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Many of the experimentsin thismanua were adapted from Warren Hehre' s excellent book “ Experiments
in Computationd Organic Chemigtry” and from the HyperChem manud " Getting Started”.

Hyper Chem Experiments

Date Experiment Hyper Chem Experiment Page | Grade

Due Number
1 Butane Analysis 6
2 Cyclohexane Analysis 12
3 Ring Strain in Cycloakanes and Cycloalkenes 19
4 Infrared Spectra of Organic Compounds 25
5 Carbocation Stability and Hyperconjugation 28
6 Stabilities and Structures of Benzyl and Allyl 33

Carbocations

7 Aromaticity of Thiophene 37
8 Conformations of 1,3-Butadiene 40
9 Electrophilic Aromatic Substitution 44
10 Keto-Enol Equilibria 48
11 Basicity of Amines 52
12 Free Radical Reactions of Alkene 5




I ntroduction
Welcome.

Thismanua isan introduction to the HyperChem computer program, asimulation softwarethat will alow you
to build model sfor different organic compounds. From these compoundsyou will be ableto measure different
molecular attributes, such as bond angles and heats of formation, that will alow you to make inferences about
molecular stability and reactivity. Using HyperChem can beawe comed supplement to the sometimes arduous
|aboratory work inherent to chemistry. In fact, building and manipulating molecules can actually be fun.

Asforeshadowed by the introductory quote, most of the skills necessary for successful completion of the
experimentsincluded in thismanua will be obtained on your own. 'Y ou will learn how to build, manipulate, and
make cal cul ated i nferences about assi gned organic moleculesmainly fromtria and error. Thismanua hasbeen
designedto dlow for flexibility in the assignment of experimentsinan attempt to coordinate lab assgnmentswith
material covered in lecture, and the experimentswill be assigned in such away that skillslearned in early
assignments will be used in later ones.

Energy minimization

HyperChem isa powerful computational software package that is capable of examining potential energy
surfaces of molecules. HyperChem can perform an energy minimization (or geometry optimization) of a
moleculeusing avariety of computational methods. Both molecular mechanicsand semi-empirical methods
areavallable. Energy minimization atersthe geometry or shape of amoleculeto lower the potentid energy of
the molecule and to yield a more stable conformation. As the minimization progresses, it searches for a
structurein which the energy does not decrease with infinitesmal changesin geometry. At thispoint, the
conformation isrelatively stable, and isreferred to as aminimum (Points A and C on the potential energy
contour map below). If the energy lowers by small changes in one or more dimensions, but not in all
dimensions, itisasaddle point (Point B). A molecular system can have many minima. The onewith the
lowest energy iscalled the global minimum (Point C) and the rest are referred to aslocal minima (Points A
and B).



Other important terms;

gradient
The derivative of the energy with respect to all Cartesian coordinates. Y ou will seethe
gradient on the bottom of the HyperChem screen as calculations are being carried out. As
adefault, the program must achieve agradient of 0.1 kcal/D mol or less before calculationswill stop. This
gradient can be changed by the user.

convergence

This meansthat the default convergence criterion (or the criterion that you set) has been
met. If the calculation has converged, it will read CONV=YES at the bottom of the screen. If it says
CONV=NO at the end of the calculation, the molecule has not been minimized.

single point calculation
Thisisacalculation to obtain the total energy of the unoptimized structure (without geometry
optimization).

Getting Started

Preliminary Assignment: It isstrongly advised that you obtain the HyperChem manual called “ Getting
Started” and work through at least Lessons 1- 5, pp 17-75. Thiswork should be done before you actualy
work formal assignments in order to save you alot of frustration.

Opening HyperChem: Getting into the HyperChem executive file is straightforward. It can be accessed from
any computer in the Chemistry Department Computer Lab 172.

Caution: The Chemistry Department has a 10-user license and you will be locked out of the program
if you are the eleventh user!

Gas Phase versusLiquid Phase

Molecules crested using HyperChem are present in the gas phase (under default conditions). In thelaboratory,
such as those encountered in organic chemistry, most reactionsare carried out in the liquid state. While the
differencein phase may seem likeatrivid fact, it has greet sgnificancein many of the deductions you can make,
since solvents can affect the energy, conformation, and the reactivity of a molecule.



Equilibrium Constants

In some of the experimentsthat follow you will be ask to cacul ate the enthal py changes, ) H, for areaction or
a conformational change. Organic chemists often assume that enthalpy changes for a reaction are
approximately equal to the free energy changes () G- ) H). This approximation assumesthat the entropy
change, ) S, for areactionissmall or zero or that the temperatureislow enough that the T) Sissmall. We
must be cautious in making this assumption since some reactions have large changes in entropy.

During some of the experiments, you will be expected to use some smplethermodynamic equations. It may
be helpful if you are reminded of the equation relating free energy (DG) to the equilibrium constant, K,

DG=-RT InKL,

Risthe gas constant with avalue of 1.987 ca K* mol™ and T isthe temperature in Kelvin.  HyperChem
cannot calculate ) G but it can calculate )H for areaction. Again, if weassumethat )G . )H, wecanthen
calculate the K, for the process or reaction.

Hyper Chem Input Files

Once you have built astructure in HyperChem, you can saveit for later use. Thisisagood idea

snceit savesyoutimeif you want to re-examineyour structure at alater date. Why buildit twice? Y ou can
do thisby going to File and Save. You must giveit anamelike cyclo.hin. Thefile can be recalled for
visualizaiton and manipulation at a later time.

Log Files

On some experimentsyou will ask tokeep alogfile. A log filerecordsthe results of your calculationsin the
form of atext file. It containsthe heet of formation of your molecule, anong other parameters. There aretwo
approachesto thelog file.

Saving Manually: Tostart alog file, go to File and then Start Log. Y ou will given achoice asto whereto
placeyour log file. Chooseto putitin C:./Hyper directory. It can beretrieved for later use. Also, you will
need to give your file an appropriate name, such cyclo.log or whatever. After Start Log, go ahead and perform
the geometry optimization on your molecule. After the caculation iscomplete, chooseFile and then Stop Log.
Y ou canthen go to any text editor such asWord or Word Perfect and retrieve thelog file. Usudly, you will
want to scroll down and find the Heet of Formation. Y our *.log file canbe saved on afloppy just likethe*.hin
file.



Hyper Chem #1

Butane Analysis

Goal: To minimize the energy of butane's conformations using the MM+ force field.

Background: Energy minimization atersthe geometry of amoleculeto lower the energy of the system and
toyield amore stable conformation. Asthe minimization progresses, it searchesfor amolecular structurein
which the energy does not changewithinfinitesma changesin geometry. Thismeansthat thederivative of the
energy with respect to all Cartesian coordinates, called the gradient, is near zero.

Thisisknown as a stationary point on the potential energy surface.

