this is
a frequency in cm™ and corresponds to a particular vibration of the
atoms in the molecule. The molecular model (above the spectrum)
vibrates to show this motion. For methyl frans-cinnamate, the line at
1645 cm™! corresponds to the C=C stretch while the line at 1739 cm™!

corresponds to the C=0 stretch.
o)

X OMe

Moving the mouse while holding down the right button slides the
viewable scale from 4000 cm™ to 500 cm™ but does not change the
overall range (of 3500 cm™). The range is changed by using the scroll
wheel. The original settings may be restored by clicking on %) in the
bar at the top of the spectra pane.

@. Move one finger over the spectrum to position the cursor, move
two fingers to slide the viewable scale and pinch two fingers to
change the range.

In the case of IR (only) three buttons appear at the left of the spectrum,
4 (Tables), [-] (Make List), and k= (Fit). Clicking on (1) leads to
a scrollable panel at the left of the spectrum.

Spectra: \9 A 1 » ‘I_II =N E x

Calculated: Experimental:

. v 1 o v 1
e 567 007 |_
[ 610 000 |

16711 007
[[6e8 003
71 ool
1757 018
[[]822 002
[] 825 0.00
B 853 004
e [[8 000
[F933 003
[Fle4 000~

This contains a listing of calculated infrared frequencies and
intensities. Checking the box to the left of an individual frequency
moves the cursor on the spectrum over this line and animates the
vibrational motion.
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With a frequency selected, clicking on | (Make List) leads to a new
panel.

Spectra: \9 A 1 » ‘l_ll = E x

i,

B

1645 cm™

Amp: 0.50A =
Steps: 11

Make List

This 1s used to make a list of structures centering around the minimum
(or maximum in the case of a transition state) with control over the
amplitude of vibration (maximum displacement in A) and number of
steps. Clicking on Make List leads to a separate document.

If available, an experimental spectrum from one of the public on-line

databases may be superimposed on top of the calculated spectrum.

The IR spectrum of methyl #rans-cinnamate is available. Click on
and select "“5 =ne from the palette.

(M
Spectra: \’ A 1 » |l_l[ - E x

IR Spectrum (cm™)
3500 3000 2500 2000 1500 1000 500

Experimental

You can if you wish only display the experimental spectrum. If a
calculated is already displayed, click on and re-select \'“ | s
(the control operates in toggle mode).

Additional spectra may be requested by clicking on in the bar
above the spectra pane and then clicking on the appropriate entry in
the resulting palette. Each new spectrum adds a tab to the bar, although
calculated and experimental spectra share the tab. Switching between
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tabs changes the display. A spectrum can be deleted by clicking on ‘9
in the bar above the spectra pane. If both calculated and experimental
spectra were displayed, both will be deleted.

Controls at the top right of the spectra pane allow saving the spectrum
as a PNG, JPEG or Bitmap image file (ﬁ-\i), printing the file (=),
detaching the spectrum pane from the main window ( & ) and closing
the pane (&==).

Spreadsheet ( |)

Associated with each Spartan Student document (including
documents with only a single molecule) is a spreadsheet. This may
be displayed by selecting Spreadsheet from the Display menu.

) Walking Through Spartan Studentethane &J
Label T1 Heat (kl/mol) E HOMO (eV) ELUMO (V) =
[ ethane -82.88 -11.44 517
D acetic acid dimer -946.23 -9.93 22 =

[Jpropene 19.49 -8.97 2.86
Cammonia 43895 915 451
[Jhydrogen peroxide -128.68 -9.66 341
[ acetic acid -426.76 9.77 246
[ water -237.59 -10.33 434
[ cyclohexancne 22441 857 181
[] camphor -261.65 -8.39 130
[ ethylene 5172 048 263
[Jbenzene 7831 -8.78 2.04
[ aniline 89.67 139 218
[ eyclohexenone -119.24 -8.66 070
<

[ +

(1] Add A Delete Sort ~*Formulas | (-1,-1}

The spreadsheet comprises a series of rows (corresponding to
different molecules in the document) and columns (corresponding
to different properties). Together, a row and column define a “cell”.
The spreadsheet may be expanded or contracted by positioning the
cursor at one of the corners, pressing the left mouse button and
dragging the mouse.

Only one molecule from one document may be selected (although
several molecules may be simultaneously displayed). Molecule
selection follows either by clicking on the spreadsheet cell containing
the molecule label or identifier (Ieftmost column), or by using the
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[ and [#] buttons or the scroll bar at the bottom left of the screen.
Molecules may be animated (stepped through in succession) using
the »| button at the bottom left of the screen. Animation speed may
be adjusted from the Settings tab (Preferences under the Options
menu; Chapter 10). Selection of a new molecule in the document
results in deselection of the previously selected molecule. A molecule
may be designated for permanent display by checking the box to
the left of its identifier (Label) in the spreadsheet. The molecules
in a document may either be translated and rotated in concert or
manipulated independently. This is controlled by Coupled under the
Model menu (Chapter 5). By default (Coupled checked) molecules
move in concert. Uncheck Coupled to move them independently.

