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1. (12 pts) Use the following molecules A and B to answer the questions below.

a) Label the faces of the carbonyl
groups as Re or Si. If you can’t say,
explain.

b) Are the n-faces of the carbonyl
groups enantiotopic, diastereotopic
or homotopic?

c) Are the two hydrogen atoms
indicated in  each  molecule
enantiotopic,  diastereotopic  or
homotopic?

d) When nucleophilic attack by CN
occurs on the carbonyl group, does
it lead to one compound, a racemic
mixture or one stereoisomer in
excess?

e) Is the molecule chiral or achiral?

f) Is the circled hydrogen atom (see
below) pro-R or pro-S? If you can’t
say, explain.
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2. (4 pts) For the following Diels-Alder reaction, answer the questions.

80 : 20

a) Is this reaction stereoselective, stereospecific or neither?
Steceoselective

b) What type of kinetic isotope effect would you expect in this reaction at the position
where the “D” is drawn?
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3. (3 pts) A strain trend among several five-membered ring molecules is given below.
Explain why you observe this trend.
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4. (6 pts) Let’s examine the following molecule, 4-isopropylcyclohexane-1,2-diol, as
drawn.

OH

OH A value (kcal/mol)
OH 1.04
CH(CH;), |2.21

a) Draw both chair conformations of the above isomer of 4-isopropylcyclohexane-

1,2-diol.
o
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b) Which conformation do you predict is more stable and by how many kcal/mol?

o
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¢) Experimentally the conformation with both hydroxy groups equatorial is found to be
more stable by 1.9 kcal/mol than the answer given in part b). Where does the extra
stability arise from?
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5. (7 pts) 1.3-Dioxole is found to puckered with a dihedral angle of 24°. The molecule
was expected to be planar because of an absence of any torsional strain.

/—O
02
1,3 - Dioxole

a) Draw a molecular orbital diagram of the mt-system of hypothetically planar 1,3-dioxole

using p-orbitals on the oxygens with the p-orbitals on the carbons. Populate with
electrons.

b) Using your answer from part a), explain why the molecule does not want to be planar
and thus is puckered.
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6. (9 pts)
a) Draw the Walsh diagram for a planar to a bent CH, fragment. Show all orbitals and
any mixing that may result.




b) Using the diagram from part a), what would you expect the geometry to be for smglet
carbene and for triplet carbene? Explain.
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7. (6 pts) Show arrow pushing for both pericyclic reactions given below. Label each
pericyclic process as suprafacial or antarafacial. State if the reactions are allowed or
forbidden as shown.
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8. (9 pts) Irradiation (>300 nm) of the following azide compound in cyclohexane
exclusively afforded 2-phenylindoline, which appeared to be a primary photoproduct.

+ N2
Ph Ph Ph
" e O OO (OO
Ng cyclohexane N- NH ﬁ:
Triplet nitrene

Propose three experiments (isotope labeling, stereochemical analysis, and radical clock)
that would support the intramolecular C-H insertion of a triplet nitrene as shown above.
Briefly explain how each experiment tests the mechanism Ay drawing what the starting
material would be, and draw what would be the outcome of each experiment.

Experiment 1 (Isotope labeling):
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9. (7 pts)

a) A general diagram of the absorption and emission spectra for a fluorophore is shown
below. Explain why they are approximately a mirror image of each other. Recreate a
simplified Jablonski diagram to help explain your answer.
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b) Below are the absorption and emission spectra of a fluorophore. What is the origin of
the Stokes shift? Explain your answer.

Stokes shift Stokes shift
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10. (5 pts) The following is an elimination reaction involving an E1cB mechanism. The
starting molecule undergoes deuterium exchange with solvent in competition with
climination. When various salts of the base fert-butoxide (M'-"O-¢-Bu) are used, the
syn/anti elimination ratio decreases in the order M™ = Li'™> Na™> K™ (CH3)4N".

Rationalize the observed ratio of products.
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11. (6 pts) The following molecule is called bullvalene. The name, bullvalene, is derived
from the nickname of William "Bull" Doering who predicted its properties in 1963. As a
fluxional molecule, bullvalene is subject to degenerate Cope rearrangements, with the
result that all carbon atoms and hydrogen atoms appear equivalent on the NMR timescale.
The number of possible isomers is 10, since any of the 10 carbon atoms may be at the
"apex".

Show THREE different (out of 10) Cope reactions with arrow pushing, thereby
demonstrating how these rearrangements ultimately make all the “C”s and “H”s
equivalent. This problem will require some artistic talent, so be careful to make the
pictures clear to the graders. You could number the C’s if you like.
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12. (8 pts) This problem is meant to tie together some knowledge from Chapter 1 with
Chapter 16.

a) Draw the bonding and antibonding orbitals for the 7t-bond in formaldehyde, showing in
your cartoons the differences in contribution of the p-orbitals from the C and O atoms to
the bonding and antibonding orbitals.
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b) Draw a dipole arrow on formaldehyde, and then explain why the orbitals you drew
above are consistent with this.
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c) The dipole moment for formaldehyde is 2.3 Debye (D) units. However, the first
singlet excited state (S;) for formaldehyde only has a dipole moment of 1.5 D. Explain
why there is such a difference using the orbitals you drew in part a).
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13. (8 pts) The following is the electrocylic ring opening of cyclobutene to butadiene.

additivities given below.