If smal changesin geometric parametersraisethe energy of the molecule, the conformationisrdatively stable,
and isreferred toasaminimum. If the energy lowers by small changesin one or more dimensions, but not
inall dimensions, itisasaddle point. A molecular system can have many minima. The onewith thelowest
energy is called the global minimum and the rest are referred to as local minima. By calculating the
energiesfor 9x sationary points of butane, one can comparethe vauesto determine the globa minimum energy
conformation.

Procedures

Choosing the For ce Field

Before you build butane and perform amol ecular mechani cs optimization, you should choose amol ecul ar
mechanics force field provided with HyperChem.

A forcefidd contains atom types and parameters that must be assigned to the molecule before you perform
amolecular mechanics calculation. For this exercise, you use the MM+ force field.

To choosetheforcefield:

1. Choose Molecular Mechanics on the Setup menu
2. When the dialog box appears, choose MM +.

Building Butane
The first form of Butane you build is an eclipsed form where the CCCC dihedral angleis O*
To build this eclipsed form:

1. Set the Default Element to carbon and get into drawing mode.
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10.

11.
12.

Set the select level to Atoms.

Choose Labels on the Display menu and label the atoms by number.

Make sure Explicit Hydrogensis turned off on the Build menu.

Draw the 2D structure by clicking and dragging so that four carbons are connected
together.

Choose Add H & Model Build on the Build menu.

The Model Builder builds the anti conformation of butane as the default structure, whne
CCCC dihedral angleis 180°. Y ou want to change this angleto O°. To do so;

Get into selection mode.

Make sure Multiple Selectionsis turned on.

Select the four-carbon torsion angle by selecting 1-2, 2-3, and 3-4 bonds in that order.
Choose constrain Bond Torsion on the Build menu, and set the constraint to O degrees,
and then choose OK.

R- click on an empty area of the work space.

Double-click on the Selection tool to invoke the Model Builder. HyperChem rebuilds the
structure with the torsional constraint.

Optimizing the Structure

The next step isto minimize the structure by performing a molecular mechanics optimization.
To do this;

14.
15.
16.

Choose Compute.
Choose Single Point.
L-click on OK to close the dialog box and start the calculation.

The calculation begins and information about the run gppears on the satusline. After afew moments,
therunfinishes. Record the energy of the single point structure below on the answer sheet. This
caculation givesthe energy of the molecule without optimization with the exact dihedral bond angle
constraint. Measure the CCCC dihedral angle and record it.

17.

18.

19.

Now optimize the structure by choosing Compute and then Geometry Optimization.
L-click on OK to start the calculation. Record the optimized energy and the CCCC
dihedral bond angle. Print the structure and attach to the report sheet.

Now go back to Step 9 and repeat the process for 60, 120, 180, 240 and 300 degree bond
constraints. Complete the answer sheet.



Name:

Date:
Hyper Chem #1
Butane Analysis
Results:
Butane Confor mations
Constrained Single Point Single Point Optimized Optimized
Dihedral Angle| MM+ Energy MM+ Dihedral MM+ Energy | MM+ Dihedral
(E) (kcal/mal) Angle (E) (kcal/mal) Angle (E)
OE
60E
120E
180E
240E
300E
Analysis:

1. How do the single point energies comparewith the geometry optimization energiesin each case? Isthis
what you would expect? Explain.

2. How dothesinglepoint dihedral angles compare with the geometry optimization anglesin each case? Isthere
aggnificant differencein any case? Giveapossible explanation for the differencesin dihedra anglesin
terms of steric interactions.



3. Draw aNewman projection for each conformation and summarize the energiesfor the six forms of butane
after geometry optimization. Calculatetherelative energies, wherethe most stable conformation hasa
relative energy of 0 kcal/mol. Compare these with the experimentd energies given inthetext. (McMurry,
p 117).

Dihedral Angle Newman Projection Optimized Energy McMurry Energy
(E) (kcal/mal) (kcal/mal)




4. How do the MM+ optimized energies compare with those found in the text (McMurry)? For which
conformations are there significant differences?

5. Draw anenergy diagram for the rotation from one conformer to another asafunction of thedihedra angle.
Usetherelative MM+ energy values. See McMurry Figure 4.5 for comparison.

0 60 120 180 240 300 360

CCCC Dihedral Anale

6. Which conformations represent energy minima? Which conformations represent energy maxima?

10



7. Briefly discussthetypesof strain (steric and torsional) associ ated with each conformation of butane. Are
there any conformations which are totally free of strain? Which one(s)? See McMurry, Table 4.1.

8. Sketch the expected energy diagram for 2-methylbutane as it rotates about the C,-C, bond. Be
guantitative in terms of the relative energies of the conformations.

0 60 120 180 240 300 360

CCCC Dihedral Angle
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Hyper Chem #2

Cyclohexane Analysis

Goal: To determine the most stable conformation of cyclohexane using the AMBER forcefield caculations.

Background: Atroomtemperature, cyclohexanerapidly undergoes changesin conformation by rotating aong
each of the CC bonds. As cyclohexane changes conformation, the hydrogens change position, and the
mol ecul e assumes a new three-dimensional shape. The change from one chair conformation to another
(changing axial hydrogens to equatorial and visa versa) is called a chair-chair interconversion. By
determining the heat of formation of the chair conformation and the intermediates of the chair interconversion,
you can determine the relative stabilities of each conformation.

Procedures
Choosing the For ce Field

Beforeyou build the chair structure of cyclohexane and perform amolecular mechani cs optimization, you
should choose a molecular mechanics force field provided with HyperChem.

A forcefield containsatom types and parametersthat must be assigned to the molecule before you perform
amolecular mechanics calculation. For this exercise, you use the AMBER force field.

To choosetheforcefied:

1. Choose Molecular Mechanics on the Setup menu.
2. When the dialog box appears, choose AMBER.

Building Chair Cyclohexane
The first form of cyclohexane you build isthe chair form.
To build the chair confor mation:

Set the Default Element to carbon and get into drawing mode.

Set the select level to Atoms.

Choose Labels on the Display menu and label the atoms by number.
Make sure Explicit Hydrogens is turned off on the Build menu.
Draw the 2D structure by clicking and dragging.

Choose Add H & Model Build on the Build menu.

Turn off Show Hydrogens on the Display menu.

Rotate and translate the structure until it look like this:

ONOOA~WDNPE
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The Model Builder buildsthe chair form of cyclohexane as the default structure. The structureis not
optimized, but it has astandard set of bond lengths, angles, and torsions. Print the structure and attach to the
report sheet.

Measuring Structural Properties of Chair Cyclohexane

Now measurethe structura properties of the mode -built structure. Later, you compare thiswith geometry
measurements from the optimized structure.

To measur e the geometry of the molecule:

1
2.
3.

4.

Get into selection mode.

Set the select level to Atoms and turn Multiple Selection off.

Select afew bonds, angles, and torsion anglesto explore the geometry of the structure. Record these
values on the report sheet.

R-click in an empty area of the workspace to make sure nothing is sel ected.

Optimizing the Structure

The next step isto minimize the chair structure by performing a molecular mechanics optimization.

1
2.
3.

Choose Compuite.

Choose Geometry Optimization.