Upon initial entry, all columns of the spreadsheet except the leftmost
column, are blank. The leftmost column contains a label that may be
changed either by directly typing a new label into the spreadsheet
or into the Label box in the Molecule Properties dialog (see
discussion earlier in this chapter). Additionally, default identifiers
(M0001, ...) can be replaced by chemical names if the molecule has

Copy < been retrieved from the Spartan Spectra
Paste Cirl+V
s and Properties Database (SSPD).
Add...
Sort . . .
Formt selected.. Right-clicking on a column leads
Color Selected... . o e
Delete selected to contextual menu with addition
Replicate Selected Molecule(s) in New Document . .
popens e spreadsheet controls including copy/
Export seected.. paste, selection, sorting, and formatting
Print Ctrl+P

S— (to name a few).

Information may be added to the spreadsheet in several ways:

From the Add Dialog

A selection of molecular properties may be entered into the
spreadsheet by first clicking on the header cell of an empty column,
and then clicking on Add... at the bottom of the spreadsheet.
Alternatively, right click inside the header cell and then to select
Add... from the menu that results.

This leads to a multi-tab dialog with Molecule selected.
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Molecule | QSAR I Thermedynamics | Molecule List Summaries Linear Regression |

Mame Formula CAS Molecular Wt. (amu)

Energy (au) Point Group HeatikJ/mal) T1 Heat (kJ/mol)

Tautomers Conformers E HOMO (eV) E LUMO (eV)

Energy Units:

Dipole (debye) wBI7X-V/6-311+G(2df 2p) Energy (au)

Name molecule name as it appears in SSPD or SMD
Formula molecular formula

CAS Chemical Abstracts designator (if available)
Molecular Weight molecular weight (in amu)

E energy (heat of formation, strain energy)

Pt Group symmetry point group

Heat (kJ/mol) experimental heat of formation in kJ/mol (if available)
T1 Heat (kJ/mol) TI1 heat of formation in kJ/mol

Tautomers number of tautomers (proton-transfer isomers)
Conformers number of conformers

E HOMO energy of highest-occupied molecular orbital
E LUMO energy of lowest-occupied molecular orbital
Dipole dipole moment (in debye)

One or more properties may be added to the spreadsheet by
clicking on their entries.

Clicking on the QSAR tab leads to another panel.

‘ Molecule ‘ QSAR ‘ Thermodynamics | Molecule List | Summaries | Linear Regression |

CPK Area (A7) CPK Volume (A% CPK Ovality

‘ PSA (A7)

From Computed Wavefunction:

Acc. Area (A% ‘ Max ElPot (kJ/mol) ‘ ‘ | Polar Area(7s) (A9 | E]

‘ Min ElPot (ki/mol) H Min LoclonPot (ki/mol) ‘ |Acc. Polar Area(7s) (A’)|E]

‘ Log P ‘ ‘ HBD Count ‘ ‘ HEBA Count ‘ ‘ Polarizability
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CPK Area (A?)

CPK Volume (A?)
PSA (A2

CPK Ovality

Acc. Area (A?)

Max ElPot (kJ/mol)
Min ElPot (kJ/mol)
Min LoclonPot (kJ/mol)

Polar Area(75) (A?)

Acc. Polar Area(75) (A?)

Log P

HBD Count
HBA Count
Polarizability

surface area of a space-filling (CPK) model (in
A?)
volume of a space-filling (CPK) model (in A%)

polar surface area of a space-filling (CPK)
model (in A?). Defined as the area due to
electronegative atoms (N, O) and hydrogens
attached to the atoms

measure of deviation from a spherical shape,
where 1.0 = a sphere and values > 1.0 indicate
deviation

accessible surface area of an electron density
surface (in A2). Surface is defined by electron
density of 0.002 electrons/au® and accessible
corresponds to a probe with a 1A radius. Probe
radius may be changed in the Settings tab of
the Preferences dialog (Options menu)

maximum value of the electrostatic potential
on an electron density surface (in kJ/mol)
minimum value of the electrostatic potential
on an electron density surface (in kJ/mol)
minimum value of the local ionization potential
on an electron density surface (kJ/mol)

area of the region on an electrostatic potential
map where the absolute value of the electrostatic
potential is > 75 kJ/mol (in A?). The value of
the potential may be changed to 100 and 125
kJ/mol.

accessible area of the region on an electrostatic
potential map where the absolute value of the
electrostatic potential is >75 kJ/mol (in A?).