Group AHy®
(kcal/mol)
C-(H)s(C) -10.20
C-(H)(C), -4.93
C-(H)(C)s -1.90
Ca-(H), 6.26
Ca-(H)(C) 8.59
Correction
cyclobutenyl strain 32

b) What is AH® for this electrocyclic ring opening?

290K/ mey = 34.32Kea] /mol

c) If AS® is negligible, estimate the Keq value at room temperature (albeit it requires high

O

\ 7

a) Calculate the heats of formation of cyclobutene and butadiene using the Benson group

C4=(H)(0) Ieaxz = 1t1%
C-(), -~u83x2 - -9 3
Cyclabﬁenyl
Strsip (orree $32.0
3932 Ked/mol
Cq~(H), b2bx2 = 52
Cd ~(H)(0) ge9x2 = 1348
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temperature to get the reaction to occur on a reasonable time scale).
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14. (16 pts) Consider the pericyclic reaction below.

a) Draw proper arrow pushing for the following cycloaddition reaction keeping track of all

bonds and lone pairs.
/\/ : o..
- — O
'\/'@

b) Draw an orbital correlation diagram for the suprafacial-suprafacial reaction of an allyl
species with an olefin to give the corresponding cyclopentyl species, and indicate whether
the reaction is allowed or forbidden for the cation, anion, and radical.

I — O

= ®0 -
Allowed or Forbidden?
Cation: forbidden
Radical: fovio den
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c) Forallyl cation and anion, use the generalized orbital symmetry rule (Woodward-Hoffman
rule) to determine whether each case is allowed or forbidden in the same approach
geometry as in part b. Show how you arrived at your conclusions.

Cation:
was + as
\

—+

Anion: "(\(as + (h/L{S

I + o = | Allowed

d) For allyl cation and anion, draw the orbitals and use FMOT to determine whether each case
is allowed or forbidden in the same approach geometry as in part b. Show how you arrived
at your conclusions using orbital diagrams.

Cation:
0 Homo LUMD
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15. (28 pts) Consider the acid-catalyzed hydrolysis of the following acetals.

OMe HAJH,O (0]
+MeOH + PhOH

A ©)\0Ph - H
OMe HA/H,0

8 ©)\0Me —_— 4 +MeOH

a) From the plots given below, 1) write the kind of acid catalysis for each reaction under the
corresponding plot, and 2) in the spaces provided below, write mechanisms that reflect your
choices. You do not need to show steps past the rate-determining step in each mechanism!

Label the rate-determining step in your mechanisms written below.
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b) Here is a Hammett plot for Reaction A. The authors calculated p from only the meta (X)
substituted derivatives, since including the para (Y) derivatives introduced curvature to the plot.

3.5 ® p-OMe OMe
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i) What does the p value tell you about the activated complex (i.e. transition state) at the
rate determining step?

S’\gnlfw‘mwjr \chﬁ\\"‘ Gho\yﬁe, S bd.\cl‘mﬁ
(V.e. oXsarum 0" \a mechanism A)
i) How would you interpret the curvature of the Hammett plot?
s CV\OV\£3QS W response 4o de exient of clauvge, d.eveia\fmo at

— resonance pfcets
(mecanms m change waald Y& g sharp brea )
c) Sketch the Brgnsted plot you would expect to see for Reaction A in the space below.

2.5 3.5 45  pKa

When the meta (X) substitution of the acetal is varied, a varies as shown in the table below.
Rationalize the trend.

Substituent a \Q$$ \()vob/\ Hawe r at s c\;
m-NO: 0 3 wen fhe (O o 1S
m-F 0.92 V\C(ZSSC&"\{ ’i/ WS
m-OMe o veobay oS eas”i\y B ©® chagl !
H 0.77

Sabvzed by EDG « destabilized by Ewe



d) Fillin the remaining two corners of the More O’Ferrall Jencks diagram for Reaction A below.
The transition state is marked by the dot along the diagonal.
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i) Show how the position of the transition state will change when X is changed from H to NO,.
Label as A. Explain your choice and why it makes sense.
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requUVeS wrore prtenabon (TS
i) Show how the position of the transition state will change when HA is changed from
chloroacetic acid to acetic acid. Label as B. Explain your choice and why it makes sense.
weaker goid reguves more L6 d{pmqq e
iii) Show how the position of the transition state will change when X is changed from H to OMe.

Label as C. Explain your choice and why it makes sense. .
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iv) Show how the position of the transition state will change when the solventis changed from

acetone to water. Label as D. Explain your choice and why it makes sense.
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16. (12 pts) Predict which is the stronger acid in each pair and explain why briefly.
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17. (6 pts) The following reaction is first order in metallocyclobutane (A). The reaction is first order
in diphenylacetylene (B) at low concentrations but becomes zero order in diphenylacetylene (B)
when 20 or more equivalents are used. When isobutylene (D) is added, the rate slows down.