L-click on OK to close the dialog box and start the calcul ation.

Thegeometry optimization beginsand information about therun gppearsonthe satusline. After afew
moments, the run finishes. Record the energy of the optimized structure on the report sheet.

Measuring Properties of the Minimized System

Now compare the structural properties of the minimized system with those of the model-built structure.

1.

2.

Sdect various bonds, angles, and torsion angles. Vaues appear on the atusline when you make your
selections. Record these values.

Compare these values with the previous values from the unminimized structure.

Print the structure and attach to the report sheet.
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Transforming from Chair to Boat Cyclohexane
In this exercise, you reflect one end of the molecule to produce the boat form of cyclohexane.

To define areflection plane:

1. Turnon Multiple Selections. (under Select)

2. If you are not in selection mode, L-click on the Selection tool.

3. Double-click on the Selection tool to return to the model-built structure.
4. L-click on bonds 1-2 and 4-5 to select the reflection plane.:
5. Choose Name Selection on the Select menu.
6. Choose PLANE, and then choose OK.

Toreflect one end of the molecule:

1. If necessary, Choose Show Hydrogens and use the Zoom tool to scale the molecule so that the entire
moleculeisin view.

2. LR-dragto extend the sdlection to include dl aoms on one Sde of theinitidly sdlected bonds, including
hydrogens.

3. Choose Reflect on the Edit menu.
Thesdlected atomsarereflected through PLANE, producing the boat transformation of cyclohexane.
The structure should now look like this:

L\

6 3

4. R-click in an empty area of the workspace to deselect the atoms.

Measuring the Axial Hydrogens

Two axia hydrogens are fairly close together in the boat structure. These are sometimeserredtoas
the “flagpole”’ hydrogens.

To measurethedistance:
1. L-click onthese two atoms:
2. Record the through-space distance between these two atoms on the report sheet.
Thisvalueis quite close for atoms that are nonbonded. Optimizing the structure moves theses
further apart to lower the energy.

14



Optimizing the Boat Cyclohexane

To minimizethe boat structure:

1
2.

R-click in an empty area of the workspace to deselect the atoms.

Choose Geometry Optimization on the Compute menu.

Aseach conformation appearsin theworkspace, valuesfor the energy and gradient appear on
the statusline. After theminimization finishes, record the energy and remeasure bond lengths,
angles, and torsion angles.

Remeasuring the Axial Hydrogens

1.

2.

L-click on the two axial hydrogens.

Record the new H-H distance.

The optimized boat structureisasaddle point. The plane of symmetry in the starting structure
balancesdl forces perpendicular to that plane. The optimizer search directionsarebased on these
forces, and therefore, all search directions have the same symmetry plane. HyperChem findsa
saddle point that is aminimum with respect to all dimensions except the symmetry plane.
Print the structure and attach to the report sheet.

Creating Twist Boat Cyclohexane

A third form of cyclohexane, thetwist boat form, isatrueloca minimum. A smpleway to obtainthis
isto modify theboat from dightly by impos ng abond torsion congtraint, rebuilding, and optimizing the
structure.

To set torsion bond constraint:

1
2.
3.

R-click in an empty area of the workspace to clear the selection.

Turn off Show Hydrogens.

Select afour-carbon atom torsion angle by selecting 6-1, 1-2, and 2-3 bondsin that order. You
must select the bondsin this order so that the correct angleis constrained. The Model Builder
cal cul ates geometries according to the order of sdection; specifying acongraint for thisparticular
torsion only changes the position of carbon 6.

Choose congtrain Bond Torsion on the Build menu, and set the congtrain to 30 degrees, and then
choose OK.

R-click in an empty area of the workspace.

The torsion is deselected, but the constraint remains set.

Torebuild the molecule with the bond tor sion constraint:

1.

Double-click on the Selection tool to invoke the Model Builder.
HyperChem rebuilds the structure with the torsonal constraint to create acanonical twist boat
form of cyclohexane.

15



Optimizing Twist Boat cyclohexane
Optimize this geometry using the minimization variables from the previous optimization.

To minimize thetwist boat structure:

1. Choose Geometry Optimization on the Compute menu.

2. Choose OK to begin the minimization using the previous options.
After the minimization finishes, record the energy and measure bond lengths, angles, and torsion
angles.

3. Print the structure and attach to the report sheet.

16



Name:
Date:

Hyper Chem #2
Cyclohexane Analysis

Results:

Conformation CC bond CCC bond CCCC Energy
Distance (D) angle (E) Torsion (E) (kcal/mal)

Chair

Chair (optimized)

Boat —

Boat (optimized)

Twist-Boat ---

Twist Boat (optimized)

1. ComparetheH,_, - H.,, distance of both the original and optimized cyclohexane structures. What
happened to the distance once the structure was optimized? |sthis expected? Explain.

2. Determine the relative energies of each conformation.

Chair Boat Twist Boat
Absolute Amber Energy (kcal/mol)
Relative Amber Energy (kcal/mol) 0.0
Wade Energy (kcal/mol) 0.0

17



3. Draw anenergy diagram for theinterconversion of chair cyclohexaneto another chair cyclohexane. Use
the Amber energy values. Use avalue of 10 kcal/mol for the energy of the half-chair.

12

10

kcal/mol

Chair | Half Chair Twist Boat Boat Twist Boat  Half Chair Chair Il
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Hyper Chem #3
Ring Strain in Cycloalkanes and Cycloalkenes

Goal: To determine ring strain in cycloal kanes and cycloalkenes using Semi-empirical AM1 calculations.

Background: Small-ring cyclodkanesarethermodynamically |ess stablethan the corresponding n-akanes.
While each of the C atomsin thering is sp° hybridized, the ring structure compresses the CCC bond angles
from thetetrahedral bond anglesfound inthe n-alkane. Eclipsing interactions between CH bonds, which
may be unableto assumefully staggered arrangements, also addsto the relative instability of the small-ring
structures. A ssimple way of determining ring strain for cycloalkanesisto find the heat of reaction for the
hydrogenation of each cycloakane.

CH,n CH.n

VAN EVAN

CH;—CH, CH

Small-ring cycloakenes are more strained than the corresponding cycloalkanes. In these molecules, sp?
hybridized carbons (which want to adopt 120°F bond angles) are compressed even more so than are the sp?
hybridized carbons. Thisisparticularly evident in small-ring cycloalkeneswhich possessatrans double bond.
Thedifferencein strain energy between a cycloakene and the corresponding cycloa kane may be estimated
from the reaction below:

CH,n CH,n
[Nl N
CHZ—CH CH,——~CH,

Procedurefor Cycloalkanes.

Construct cyclopropane and then Add H and Model build (under the Build menu).

Choose Setup, AM1 and then OK.

Choose Script, Open Script, and then optimize.scr. Thiswill start the calculation.

After the calculation is complete, record the heat of formation.

Now measure and record these values on the answer sheet.

a. C-C bond length

b. C-C-C bond angle

¢. HCCH dihedral angle (include H which are cisto each other in the ring).