The value ofthe potential may be changed to 100
and 125 kJ/mol. Probe radius may be changed
from the default of 1A2in the Settings tab of
the Preferences dialog (Options menu).

octanol water partition coefficient
number of hydrogen-bond donor sites
numner of hydrogen-bond acceptor sites
polarizability
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Clicking on the Thermodynamics tab leads to another panel:

Molecule QSAR Thermodynamics Molecule List Summaries Linear Regression

‘ ZPE (kJ/mol) ‘ 59 (J/mol-K) ‘ ‘ He (au) ‘
‘ G° (au) ‘ ‘ Cv (J/mol=K) ‘
Scale: Temperature:
Default (0.942) A 298.15 K hd

ZPE (kJ/mol)  zero-point energy (in kJ/mol)
S° (J/mol+K) entropy (in J/mol*K)

H° (au) enthalpy (in au). Sum of electronic energy and zero-
point energy adjusted for finite temperature

G° (au) Gibbs energy (in au). Sum of enthalpy and entropy.

Cv (J/moleK)  heat capacity at constant volume (in J/mol*K)

Scale is used to scale calculated frequencies, where default
applies to B3LYP/6-31G* and EDF2/6-31G*, and Temperature
1s used to set temperature. Note that vibrational frequencies need
to be available.

Clicking on the Molecule List tab leads to another panel. This
allows quantities for different molecules (or different conformers
of the same molecule) in a list to be related:

Molecule  QSAR  Thermodynamics  Molecule List  Summaries Linear Regression

Energy from Molecule:

Cumulative Boltzmann

A Energy (kl/mal) Boltzmann Weights Weights
Energy wB97X-V/6-311+G(2df 2p) from Database:
Cumulative Boltzmann
A Energy (kl/mal) Boltzmann Weights Weights
Relative Energy Units: Temperature:
ki/mol - Alignment Scores 208.15 K -
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A Energy (kJ/mol) energy (heat of formation, strain energy) relative to
selected molecule

Boltzmann Weights Boltzmann weight

Cumulative Sum of the Boltzmann weights for the selected
Boltzmann Weights molecule and all molecules with lower energy than
the selected molecule

Alignment Scores  1-R%*N, where R? is the root mean square distance
and N is the number of alignment centers. 1 is a
perfect score

Units for A Energy and Temperature for Boltzmann weights
and cumulative Boltzmann weights may be selected from menus
at the bottom.

Clicking on the Summaries tab leads to another panel:

Molecule  QSAR  Thermodynamics ~ Molecule List ~ Summaries Linear Regression

Total I Standard Deviation ‘ l Boltzmann Average ‘
{ Rverage l ’ Minimum l Maximurm l RMS \
Temperature:
298.15 K e
Total sum of column values
Minimum minimum of column values
Stdev standard deviation of column values
Boltz Avgs Boltzmann weighted average of column values
Average average of column values
Maximum maximum of column values
RMS rms of column values

Linear regression analysis may be performed on data in the
spreadsheet. Clicking on the Linear Regression tab leads to
another panel:
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Molecule | QSAR | Thermodynamics | Molecule List | Summaries | Linear Regression

Fit: Using:

T1 Heat (kJ/mol)
MName
ElLUCHEY T Formula

E (au)
e E HOMO (eV)
Error: Dipole (debye)
—— Heat(kl/mol)
Reaction Rate

<none> ~

Apply

Select one entry from the Fit menu and one or more entries from
the list under Using. Clicking on Apply performs the linear
regression analysis and places the results in a row at the bottom
of the spreadsheet identified by Fit. As many regression analyses
as desired may be performed on the data in the spreadsheet.
The individual results will be entered as separate rows in the
spreadsheet, with names Fitl, Fit2, etc. Additional information
about the regression analyses is available from the Regression
Properties dialog (see discussion earlier in this chapter).

From Post (, ,) Buttons

Post buttons ( ) found in a number of properties dialogs provide
an alternative method to the Add dialog for entering calculated
properties into the spreadsheet. Note that some properties
may require user specification. These include individual
bond distances, angles and dihedral angles (available from
Measure Distance, Measure Angle and Measure Dihedral
under the Geometry menu; Chapter 6), bond distance, angle
and dihedral angle constraints (available from Constrain
Distance, Constrain Angle and Constrain Dihedral under the
Geometry menu; Chapter 6), atomic charges, chemical shifts
(available from the Atom Properties dialog; this chapter), the
accessible area of an electron density surface, the polar area and
accessible polar area of an electrostatic potential map, the area
of a selected region (band) of a banded property map, minimum
and maximum property values on a map and the value of the
property at a specific location on a property map (available from
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the Surfaces Properties dialog; this chapter). With the exception
of the property value on a map and the area of a selected band,
post generates an entire column. Where atom labels are involved,
for example, in defining a specific distance, post can be expected
to yield consistent results for all molecules in a document only
where the molecules are closely related, for example, molecules
resulting from a conformational search, or where labels have been
explicitly reassigned”. The property value and the area of a selected
band on a map is posted only for the selected molecule. Post
buttons are also available for CAS numbers, experimental heats
of formation and for T1 heats of formation contained in SSPD.