Ph
_ Ph /J\
szTiQ< + Ph—=—Ph —> szTué/ +
c

A B D

Derive a rate law that conforms to these data, and write a mechanism that is consistent with
this information. You do not need to show arrow pushing in your mechanism, rather simply
show the steps with the appropriate intermediates, reagents, and rate constants (e.g. ky, kg ka,
etc.) over the arrows.

K, (AJCB)

rate = ]
k ©) + (8]



18. (8 pts) A few questions on quantum mechanics.

a) Rank the following wavefunctions in order of increasing kinetic energy where #3 has the highest
KE and #1 has the lowest KE. |

Time (D

- Time

NN

b) Provide the names for the components of the time independent Schrodinger equation, and
provide a brief definition of each component: HY =EW

H: HamiVantan © descviloes fres ackng on Ahe SySEM')
sPevad’ v+ T

¥ wave Ranchan Adis ciloes ovbials gs waves | e}ofn&nc"nm
E enevgy : of 4he Mdef\n‘%m‘ ‘) e\\scv\\/am_e_

c) What does the minimum of a Morse potential represent? Remember that this minimum is
defined by two coordinates and address the significance of both.

r = ophwoum (dernucear dislance (i.e. bnd lengh )
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A

>6./ Write the full arrow pushing for the following reaction. Show all intermediates, formal charges,
and lone pairs.
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20. (16 pts) Consider trans-1,2-dichlorocyclohexane.

Cl

Cl  —
Ly — S,

Cl»

’

a) Draw Newman projections for each conformation, looking down the bond indicated above
with the dotted arrow.

Diequatorial Diaxial
A\
i~ teo i

o ¢t 0
|'%ﬂj\ax\\al

gjan e . .
anh «,&)@(\ planay”

s\ywn C\‘(Y\a‘

b) lIdentify strains that are associated with each conformation. List them under your drawings in
part a.

c) Using the Klyne-Prelog system, indicate the relationship between the chlorine atoms in each
conformation. Do not worry about + or — designations. Write your choices under your
drawings in part a.

d) Recall that a weaker bond has electrons in higher energy orbitals. Given that the bond
dissociation energy (BDE) for a C-Cl bond is around 84 kcal/mol, and that a C-C bond has a BDE
around 90 kcal/mol, which bond has electrons in a higher energy orbital?

(@

e) The two conformers are redrawn for you below. In each drawing, point out the bonds that are
anti-periplanar to the C-Cl bonds. If the C-Cl bonds are anti-periplanar to each other, be sure
to indicate it.

N
7 P
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f) Inthe gas phase, there is a slight preference for the diaxial compound (60:40). Given your
answers to parts d and e, rationalize this preference.

do"\a)ohof\ Yo D’%«ﬁv\n c-cl or C—+ bornaks
anomen ¢ € (fect

g) Draw the bond dipoles as well as the overall molecular dipole for each conformation.

Cl

| I
e o

: ¥
LN Cl

h) Asin the gas phase, there is also a preference for the diaxial conformation in non-polar
solvents. However, in polar solvents, the diequatorial conformation dominates. Rationalize
the reverse in preference based on the solvent.

Non ‘)’b\@‘( Solvendts d@\(-\' Stabi\ize. d\pomg
wells diavid| Nas vo et olipsle  ¢50

'S 'Pre‘GCWCC( ' nopolar sowendy



21. (11 pts) Bond strengths

a) Rank the following C-C bonds in order of increasing bond dissociation energy (BDE), where #3
is the strongest bond and #1 is the weakest bond.

CH3-CHg H,C=CH, HC=CH

\ g D

b) Explain the reasoning for your ranking.

4+ of Linds, V)\/»\Orl&\ibwhlm\ S - chavacter

c) Sketch Morse potentials for the C-C bond of each of the three molecules that reflect
qualitatively their different relative bond strengths and lengths. Remember to label the
axes of your plots. Also, sketch in the first four vibrational energies for each potential.

AN

CH3-CHs
o

H,C=CH, / Y
A |

HC=CH — (




22. (11 pts) Consider the alkyl chlorides A and B below.

Cl
Cl

a) Circle the conformation of A and of B that each equilibrium favors. Explain your answers.
S o{)m{)\) \ Pr*Q'QC’(_S eq-qa»tom‘a ( 4+ minimize
(3 - diakial Strann

b) Now imagine performing an elimination reaction on alkyl chlorides A and B.
i) Put a square around the conformation of A and of B that can eliminate.
ii) Explain your answers.

C-C\ sk ve ankpenplanar + G-It

iiii) Draw all of the possible products for the two elimination reactions. Be sure to
indicate which products arise from A and from B.

A B
N
AL \,//\\T 2 /M\

iv) The elimination of alkyl chloride B occurs faster than alkyl chloride A. Rationalize this

observation. Hint: You should invoke a specific postulate or principle that you have
learned in this class.

Curtn—Hammet  pAncipe