6. Go to Step 1 and repeat for cyclobutane, cyclopentane, cyclohexane, and then cycloheptane.

s owdNE
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Procedurefor Alkanes.

Repeat the procedures above for propane, butane, pentane, hexane, and heptane. For Step 5, do only
part (a) and (b).

Procedurefor Cycloalkenes.

Repeat the procedures abovefor cyclopropeneto cycloheptene. Do not do Step 5. To obtain adouble
bond, left-click on the single bond whilein the Draw mode (right-click to go back to the singlebond.) There
aretwo distinct stereoisomersfor cycloheptene corresponding to acis and atrans arrangement about the
doublebond. (There are dso trans stereoisomersfor the smdler ring cyclodkenes. These are, however, very
high in energy and need not be considered here). Construct both isomersfor cycloheptene. After optimizing
each structure, examine it and note any deviations from planarity about the double bond, e.g. twisting of the
double bond. Pay specia attention to cis- and trans-cycloheptene.

20



Name:

Date:

Hyper Chem #3
Ring Strain in Cycloalkanes and Cycloalkenes

Results:

Cycloalkane YHE mation CCBond cccBond HCCH Dihedral
(kcal/mal) Length (D) Angle (E) (E)

cyclopropane

cyclobutane

cyclopentane

cyclohexane

cycloheptane

propane

butane

pentane

hexane

heptane

cyclopropene

cyclobutene

cyclopentene

cyclohexene

cis-cycloheptene

trans-cycloheptene
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Analysis:

1. Caculatetheenergiesof reaction for the hydrogenation of each of the cycloalkanesto the corresponding
alkane given the heat of formation of H, is-5.2 kcal/mol.

E — E E
)H reaction E)H fproducts E )H f reactants

Cycloalkane YHE ion (kcal/mal) Wade Strain Energy (kcal/mol)

cyclopropane

cyclobutane

cyclopentane

cyclohexane

cycloheptane

2. How do these va ues compare with those given in the text (Wade, Chapter 3, Table 3-4). Do you uncover
any significant deviations?

3. Discussthering strain present in the cycloalkanes in terms of angle and torsional strain.

4. Consder cyclopropane. How many eclipsed CH bondsare therein thismolecule? Giventhis, what isthe
amount of torsiona strainin cyclopropaneand what isthe amount of angle strain? Useyour )HE ;.. 8

an estimate of the total ring strain.
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5. Cdculate )HE, ., for the hydrogenation reaction of each cycloalkene.

Cycloalkene YHE cion (kcal/moal) YHE, 4. (kcal/mol)

cyclopropene

cyclobutene

cyclopentene

cyclohexene

cis-cycloheptene

trans-cycloheptene

cis-2-butene 0.0

6. Thecdculated )HE, ., vaues above give the amount of heat released upon hydrogenating the double
bond. Itisuseful, however, to have an acyclic “ standard” with which to compare your hydrogenation
results. Thereaction of cis-2-buteneto n-butaneis suitable for this purpose. Y ou already have the data
on n-butane; the AM 1 heat of formation of cis-2-buteneis-2.28 kcal/mol. Calculate the hydrogenation
of this alkene.

7. Thevauesyou cdculate must now be compared relative to that of cis-2-butene in order to estimate the
additional ring strain in the cycloakene due to the double bond. Calculate thisrelative valuefor each
cycloalkene. Which cycloalkenesare most highly strained as aresult of the double bond in the ring?
Which areleast strained? Give an explanation of these resultsin termsof twisting of the double bond
and/or deviation from normal bond angles.
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8. Findly, caculatethetota strain energy in each cyclodkene. Thisisthe sum of )HE .. (conversionto
cycloalkane) and ) HF ..., (conversion to alkane). Calculate these values and compare these to the
Experimental valuesin thetable. For which cycloalkenesis there significant deviation?

Cycloalkene Total Ring Strain (kcal/mal) Experimental Ring Strain
(kcal/mol)

cyclopropene -54
cyclobutene -34
cyclopentene -7
cyclohexene -2
cis-cycloheptene -7
trans-cycloheptene -27
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Hyper Chem #4
| nfrared Spectra of Organic Molecules

Goal: To compute and assign the vibrational spectraof various organic molecules using the Semi-empirical
PM3 calculations.

Background: Absorption of lightin the infrared region of the electromagnetic spectrum excites vibrationa
motions. Both theabsorption frequenciesand intensitiesare senditive to detailed molecular geometry. Because
of this, vibrational spectroscopy, i.e. infrared and Ramen spectroscopy, is used to search for evidence that a
particular functiona group is present. Thefingerprint region of the spectrum (below 1400 cm™) may be
surveyed to compare an unknown with an authentic sample.  If theinfrared spectrain thisregion areidenticd,
then the two compounds are almost certainly the same. Findly, vibrationa spectraaso provide asensitive
barometer to changesto both geometry and to el ectronic structure due to association, e.g. hydrogen bonding
or to solvation.

In this experiment, we will gpply the PM 3 Semi-emperica method to compute and assign the infrared spectra
of varioustypesof organic compounds. Thiswill illustrate the general approach to computing spectra, aswell
as provide a measure of the utility of the PM 3 method for this task.

Procedure

1. Congtruct the molecule usingthe Draw tool and click and drag to build the structure without the hydrogens

(see next page for special instructions on cis-2-butene). To place O and N atoms into the structure,

doubleclick on the Draw tool on theleft. Y ou will seeaPeriodic Table. Double click on the atom of

choice and then add your atom in the usual manner. To make double and triple bonds, |eft-click on the
singlebond wheninthe Draw mode. Thisyieldsadoublebond. Left-click again to obtain atriplebond.

Findly, if you right-click you can remove the extrabond. Once you have theright carbons, oxygens, and

nitrogens in your structure, choose Build and Add H and Model Build.

Choose Setup, Semi-empirical and PM3. Click OK.

Choose Compute and then Geometry Optimization.

After the calculation is complete, choose Compute and then Vibrations.

After the calculation is complete, choose Vibrational Spectrum. The spectrum of frequencies

corresponding to each norma modeisdisplayed. Thevertica linesat thetop represent dl the vibrationa

fundamental frequencies. Not al of these are|R-active. The spectrum at the bottom correspond to IR-
active vibrations. The height of the bottom row of lines corresponds to their IR intensities.

6. Click on Animate Vibrations and set Frames 10 and Amplitude 1.

7. L-clickonanIR-activevibrations. Thehighlighted lineisviolet. Information on thislineisshown beneath
the spectrum at the bottom of the dialog box.

8. Tovisudizethevibrationa motion for the selected line, choose OK. Thediaog box disappears and the
vibration isobserved. To stop the vibration, choose Cancel. Then choose Compute and Vibrational
Spectrum to return to the dialog box.

9. For each molecule, try to find the vibrationa mode corresponding to theindicated bond inthe Table. After
finding the vibration, describe the motion in words and then record the frequency and compareit to the
accepted value for this vibration.

a s owdN
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Constructing cis-2-butene.