Copy/Paste

Properties of one or more molecules in a document may be
copied and then pasted into spreadsheet cells. These include
(but are not restricted to) bond distances, angles and dihedral
angles (Measure Distance, Measure Angle and Measure
Dihedral under the Geometry menu), bond distance, angle
and dihedral angle constraints (Constrain Distance, Constrain
Angle and Constrain Dihedral under the Geometry menu),
atomic charges and chemical shifts (Atom Properties dialog),
infrared frequencies and chemical shifts (IR, NMR, and UV/
vis data from the Output Summary dialog) and the value of
a property on a property map (Surface Properties dialog). To
copy the spreadsheet, first highlight the numerical value of the
property in the appropriate screen location (distances, etc.) or
dialog (charges, etc.), then select Copy from the Edit menu,
then click on the appropriate (destination) cell in the spreadsheet,
and finally select Paste from the Edit menu. Pasting to other
programs is achieved in a similar manner.

Numerical Data

Numerical data may be entered by typing directly into the
spreadsheet. A column header first needs to be specified. Double

*  Label reassignment is accomplished using the Atom Properties dialog (see discussion
earlier in this chapter).
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click on an empty column header cell, type in a name and press
the Enter key (return key on Mac). Then, type the data into
individual cells of the new column (press the Enter or return
key following each data entry).

User-Defined Expressions

An expression may be entered either into a header cell (in which
case it refers to all entries in a column) or into an individual cell (in
which case it refers only to a single entry). Expressions in the column
header take the form name=formula, where formula may involve
arithmetic operations, specialty functions, calculated quantities,
conversion factors and constants in addition to numerical values.
References to specialty functions, molecular mechanics and quantum
chemical quantities and conversion factors and constants must be
preceded by @. For example, mu = @DIPOLE typed into a header
cell gives the dipole moment. Some functions have arguments, for
example, ¢l and c2 in the expression c12= @DISTANCE (cl,c2) refer
to atoms cl and c2, while 3 in the expression orbitalE=@HOMO
(-3) designates the energy of the molecular orbital three orbitals below
the HOMO. It is necessary to press the Enter key (return key on Mac)
following entry of the expression into a cell. The leading name= is
optional for entries in an individual (non-header) cell.

Arithmetic Operations Boolean Operations
+  addition > greater than
_ subtraction >=  greater than or equal to
* multiplication < less than
/ division <= less than or equal to
A raise to a power == equal to
1= not equal to
| or
& and

Mathematical Functions

ABS(x) absolute value LN(x) natural logarithm
ACOS(x) inverse cosine LOG(x) log (base 10)
ASIN(x) inverse sine SIN(x) sine

ATAN(x) inverse tangent SQRT(x) square root
COS(x) cosine TAN(x) tangent

EXP(x) exponential
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Specialty Functions

AVG (column name) average of values in column

FITVAL (fit name) column of fit values from regression analysis
MIN (column name) minimum of values in column

MAX (column name) maximum of values in column

NUM (column name) number of defined entries in column
ROW the number of the row in the spreadsheet
ROW (molecule name) the number of the row of molecule

REF(, x) the value of the x referenced to row i

STDEV (column name)  standard deviation of values in column
SUM (column name) sum of values in column

Calculated Quantities

ANGLE(, j, k) angle involving atoms 1, j, k (degrees)

AREA area of a user-defined plane (A?)

DIHEDRAL(, j, k,1) dihedral angle involving atoms 1, j, k, 1 (degrees)

DISTANCE(, j) distance involving atoms i, j (A)

ELECTROSTATIC (i) electrostatic charge on atom i (electrons)

HOMOev(-n) energy of n" orbital below the HOMO (eV)

HOMOBETAev(-n)  energy of the n orbital below the  HOMO (eV)

INTERTTA(1) principle movements of inertia from largest (i=1)
to smallest (i=3)

ISOTOPE(1) mass number of atom 1

LENGTH (1) length of bond i (A)

LUMOev(+n) energy of the n™ orbital above the LUMO (eV)

LUMOBETAev(+n)  energy of the n™ orbital above the p LUMO (eV)

ZPE zero point energy

HO absolute enthalpy at 298K

CvV constant volume heat capacity at 298K

SO absolute entropy at 298K

GO Gibbs energy at 298K

Conversion Factors and Constants

ANGS2AU Angstroms to atomic units
AU2ANGS atomic units to Angstroms
EV2HART eV to atomic units (hartrees)
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EV2KCAL eV to kcal/mol

EV2KJ eV to kJ/mol

HART2KCAL atomic units (hartrees) to kcal/mol
HART2EV atomic units (hartrees) to eV
HART2K]J atomic units (hartrees) to kJ/mol
KCAL2EV kcal/mol to eV

KCAL2HART kcal/mol to atomic units (hartrees)
KCAL2K]J kcal/mol to kJ/mol

KIJ2EV kJ/mol to eV

KJ2HART kJ/mol to atomic units (hartrees)
KJ2KCAL kJ/mol to kcal/mol

PI s

Table 9-5: Examples of User Defined Expressions

E/area = @ENERGY/@AREA energy divided by surface

area
A Energy = @ENERGY-@REF
(6,@ENERGY)
Eq = @EXP (-@ENERGY/592.1)

energy relative to energy
of molecule in row 6
equilibrium constant at
room temperature

“true” (#0) for all energies
<-99.43

“true” (#0) all entries past
row 10

EnergyFilter = @ENERGY<-99.43

RowFilter = @ROW>10

Each row in a spreadsheet corresponds to a molecule in a document,
and new rows are automatically added in response to adding new
molecules to the document. New molecules are added by building
(New Molecule under the File menu; Chapter 3), by appending one
or more existing documents each containing one or more molecules
using either Append Molecule(s)... under the File menu (Chapter
3), or by right clicking inside the header cell of the first available
row and selecting Append from the menu that appears, by pasting
from the clipboard, or by dragging from the file system. To copy
a molecule into the clipboard, first select (click on) it, and then
select Copy from the Edit menu, or click on its identifier (left most
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column) in its spreadsheet, and then select Copy from the Edit menu.
Alternatively right click either on the molecule or on its identifier in
the spreadsheet and select Copy from the menu that appears. Use of
the clipboard permits several molecules to be selected (and copied)
at once using the Shift and Ctrl keys in the usual manner. To copy
the contents of the clipboard to its destination, click on an empty
row header in the spreadsheet (for the destination document), and
then select Paste from the Edit menu. An alternative to the two-step
Copy-Paste procedure is to drag the molecule or set of molecules
from one spreadsheet to another.

A row (molecule) may be deleted from a spreadsheet, either by first
selecting the molecule and then selecting Delete Molecule from the
File menu, or by first clicking on its identifier in the spreadsheet
(leftmost column) and then either clicking on the Delete button at
the bottom of the spreadsheet, or by right clicking on its identifier in
the spreadsheet and then selecting Delete Selected from the menu
that appears. In all cases, a warning is provided prior to deletion.
An entire column in the spreadsheet may be deleted by first clicking
inside its header cell and then clicking on the Delete button (or
Delete Selected from the menu).

Rows in the spreadsheet may be sorted according to the numerical
values in any column either by first cl/icking inside the header cell
and then clicking on the Sort button at the bottom of the spreadsheet
or by right clicking inside the header cell and selecting Sort from
the menu that appears. The rows are placed in ascending order, the
smallest (least positive) value of the selected property at the top,
largest (most positive) value at the bottom. To sort in descending
order, hold down the Shift key before cl/icking on the Sort button or
selecting Sort from the menu.

Information in one or more columns of the spreadsheet may be
formatted by right clicking inside the header cell(s) and selecting
Format Selected from the menu that appears.

Format as desired and click on OK to remove the dialog. The full
contents of the spreadsheet may be formatted by right clicking inside
the header cell for the left most column and then selecting Format
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Selected from the menu.

Format >
o

Style:
O Scientific (45.678e+012) Significant digits: 4 ¥
O Decimal (12.345)

® Automatic Always include decimal paint.

Cancel

A button at the bottom right of the spreadsheet toggles between
numerical representation of data, f(x), and formula presentation, =?.

The spreadsheet may be printed by right clicking in the spreadsheet
and selecting Print.

As many spreadsheets as desired (corresponding to the same or
to different documents) may be open on screen. A spreadsheet is
removed when the associated document is closed and may also be
removed by clicking on .

The contents of the spreadsheet may be brought into Excel™ using the
clipboard. Select whatever cells are to be copied, select Copy from the
Edit menu. Alternatively, right click with the proper cells selected and
select Copy from the menu that appears. Paste into Excel.

The contents of an Excel spreadsheet may be brought into Spartan
Student. Copy whatever information is to be transferred from Excel,
move into Spartan Student, click on the appropriate cell and select
Paste from the Edit menu (or right click on the appropriate cell and
select Paste from the menu that appears). Note, that information on the
clipboard that goes beyond the number of rows in Spartan Student’s
spreadsheet will be ignored.

Plots ()

Plots may be constructed from data in a spreadsheet and a variety
of simple curves fit to these data. Selecting Plots from the Display
menu leads to an empty display pane at the right of the screen.
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Plots:

»

& X

Clicking on == (add plot) in the bar at the top of the plots pane leads

to a dialog.

X Axis:

Y Axes:

Log(rate}

Log(rate)

[C] properties

BN el

You need to select an item from the X Axis menu and one or more
items from the Y Axes list, and then click on the Create button at
the bottom of the dialog. A plot appears in the plot pane and the Add

Plot dialog 1s dismissed.

!

o,

E LUMO {eV)
-3

-4

238

Log(rate)

Chapter 9



By default, the scales for both horizontal and vertical axes are set
to bound the data trying to provide limits and increments that are
“rounded”. Moving the mouse left and right while holding down the
right button slides the horizontal scale but does not change the range.
Similarly, moving the mouse up and down while holding down the
right button slides the vertical scale. The horizontal range may be
changed by moving the mouse left and right while holding down both
therightbutton and shiftkey, and the vertical range changed by moving
the mouse up and down while holding down both the right button
and the shift key. The scroll wheel may be used to simultaneously
change both horizontal and vertical ranges. The original settings may
be restored by clicking on (X} in the bar at the top of the plots pane.