When you modd build 2-butene, you will get thetransisomer. 'Y ou need to convert it tothecis. Click onthe
Select Tool ontheleft and click and drag from C-1to C-4. All four carbons should be highlighted in green.
Now, go to the Build menu and choose Constrain Bond Torsion and then cisand then OK. Now desglect the
carbons by right-clicking. Finally, double click on the Select Tool. The transwill convert to the cis.

26



Name:

Date:

Hyper Chem #4
| nfrared Spectra of Organic Molecules

Results:
Molecule Bond Experimental Calculated Description of
Wavenumber Wavenumber Vibrational Motion
(cm™) (cm™) (stretch or bend)
butane C-H of CH, 2800-3000
C-H of CH, 2800-3000
C-H of CH, 1450
cis-2-butene C=C 1640
CqsH 2800-3000
CyH 3000-3100
1-butyne C=C 2200
Cy-H 3300
benzene C=C 1600, 1500
CyH 3000-3100
methanol O-H 3300
CO 1050
acetaldehyde C=0 1710
O=C-H 2700, 2800
acetonitrile C=N 2200
acetic acid C=0 1710
O-H 3000
CO 1100
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Hyper Chem #5
Carbocation Stability and Hyper conjugation

Goal: Toinvestigatethe stabilitiesof various carbocations and the effect hyperconjugation has on bond length
and charge density using Semi-empirical AM1 calculations.

Background: Carbocationsrepresent one of themost important and common type of intermediatesin organic
chemigtry. Thereative stahility of acarbocationisindicativeof itslikelihood to undergo reaction. Many means
of stabilization exist; acommon one is hyperconjugation.

Hyperconjugation involvesthe overlap of thefilled F bond with the empty p orbital on the positively charged
carbon atom (seefigurebelow). Eventhough the attached akyl group rotates, one of itssigmabondsisadways
aligned with the empty p orbital on the carbocation. The pair of electronsin this sigmabond spread out into
the empty p orbital, stabilizing the electron-deficient carbon atom.

overlap
vacant p
orbital Q
H’ C C
carbocatlon alkyl group

We can think of hyperconjugation intermsof classica forms. Consider, for example, that theisopropyl cation
is stabilized by hyperconjugation, creating several resonance forms as shown below.

H H H H
H, H, H H, X .«H
/"%\KH - a—d H _’H_; j,\ — H _‘H\\\
H H H H H H

Hyperconjugation should therefore increase the bond order of the CC bond (more double bond character) and
thereby shortenthe CC bond. 1t should a so weaken and lengthen the CH bond that donates €l ectron density
to theempty p orbital. Finaly, asignificant positive charge should be transferred to the H atom involved in
hyperconjugation.

28



Procedure

Thefirst stepwill beto build and minimize, inturn, thet-butyl, sec-butyl, and n-butyl carbocations. Y ouwill
begin by building the parent hydrocarbon of the carbocation and then removing ahydrogen atom from the
appropriate carbon.

| sobutane = t-butyl carbocation carbocation.

Butane = n-buty! or sec-butyl carbocation.

©CoOo~NOOA~MWDNE

Use the Draw tool to construct isobutane.

Click on Build and then Add H and Model Build

Use the Select tool and delete the appropriate H to yield the carbocation.
Click on Setup and then Semi-empirical.

Click on AM1 and then options.

Set the Total Charge at 1 and the Spin Multiplicity at 1 (all spins paired).
Compute and then Geometry Optimization.

After computations are complete, be sure to record the heat of formation.

Recording Data

1.

2.
3.

Record the C-C bond lengths, all C,,-H bond lengths (where the C,; carbon is adjacent to the C,
carbon), and all angles about the central C,, carbon.

Click on Display and then Labels.

Click on Charges and then OK. The atom charges should be display. Record the chargeson H atoms
which might beinvolved in Hyperconjugation (on C; adjacent to Cy,). Note any differences. TheH
atomswith the greater chargesare moreinvolved in hyperconjugation. Print the structure with the charges
and attach to the report.
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Results:

1. Record the C-C bond lengths, all C,,-H bond lengths (where the C,, carbon is adjacent to the C,

Name:

Date:

Hyper Chem #5
Carbocation Stability and Hyper conjugation

carbon), and all angles about the central C,, carbon.

Carbocation C-C bond length (D) Cqs-H bond length (D) Angleabout Cg,
(E)
t-butyl C2-C1= Cl-H= CCC=
C2-C3= Cl-H=
C2-C4= Cl-H=
sec-butyl C1-C2= C1-H= CCC=
C2-C3= Cl-H= CCH=
C3-C4= Cl-H=
n-buty! C1-C2= C2-H= CCH=
C2-C3= C2-H= HCH=
C3-C4=
2. Record the charge density of each carbocation.
t-butyl sec-butyl n-butyl
Cl-H= Cl-H= C2-H=
Cl1-H= Cl-H= C2-H=
Cl1-H= Cl1-H=
C3-H
C3-H
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3. Record the heat of formation for each carbocation below.

Carbocation Heat of Formation (kcal/mol)

t-butyl
sec-butyl

n-butyl

Analysis:

1. ExaminetheC-H bond lengthsfor each carbocation. Do you noticeadifferencein bond lengthsfor agiven
carbocation? What does bond length indicate about the extent of participation in hyperconjugation?

2. Examinethe C-C bond lengths. What type of C-C bonds possess the shortest bond lengths in each
carbocation? What does C-C bond length indicate about the degree of hyperconjugation?

3. Examinethe bond anglesin each carbocation. What isthe expected bond angle for the carbocation (i.e.
the expected hybridization)? Isthere deviation from thisbond anglein any of the carbocations? Givea
possible explanation for this deviation.
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4. Examinethechargesonthe H atoms. Are any of the H atoms highly charged? What does a positive
charge on the H atomsindicate about the degree of participation in hyperconjugation of the C-H bond?

5. Examine the heats of formation for the carbocations. Are the results what you expect based on your
knowledge of carbocation stability? Explain.
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Hyper Chem #6
Stabilities and Structures of Benzyl and Allyl

Carbocations

Goal: To determine the stability of benzyl and allyl carbocations using Semi-empirical AM1 calculations.

Background: Allyl and benzyl carbocationsare unusua in that they possessvery high stabilities. They are
often seen asthermodynamic sinksin mass spectral fragmentation patterns. Also, these carbocationsand
their derivatives have been characterized extensvely by NM R spectroscopy in super acids. Their high stability
isattributed to the donation of B el ectronsinto the vacant p orbital at the carbocation center, i.e. resonance
stabilization. Thisimpliesthat the B el ectrons (also the positive charge) of the allyl and benzyl cationsare
sgnificantly delocalized. Inorder for thisto occur, the cations must adopt planar geometriesto alow overlap
of the vacant p orbital with the conjugated B electron system.

CH,
X

allyl cation benzyl cation

In this experiment, Semi-empirical AM1 calculations are used to examine the geometries and charge
distributions of thesecarbocations. After calculating the heet of formation () H;) for each cation, the difference
inthe planar and perpendicular form of each will beexamined. The difference of these ) H; values should
provide a measure of the additional stabilization afforded by delocalization of the B electrons.