@. Move two fingers left and right and up and down to slide the
(g(\ viewable horizontal and vertical scales, respectively. Pinch two
fingers left and right and up and down to change the horizontal and vertical
scales, respectively.

The plot ranges may also be changed by clicking on ., in the bar at
the top of the plots pane.

€ Edit Plot x

Title: |CO bond stretch |

H-Axis

Label: ‘CO bond length(A) |

Range: From:|‘| |Tc:|‘l‘4 |Tick5: Reset

Y-Axis

Label: ‘A Energy (kl/mal) |

curve: | O Point to Point @ Smooth O Least Squares O Fourier

Range: From:|D |T0:|3L}D ‘Ticls: Reset -

Done

The resulting dialog also allows axis labels to be altered (from their
initial values designated in the spreadsheet) the number of “tics” of
horizontal and vertical axes to be changed and a plot title to be added.
Finally, the “curve” can be changed, the default is set to display data
points only (no curve selected).
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CO bond stretch
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Additional plots may be added by clicking on in the bar at the
top of the plots pane. Each plot is given a tab. Only one plot may
be displayed at a time as controlled by which tab is selected. The
selected (and displayed) plot may be deleted by clicking on 9.

Reactions... (&)

Data in a Spartan Student document or in SSPD may be used to
calculate reaction energies (including activation energies).

AE = NP1 Eproduct1 + NP2 Eproduth - NR1 Ereactanﬂ + NRZ Ereactantz

NP, and NP, are the numbers of product molecules 1 and 2 and NR|
and NR, are the numbers of reactant molecules 1 and 2. Selection of
Reactions... from the Display menu leads to the Reactions... dialog.

€ Reactions

1 bromine + cyclohexene —>  trans 1,2-dibromocyclohexa...

-153.75

0:100

Reactants: Products:
1 ~ | cyclohexene @ 1 ~ | trans 1,2-dibromocyclohexane
Balance B
1 ~ | bromine - 1 ~ | | <none>
Reactions:
Reactants Products AE (k/mol) Boltzmann Substituents

Source: | Current Document -

Calculate: A E kJ/mal

wB97X-D/6-31G*

Reaction Energy Units:

Show:

Names ¥

Temperature:

298.15K

x

Two sets of menus under Reactants: and two sets of menus under
Products: specify the number of each reactant and product and
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identify them. The latter correspond to the labels (identifiers) of the
molecules in the document, plus a null entry <none>. The overall
reaction needs to be mass balanced.

The Source menu identifies the source of the energies to be used in
the reaction energy calculation. Either the Current Document or
SSPD may be chosen. If the SSPD is selected, AE will be based on
a high quality energy calculation from the ®B97X-V functional with
a large (6-311+G(2df,2p)) basis set.

Under Source is the Calculate drop down menu. This allows for
selection of AE, AH®, or AG®°. Note that if the Source is set to
Current Document, an IR calculation is required to obtain AH°
and AG® values.

A reaction energy is computed for the selected value: AE, AH®, or
AG°.

€ Reactions X

Reactants: Products:

1 ~ | |cyclohexene ~ 1 ~ trans 1,2-dibromocyclohexane &

1 ~ | bromine < 1 ~ | | <none> -

Reactions:

Reactants Products AG® (kJ/mol) Boltzmann Substituents

1 bromine + cyclohexene -->  trans 1,2-dibromocyclohexa.. -123.05 0:100

wBITX-V/6-311+G(2df 2p) energy at wBITX-0/6-31G* geometry using EDF2/6-31G* frequencies.
Source: |SSPD ~ | Reaction Energy Units: Show: Temperature:

Calculate: A GS + Kmol Names 29815 K

The results of a reaction energy calculation may be printed by right
clicking inside the display area of the Reactions dialog and selecting
Print from the menu that results.

The Reactions dialog is closed by clicking on &==.
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Chapter 10
The Options Menu

Functions under the Options menu” access an assortment of
preferences. They also allow for changing default colors and fonts,
for monitoring executing jobs, access a calculator and turn icon
display on or off.

o} Preferences Colors

@ Fonts Graphics Fonts

‘- Monitor

‘))\‘\\? Icons

B =) F)

Calculator

Preferences...( ;)

This sets up preferences relating to the graphical user interface
(Settings), and to molecule displays (Molecule). It permits changes
to default van der Waals radii used for space-filling models as well as
for calculating molecular surface areas and volumes (VDW Radii). It
also specifies miscellaneous features (Miscellaneous), specifies which
icons are to be displayed (Icons) and specifies URLs (URLS) for on-
line connections. Selection results in one of seven tabs. Clicking on a
tab brings up the associated preference options. To exit a Preferences
dialog click on OK. Clicking on Cancel or ms exits the dialog without
instituting any changes.