Procedure

Thefirs sepisto congtruct both the planar and perpendicular cationsand cal culate their heats of formation.
After minimizing their energies, it will be useful to examine the atlom charges associated with each C atom in order
to determine where the positive charge is distributed.

Click on Build and make sure that Explicit Hydrogensis turned on.

Use the Draw tool and construct alyl cation. Do not Add H and Model Build yet.

Use the Draw tool to add the Hydrogen atoms to your structure.

Onceyou have drawn the structure, double click on both C-C bonds so that dotted lines appear . This

AwbdpE
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indicates that the bonds are conjugated.

5. Click on Build and then Model Build. You should get atotally planar structure. ( Note that no
Hydrogens are added).

6. Now usethe Sdlect tool and click and drag from C1 to one of the H atomson C3. 'Y ou should have four
atoms selected.

7. Click onBuild and then Constrain Bond Torsion. Choose other and set the angle at 90° and then OK.

8. Desdect thefour atomsand the click on Build and then Model Build. The structureyou now have should

be the perpendicular alyl cation, where the terminal CH, is twisted perpendicular to the double bond.
9. Choose Setup, AM1 and then Options.

10. Set the Total Charge and Spin Multiplicity both to avalue of 1. Choose OK and then OK.

11. Go to compute and click geometry optimization.

12. Once calculations are complete, record the heat of formation by going to Compute, Propertiesand Details.
For Atom Charges, go to Display, Labelsand then Charge. Print the structure with the charges and attach

to  your report.

The general procedure above can be used to construct the perpendicular benzyl carbocation. Be sureto
doubleclick on the aromatic ring so that adotted line appearsin the ring, indicating conjugated bondsin the
ring. For congtructing the planar alyl and benzyl carbocations, you may skip steps 6-8. Be sureto print each
structure with the charges and attach to your report.
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Name:
Date:

Hyper Chem #6
Stabilitiesand Structures of Benzyl and Allyl
Carbocations

Results:

1. Record the CC Bond Length and C atom charges for both the perpendicular and planar allyl

car bocation.

CC Bond Length (D) C Atom Charges

Perpendicular Allyl C1-C2= Cl=

C2-C3= C2=

C3=

Planar Allyl C1-C2= Cl=

C2-C3= C2=

C3=

2. Record the heat of formation for each carbocation.

Carbocation Heat of Formation (kcal/mol)

Planar Allyl

Perpendicular Allyl

Planar Benzyl

Perpendicular Benzyl

Analysis:

1. Examinethe CC bond lengthsof bothformsof thedlyl carbocation. Inwhich structure are they different
and in which are they the same? Isthisresult what you expected?
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2. Examinethe C atom chargeson both forms of the dlyl. Whereismost of the positive charge |ocated?
Isthiswhat you expect for these structures? Draw both resonance forms of the planar alyl carbocation.

3. Examine the C atom charges of both forms of the benzyl carbocation.
For the planar benzyl form, isthe charge shared by the ring carbons? Draw al resonance forms
of the planar benzyl carbocation. Are these resonance forms consistent with the results of your
calculations?

4. Thedifferenceinthe H vauesof the planar and perpendicular formsisan estimate of the amount of
stabilization provided by delocalization of the pi electrons. Calculate these differences. Arethe
magnitudes of these differences consistent with the number of resonance forms possible for each
carbocation? Explain.
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Hyper Chem #7
Aromaticity of Thiophene

Goal: Toinvedtigate the energy of stepwise hydrogenation of benzene and thiophene using Semi-empirical
AM1 calculations and to interpret these resultsin terms of aromatic stabilization.

Background: Benzene possessesunusual thermodynamic stability relativeto what might be expected for
"1,3,5-cyclohexatriene,” an imaginary molecule. In this experiment, you are to calculate the aromatic
stabilization of benzene. Thisenergy iscalculated by determining the heat of reaction for the hydrogenation
of one double bond in benzene, and then comparing thisto the hegt of reaction to an average heat of the second
and third double bonds as shown below.

00020

Thedifferenceinthe heats of hydrogenation of benzene and that of 1,3-cyclohexadiene correspondsto the
aromatic stabilization of benzene.

Far lessisknown about the aromaticity of heterocycles. For example, thereistill controversy asto whether
or not thiopheneisaromatic. Inthisexperiment, youwill caculate the aromatic stabilization of thiopheneinan
analogous fashion to that of benzene--by determining the heat of reaction for the stepwise conversion of
thiophene to dihydrothiophene.

OO0

Procedures. Build benzene, 1,3-cyclohexadiene, cyclohexene, and cyclohexane and optimizether Sructures
using Semi-empirical AM1 calculations. Determine the heat of formation for each structure. Do this by
choosing Setup, Semiempirical, AM1, and then Compute, Geometry Optimization. Build thiophene,
dihydrothiophene, and tetrahydrothiophene. Optimizethese structuresand record their heats of formation.
(Note: Ensure that benzene and thiophene are aromatic by double clicking on the built structure. A dashed
lineindicatesthat the double bonds of the Structure are conjugated and that your structure isindeed arométic.)
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Name:
Date:

Hyper Chem #7
Aromaticity of Thiophene

Results:

Molecule Heat of Formation (kcal/mol)

benzene

1,3-cyclohexadiene

cyclohexene

cyclohexane

thiophene

dihydrothiophene

tetrahydrothiophene

Analysis:

1. Cdculatethe heat of reaction for each hydrogenation reaction. Note: The heat of formation of molecular
hydrogen is-5.2 kcal/mol. Show calculations.
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2. Areany of the hydrogenation reactions endothermic? Which one(s)? Why?

3. Determinethe aromatic stabilization of both benzene and thiophene. Which is more aromatic according
to your results? Explain.
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Hyper Chem #8
Conformations of 1,3-Butadiene

Goal: To establish the geometry of each minimum energy conformer of 1,3-butadiene using Semi-empirica
AM1 calculations.

Background: Theconformation of conjugated dienesisgoverned by acombination of electronic and steric
interactions. The preferred strans conformeation minimizes seric interactions while maximizing conjucation by
allowing the two pi bondsto be coplanar. The geometry of the higher-energy s-cis conformer is somewhat
unclear. Isthe carbon backbone planar in order to maximize conjugation, or isit dightly twisted in order to
relieve steric interactions?

A owbdpE

10.

11.
12.
13.

NF 7 \

trans-1,3-butadiene cis-1,3-butadiene

Choose the Draw tool and make sure Carbon is the default element.

Choose Select and then Atoms.

Make sure Explicit Hydrogensis turned off on the Build menu.

Draw afour-carbon chain and then doubleclick on C1-C2 and C3-C4 bonds. Thisshould convert them
to double bonds.

Go to the Build menu and choose Add H and Model Build. You should now have the s-trans
conformation of 1,3-butadiene.

Y ou need to restrain the bond angles in the molecul e before computing so that you can obtain the hest of
formation asafunction of dihedra (torson) angle. To dothis, first click on the Sdlect Tool and click and
drag from C-1 to C-4.

Go to the Build menu and choose Consgtrain Bond Torsion. Choose Other and then typein thebond angle
(180, in thisfirst case). Choose OK.

Now choose the Select menu and Name Selection. Choose Other and typein theword Angle. Choose
OK.

Go the Setup menu and choose Redtraints... Click on Add. Click on Other under Restrained Vaueand
then type in the desired angle (again, 180 in thisfirst case). Choose OK.

Desdect theatomsby right clicking. Now doubleclick onthe Select tool. Themoleculewill bebuilt with
the proper angle. Y ou are now ready to compute the heat of formation.

Go the Setup and choose Semi-empirical and then choose AM1.

Go to Script, choose Open Script, and then optimize.scr

Once the computation has converged, record the heat of formation.
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14. Measured the fina bond torsion angle on your optimized structure and record it. It may have change

somewhat from the original restrained angle.
15. Now you will want to build the moleculewith adifferent torsion angle and again compute the heat of

formation. Go back and repeat Steps 6-14. Y ou may omit Step 8.
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Name:
Date:

Hyper Chem #8
Conformations of 1,3-Butadiene

Results:

Original Dihedral Angle (E) | Optimized Dihedral Angle(E) Heat of Formation
(kcal/mal)

180E

150E

120E

90E

60E

45E

30E

15E

OE

1. Plottheheat of formation (y-axis) asafunction of themeasured dihedral angle (x-axis) using agraphing
software (Excdl, Lotus 1-2-3, etc). Draw asmooth curve through the points. Identify on the graph the
planar stransand s-cisconformations. Alsoidentify thetrangtion satefor theinterconverson of thetwo
conformations.

Analysis:

1.  Which conformation is more stable, s-trans or s-cis? Which conformation is least stable? Explain.
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From your graph, determine the approximate Energy of Activation for the conversion of thes-transinto
the s-cis. Record the energy below.

According to your data, arethere other conformations closein energy to thes-cisconformation? Which
one(s)? Give apossible explanation of why these other nonplanar conformations might be as stable as
the planar s-cis conformation.
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Hyper Chem #9
Electrophilic Aromatic Substitution

Goal: Tocomparethe stabilities of sgmacomplexesresulting from nitration of substituted benzene, and to
compare the directing and activating effects of substituents using Semi-empirical AM1 calculations.

Background: Electrophilic aromatic substitution is the most important chemical reaction of aromatic
compounds. Thereaction occursin two steps: initia dectrophilic addition of give asigmacomplex, followed
by deprotonation and formation of a substituted benzene.

Q==
E H E

The first gepisusudly rate-determining. Subgtituentscaninfluence both the orientation of the reaction (ortho,
meta, para) aswell astherate of thereaction. Inthisexperiment, semi-empiricd AM1 caculationsare used
to determinethe preferred site of nitration on aniline and nitrobenzene and to compare the rel ative rates of

reaction.
|C|) NH,
nitrobenzene aniline

Procedures:

1. Build benzene and optimizethe structure using the AM 1 method. Be sureto makethering aromatic by
double-clicking onthering whilein the Drawing Mode. Y ou should get astructure likethisfor Benzene.




Build the sigmacomplex resulting from nitration of benzene. To do this, modify the benzenering by
replacing ahydrogen with aNO, group to one of the carbon atoms. Be sureto L-click on both N=0O
bondsto convert them to doublebonds.  Then convert the substituted carbon to sp® hybridization by right
clicking on the two CC bonds bonded to the substituted carbon. Finaly, Add H and Mode Build the
structure to arrive at the sigma complex. It should look like this.

Optimizeand record itsheat of formation. To do this, you go to Setup menu and choose Semiempirical
and AM1 and then Options. Enter avaue of 1 for both the Charge and Spin Multiplicity. Choose OK
and OK. Now choose Script, Open script and then optimize.scr. Record

the heat of formation when the calculation is complete.

Repeat the process for aniline. Optimize and record the heat of formation.

Build the sigmacomplexesresulting from nitration of anilineinthe meta position and the para position.
Optimize and record the heats of formation for each species.

Finally, do the samefor nitrobenzene, again for both the parent compound and the signal complexes
resulting nitration in the meta and para positions of nitrobenzene.

Findly, youwill needto build NO," in order to calculate the heat of reaction for thefirst step in nitration

of each gpecies. Optimize and record its heet of formation of thisspecies. Again, be sureto make double
bonds to both oxygen atoms.

45



Name:
Date:

Hyper Chem #9
Electrophillic Aromatic Substitution

Results:

Molecule Parent Molecule Meta Sigma Complex | Para Sigma Complex
(kcal/mal) (kcal/mal) (kcal/mal)

Benzene

Aniline

Nitrobenzene

Nitronium lon -- --

Analysis:

1. Whichsgmacomplex ismost stablefor aniline? Isthisresult consstent with the known directing effect
of the amino group? Explain.

2. Which sgmacomplex ismore stablefor nitrobenzene? Isthisresult consistent with the known directing
effect of the nitro group? Explain.
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3. Using the most stable sigma complex only, caculate the heat of reaction for itsformation (first stepin
EAS) for each molecule. Write each reaction below and give the heat of reaction.

4. Assumingtherdative heatsof reactionsreflect therdative activation energiesfor sgmacomplex formation,
order the aromatic molecules according to their reactivity toward the nitroniumion. Areyour results

consistent with the known activating and deactivating effects of the amino and nitro groupsin EAS
reactions?
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Hyper Chem #10
Keto-Enol Equilibria

Goal: Toestablish keto-enol equilibrium constantsfor two carbonyl compoundsusing Semi-empirical AM1
calculations and to investigate the impact of intramolecular hydrogen bonding on this equilibrium.

Background: A ketone or aldehydeis always in equilibrium with some amount of its enol form.

o) K
CHJ}CH3 CH, "CH,
keto enol

The amount of enol present at equilibrium depends on the structure of the ketone or ddehyde, the solvent and
thetemperature, and other factors such as conjugation and hydrogen bonding. Inthisexperiment, you will
evaluate the equilibrium constants for three carbonyl compounds.

Procedures:

1. Buildthecarbonyl compound acetoneand its corresponding enol form. Caculatetheir heats of formation
using the AM 1 method and record these in the report sheet.

Hint: Build the ketone form and then minimize the ructure. Then delete ahydrogen atom on the dpha
carbon (use the Select Tool) and, using the Draw tool, build the enol form by converting the C=Otoa
single bond and the C-C to adouble bond. Go to the Build menuand Add H and Model Build. You
should have the enol form. Minimize and record heat of formation.

2. Build the diketone 2,4-pentadione, minimize the structure and record the heat of formation. For the enol

~ form, youwill buildtwo
H-bonding ¢ryctures which are
shown.
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In the form on the l&ft, the OH is pointing away from the C=0 so that it cannot H-bond to the carbonyl group.
If the compound isnot aready likethis, go to the Select mode and click and drag from the H of the OH to the
Cqz bearing theH (four atoms selected). Goto Build and set Constrain Bond Torsionto Trans. Model Build
the structure. Optimize the structure and record the heat of formation.

3. Now buildtheother enol form by setting the Constrain Bond Torsonto Cis. Again, optimizethe structure
and record the heat of formation.
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Name:
Date:

Hyper Chem #10
Keto-Enol Equilibria
Results:

1. Recordthe heat of formation for each structure below. Caculatethe K, for each keto-enol pair. From
K, calculate the percent of each form at equilibrium.

Molecule H; H; K
Keto Form [ Enol Form | Equilibrium
(kcal/mal) | (kcal/mal) Constant

Acetone

2,4-pentadione
Non-H-Bonded

2,4-pentadione
H-Bonded

Analysis:

1. Whichform, theketo or enal, isfavored for the non-H-bonded dicarbonyl molecule? How doesthe
magnitude of the equilibrium constant compare to that of acetone. Suggest areason for the difference
observed in K, for these two molecules.

2. Whichform, the keto or enal, isfavored for the H-bonded 2,4-pentadione? How does this compareto
non-H-bonded molecule? Based on your results, what isthe principlefactor responsiblefor stabilization
of the enol form of 2,4-pentadione? Explain in detail.
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3. Asdiscussed in the Introduction, we can calculate an equilibrium constant if we assume that
)G.)H. Thisisareasonable assumption for the keto-enol equilibria of acetone and the non-

hydrogen bonded diketone, but not for the hydrogen bonded diketone. Why not? (Hint: what
other factor isimportant in determining ) G?) Explainin detail.
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Hyper Chem #11

Basicities of Amines

Goal: To compare the basicities of aminesin the gas phase using Semi-empirical AM1 calculations.

Background: Consider the following proton transfer reaction:

NH,+
XNH, + [:f:] — XNH#+ +

The heat of reaction for this process provides a measure of base strength relative to aniline. Inthis
experiment, you will determine the heat of reaction for the above reaction for each of the following amines.

NH,

NH, NH, NH, NH, NH,
@\ +0 © @
I
NS o OMe
O O

4-nitroaniline  3-nitroaniline aniline 4-methoxyaniline cyclohexylamine

Procedures

Build each amine and its corresponding protonated form. Determine the heat of formation for each
molecule using the AM1 method. Go to Setup and choose AM1 and then Script, Open script,
optimize.scr.

Hints: After building each amine and minimizing, do not delete the structures. Instead, build the protonated
form of the amine by choosing Explicit Hydrogens in the Build menu and adding a hydrogen atom to the
nitrogen atom. Model Build the protonated structure. Check under Options in the Semi-empirical Method
box to assure that the Charge and Spin Multiplicity values are set to 1. Finally, optimize and determine the
heat of formations in the usual manner.
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Name:
Date:

Hyper Chem #11
Basicities of Amines

Results:
Amine Known pK, Protonated Amine Heat of Proton Transfer
(kcal/mal) (kcal/mal)
4-nitroaniline 13.00
3-nitroaniline 11.53
aniline 9.37
4-methoxyaniline 8.66
cyclohexylamine 3.3
Analysis:

1. Calculatethe heat of reaction for each proton transfer reaction with aniline. According to the known
pK, this, which is the strongest base? Are your values consistent with the known pK,'sin terms of
basicities?

2. Which isastronger base, aniline or 4-nitroaniline? Explain. Draw appropriate resonance structures to
justify your answer.
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3. Whichisastronger base, aniline, or 4-methoxyaniline? Explain.

4. Whichisthe strongest base? Why is this base much stronger than the others?
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Hyper Chem #12
Free Radical Reactions of Alkenes

Goal: To rationalize the observed regioselectivity in free-radical substitutionsin terms of stabilities of
intermediate free radicals by examining the distribution of spin density in free radicals.

Background: Alkenes containing alylic hydrogens undergo reactions with N-bromosuccinimide (NBS) in
which an alylic hydrogen is replaced with bromine, leaving the double bond intact.

Br Br
RTNF - R)\/ +RN\)

The reaction is known to proceed via abstraction of a hydrogen atom from the alkene, followed by rapid
combination with abromine radical. There are five possible sites for hydrogen abstraction from 1-butene,

yielding five
H possible free
) adical
/\) . 1,2 r
SN intermediates,
1-5.

Note that radicals 1 and 2 are sterecisomers, unless the radical assumes a linear geometry. Two different
products are known to result from the reaction, both seeming to arise viathe intermediary,
freeradica 4.
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In this experiment, we examine the radical intermediate involved in NBS bromination of alkenesin order to
explain the observed regioselectivity. Specifically, we consider the bromination of 1-butene and examine
radical stabilitiesto identify the radical first formed, and spin densities to examine the fate of thisradical.

Procedure

1. Build 1-butene in the normal fashion and, after model building, rotate the molecule so it lookslike  the

structure below.
4 \\

H\HH

1—H :,,H
— H<—5

He——3

2. Using the Select Tool, select H-1 and then hit the Delete key.

3. Choose Setup, AM1, and then Options. Set the Total Charge to 0 and the Spin Multiplicity to 2
(one unpaired electron).

4. Choose Script, Open script and optimize.scr. If a Warning appears, choose Continue.

5. After the calculation is complete (if it does not converge, repeat Step 4), record the heat of
formation.

6. Choose Compute, Contour Plot, and Total Spin Density. Click OK. A spin density map, showing
the concentration of unpaired electrons, will appear on your molecule. It should look likeap
orbital in shape. You may want to rotate the molecule and then replot to see this effect.

7. Print the stucture with the contour map and attach to your report.

8. Rebuild the origina molecule by choosing Build and Add H and Model Build.

9. Repeat Steps 2-9 for the other radicals, removing H-2, H-3, H-4 and H-5 in turn.
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Name:

Date:
Hyper Chem #12
Free Radical Substitution Reactions of Alkenes
Results:
Free Radical Heat of For mation Approximate
(kcal/mal) Bond Dissociation Ener gy
(kcal/mol)

1

2

3

4

5
Analysis:

1. Do you obtain five distinct radicals? Areradicals 1 and 2 distinguishable?

2. Which of the possible structuresis energetically most favorable? Isyour result consistent with
experimental observations? Identify other structure(s) of comparable energy.
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3. Using Table 4-2 on page 142, Wade, try to estimate the approximate C-H bond dissociation
energies (BDE)for each C-H bond above. Complete the table above with these energies. Do the
radical stabilites as measured by H, correlate with the approxmiate bond disscociation energie$
thiswhat you expect?

4. The bromine radical produced in the initiation step will attack the site of highest spin density.
Would bromine radical attack at the high spin density carbons of radical 4 result in the observed
isomeric mixture? Explain.

5. Draw resonance forms of the intermediate radical 4. Are these forms consistent with your spin
density map that you observe for thisradical? Explain.
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