*  Preferences is also found under the Spartan Student menu in the Macintosh version.
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Settings Tab

€) Preferences

Settings Molecule VDW Radii Databases Miscellaneous lcons URLs

Styles: New Document:  Animation Speed:

View: Orthogonal + Sketch Pad: Small - X Low High
O rin I
Menus: Button Pad ~ Sterea: Off <
Interface: | Classic v Global Rotate: | Screen Centered  ~ Calculations Dialog: Conformer Rules:
Icons: | Large ~ | Document Tabs: | Show closable < Edit Reset normal (rings)  ~
Miscellaneous: Symmetry:
Double-Click Start ] Auto-Gen Graphics  [] Gradient [ Keep verbose
Threshhold: [0.00001 Reset
[ Persistent Delete  [] ChemDraw Interface [] Tumble Sketch Pad Tooltips
NMR Spectrometer: Surface:
Polar Area Range: 100.00 kJ/mol <
Frequency: 400.00 MHz M
Accessible Area Radius: 1.00 A <

(i)  View: Orthogonal/Perspective
Controls the view of structural models and graphics.

(i) Menus: Classic List/Button Pad

Controls presentation of menus either as lists (Classic List)
or as icon palettes (Button Pad). The latter is likely to be

better suited to touch screen computers and tablets.

(ii1)) Interface: Classic/Touch

Under the Touch setting, some menu/dialog items (including
up/down arrows) are displayed in a larger size to better

support touch screen computers and tablets.

(iv) Icons: Small/Medium/Large/Extra Large/Jumbo
Controls size of program icons in the tool bar.

(v)  Sketch Pad: Small/Medium/Large

Controls the size of the sketch pad (palette of sketch tools)

for Spartan’s 2D builder.
(vi) Stereo: Off/Red-Cyan

Turns stereographic display on and off. This can also be

controlled by toggling the “3” key on the keyboard.

Chapter 10

243



244

(vii)

(viii)

(ix)

(x)

(xi)

(xii)

Global Rotate: Screen Centered/Molecule Centered
Screen Centered rotates all molecules about a common
center. Molecule Centered rotates each molecule about its
own center.

Document Tabs

Hide will revert display style to that of versions of Spartan
prior to Spartan’14, that is, all open documents will be
visible when in View mode. If Show is checked, this displays
a tab at the bottom of the screen for each open document.
This allows for displaying molecules from documents other
than the currently selected document by checking the box
to the left of the tab. Show closable is the same as Show
but includes the ability to close the document by clicking
on the &4 button at the right of the tab

New Document: Pin

If checked, defaults to display of any new documents (from
building or brought in from the File menu) irrespective of
whether or no they have been explicitly selected. Does not
affect the status of existing open documents. Pin setting is
only applicable if either Show or Show closable is selected
(see Documents Tabs above).

Animation Speed
Slider bar controls the speed for animations.

Calculations Dialog

Controls the default task that is displayed upon entering
Calculations... ( ;) from the Setup menu. The default is
Equilibrium Geometry with the ®B97X-D/6-31G* model,
this can be modified by clicking the Edit button, which
leads to a sample Calculations dialog. Clicking on Reset
restores the default task.

Conformer Rules: Normal/Skeletal/Thorough

Chooses between rule sets for conformational searching.
Normal is the default and should be used for Equilibrium
Conformer and Conformer Distribution calculations
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where the Monte Carlo approach is involved. Skeletal
(in prior versions this was called Trimmed) eliminates
degrees of freedom and should be used for Similarity
Library calculations where a systematic approach is
carried out. Thorough considers twist-boat conformers
of six-membered rings (in addition to chair conformers).

Miscellaneous

(xiii) Double-Click Start
If checked, double-click as opposed to single-click is
required to place the initial atom, group, ring, ligand, etc.
on screen when using the 3D builder (consistent with the

2D Sketch builder behavior).

(xiv) Persistent Delete
If checked, delete function is persistent. If not checked,
delete will revert to the previously selected function after
a single delete operation.

(xv) Auto-Gen Graphics

If checked, graphics calculations will be performed by the
graphical interface (without having to submit a calculation)
as long as the information necessary to generate the surface
is available (a previous calculation has been run, or the
molecule has been retrieved from the SSPD). Note, however,
that graphics calculations will not be auto-generated on
documents containing more than 25 molecules. These will
need to be submitted as a calculation.

(xvi) ChemDraw Interface (Windows only)
If checked, adds ChemDraw as a tab at the top of the model
kit. This allows for use of the ChemDraw program (version
10 or newer) as an alternative for sketching molecules

(xvii) Gradient
If checked, this replaces the single color background by a
color gradient background.
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(xviil) Tumble

(xix)

If checked, allows automatic tumbling of molecules. To
tumble a molecule, select it, press the left mouse button,
move the mouse and release the button. To stop tumbling,
left click.

@ To start tumbling, swipe one finger over the screen. To stop,
(S(\ tap anywhere on screen.

Keep Verbose

If checked, keeps extended Q-Chem output. Normally
discarded upon successful completion of submitted
calculations, this may be useful for identifying the source
of problems for calculations that have not successfully
completed or have led to suspicious results. (The last
100 lines of the verbose output is automatically kept for
a job that has abnormally terminated). Verbose output
significantly increases the size of the Spartan document.

(xx) Sketch Pad Tooltips
If checked, hovering over icons in the sketch pad palette
will also display a description of the icon.

NMR Spectrometer

(xx1) Frequency
The frequency of the spectrometer, used in coupling constant
calculations.

Surface

(xxi1) Polar Area Range (kJ/mol)

Sets the potential (in kJ/mol) for calculating polar area
from the electrostatic potential map. The range is given as
a single number but represents the range between —value to
+value, for example, the default range of 100 kJ/mol means
arange from -100 to +100 kJ/mol. Values above and below
the range are considered when determining polar area.
Click inside the box and use the number pad that appears.
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(xxiii) Accessible Area Radius (A)
Sets sphere radius (in A) for determining accessible area,
the defaultis 1.0A. Click inside the box and use the number
pad that appears.

Molecule Tab

€) Preferences X
Settings Molecule ~ VDW Radii  Databases Miscellaneous  Icons  URLs

Settings for new documents

Energy Units:
o Settings for new molecules

Auto-Select M Madel show Objects: Ribbons Coloring:
Relative Energy Units: Ball and Spoke i Constraints Planes Images By Secondary Structure ~
kJfmol - surface Style [ Frozens Reactions Annctations Ribbons Style:
Reaction Energy Units: Bands: WV Paoints Extended Ribbons -
ki/mol T Atom Labeling:
@® Label (O Mass Number (O strand: Res\Label (O Cal Chem Shift (O (Cal-Exp) Chemshift
O Element O Electrostatic Charge O Exposed Area O Exp Chem Shift

Other Labeling:

[ Bonds Hydrogens [ Constraints Planes curved Arrows [] Residues Points

Apply

This specifies default settings for model appearance. These settings
may be overridden for individual molecules in a document using
entries under the Model menu and for specific portions of a
molecule using Utilities/Style dialogs associated with Properties
dialogs (Properties under the Display menu; Chapter 9).

(1) Energy Units
Auto Select, where units depend on the computational model
and on whether they refer to absolute or relative quantities,
au (atomic units), kJ/mol and kcal/mol

(i1)) A Energy Units
au (atomic units), kJ/mol and kcal/mol

(i11)) Reaction Energy Units
au (atomic units), kJ/mol and kcal/mol

(iv) Model: Wire/Ball and Wire/Tube/Ball/Spoke/Space
Filling/Line
Controls default model style.
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v)

(vi)

Surface Style

If Bands is checked, this specifies that graphical surfaces, for
example electrostatic potential maps, are to be displayed in
terms of a series of color bands, rather than as a continuous
spectrum. The number of bands is selected from the menu to
the right. This setting can be changed at the document level
and individual surface level as well (Surface Properties
under the Display menu; Chapter 9).

Show Objects: Constraints/Frozens/Points/Planes/
Reactions/CFD’s/Images/Annotations

If checked, constraints and frozen markers, points and planes,
reaction arrows, and attached images and text will always be
shown as part of the model. Otherwise, they will be shown
only in the appropriate mode.

(vii) Atom Labeling: Label/Element/Mass Number/Mulliken

Charge/Electrostatic Charge/Natural Charge/Strand:
Residue/Label/R/S/Exposed Area/Cal Chem Shift/Exp
Chem Shift/Cal-Exp Chem Shift

Controls default label type.

Other Labeling:
(viii) Bonds

(ix)

(x)

(xi)

If checked, bond labels will be shown.

Hydrogens
If checked, displays labels on hydrogen atoms.

Constraints
If checked, constraint labels will be shown.

Planes
If checked, plane labels will be shown.

(xi1) Reactions

If checked, reaction arrow labels will be shown.

(x1i1) Residues

If checked, residue labels will be shown.
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(xiv) Points
If checked, point labels will be shown.

vdW Radii Tab

This provides a list of van der Waals radii

) Preferences ®

Settings ~ Molecule  VDW Radii  Databases  Miscellaneous  lcons  URLs

Van der Waals Radii:

Element ~  VDW Radius ~
Actinium 1.5651
Aluminum 2.0250
Americium 15219
Antimony 1.9890
Argon 1.7408
Arsenic 1.9035
Astatine 21375
Barium 1.6668
Berkelium 1.5021

v

Reset Selected Reset All

To order the list by element name click on Element, and by atomic
radius click on vdW Radius. Individual entries may be changed
from default values by first clicking on the entry and then entering
a new value. The currently selected entry may be returned to its
default radius by clicking on Reset Selected at the bottom of the
dialog, and the full set of radii may be returned to their default
values by clicking on Reset All at the bottom of the dialog.
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Miscellaneous

A number of miscellaneous preferences are accessible from this tab.

) Preferences x

Settings ~ Molecule  VDW Radii  Miscellaneous  Icons  URLs

Document Style: Builder Options: [ use HTTP Proxy:

