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Problem I. Multiple choice (30 points total; +5 points for a correct answer, +2 points for an answer intentional-
ly left blank, and 0 points for an incorrect answer). For each question, select the best answer of the choices
given. Write the answer, legibly, in the space provided on the answer sheet.

(1) How many atoms in compound A are sp’-hybridized?

CgH1oN20,

(a) 9
(b) 10
(c) 11
(d) 12
(e) all of the atoms in A are sp*-hybridized

Recall from first semester that an atom will be sp>-hybridized when it is connected to three groups (i.e.,
structural pairs = atoms + lone e pairs). There are 8 such atoms in A:

8
] 0]
6
HzN2| e O/\CH3
NG
4

Subsequently, we learned that atoms that we might “normally” consider sp>-hybridized because they have
four structural pairs will adopt sp” hybridization if they are adjacent to a it system and have at least one lone
e pair that can occupy an unhybridized p orbital and participate in favorable interactions with the 1t system.
Essentially, the energetic cost of adopting a less-spatially favorable arrangement of groups is more than paid
back by the ability of the lone pair to participate in conjugation with the adjacent it system. There are 2 more
of these atoms in A, for a total of 10 sp*-hybridized atoms:

8
9 o
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D
(2) How many of the following compounds are aromatic?

- Br
( Ty 8
= Z
B C D E F
(a) one
(b) two
(c) three
(d) four
(e) five

A compound is aromatic if it has a planar ring with an uninterrupted sequence of unhybridized p orbitals
that collectively hold 4n+2 electrons where n is a whole number. Compound B—the cyclopentadienyl anion—
is aromatic (6 m electrons, 4 in two 1t bonds and 2 in a lone pair in a p orbital). Compound C is aromatic (6 1t
electrons, 6 in three rt bonds). Compound D is not aromatic since an sp> carbon in the ring interrupts the con-
jugation of the mt system so the overlapping p orbitals don’t form a complete ring. Compound E—pyridine—is
aromatic (6 1t electrons, 6 in three 1 bonds). Note that the lone pair is in an sp>-hybridized orbital that is or-
thogonal to the p orbitals in the ring, so these two electrons do not “count” as far as aromaticity is concerned.
Compound F is aromatic (6 i electrons, 6 in three 1t bonds). Note there is essentially no difference from E (in
terms of aromaticity) because the two electrons used to form the additional bond to carbon use those two
electrons that were in the orbital orthogonal to the ring system in E.

(3) A What is the name of the major product (J) expected of the following sequence of

reactions?

o)

CI)K H,N—NH,

Br
—_— H _— J
AICl5 NaOH

heat
G

(a) 1-bromo-4-ethylbenzene
(b) m-bromotoluene

(c) p-bromotoluene

(d) m-bromobenzoic acid
(e) p-bromobenzoic acid
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The expected sequence of reactions is:

Br C| H2N NH» Br\@\/
T Ach T NaOH

heat
G H J
(+ ortho product)
Compound J is named 1-bromo-4-ethylbenzene.
C . . . . . .
(4) Which of the following reactions is not flawed and will produce the major

product as shown?

(a)
HBr

ROOR

ey

Ir=z

NaNH,
NH;

COOCH,

[::] l\_COOCH; [g§]:COOCH3
A COOCH;
NO,
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Only reaction (c) will proceed as drawn (by elimination of HCI to form benzyne, which is subsequently at-
tacked by ammonia). In reaction (a), HBr will add by a radical mechanism to form 1-bromobutane, not 2-
bromobutane. In reaction (b), the amine will complex with the Lewis acid catalyst to deactivate the ring and
poison the catalyst. In reaction (d), the exo Diels—Alder product is drawn although the endo product should be
major. In reaction (e), the methyl group is a woeful leaving group and cannot be displaced as drawn by nucle-
ophilic aromatic substitution.

(5) Which of the following statements is not correct?

p ol o

K L M

(a) compound K is named 2,3-dimethyl-1,3-cyclohexadiene

(b) compound L has a less exothermic heat of hydrogenation than K

(c) compound K will react faster than L with compound M

(d) compound K will react with M to form a new six-membered ring

(e) the major product when HBr is added to K will vary as a function of
temperature

It’s best to evaluate each statement independently. For statement (a), the given name is correct for com-
pound K. For statement (b), while both K and L are isomeric dienes that are hydrogenated to the same prod-
uct, we expect the process to be less exothermic for K because its m bonds have a greater substitution by alkyl
groups, and hence, are more stable. Thus, statement (b) is incorrect. Statement (c) is correct, as we do expect
K to react faster than L with M in a Diels—Alder reaction because M is an electron-deficient dieneophile substi-
tuted with electron-withdrawing groups and will react faster with electron-rich dienes. K is more electron-rich
than L because the 1t system of K is substituted with more alkyl groups, which are electron donors. Statement
(d) is correct, as K and M will react by a Diels—Alder reaction to form a new six-membered ring. Statement (e)
is correct, as K is a diene that will give products of variable stability based on 1,2- vs. 1,4-addition of HBr that
are subject to kinetic vs. thermodynamic control.
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(6) D Which of the following compounds would you expect to find in the lowest
concentration when excess benzene is treated with 1-chlorobutane and aluminum
trichloride?

0.1 mmol
AICl;
SRS
100 mmol 1 mmol
(a) (b) (c)
(d) (e)

Product (d) is especially unlikely to form. In Friedel-Crafts alkylation reactions, primary alkyl halides often
generate secondary or tertiary carbocations (following complexation with AICl; and rearrangement). In this
case, it is more likely for the ring to be alkylated as a sec-butyl group rather than an n-butyl group. Further-
more, once one alkyl group has added, the next addition will be preferentially directed to an ortho or para po-
sition. In product (d), the two alkyl groups have a meta relationship, and one of them is n-butyl.
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Problem Il. Explanation (18 points). Cyclopentadiene (N) and furan (P) react to form diastereomers Q and R by
the Diels—Alder reaction.

@@—zbg Az

N P Q R

endo transition state
(preferred by an electronic effect)

N

I“

endo product

B (disfavored by a steric effect)
\
L ;bﬁ
_—

\

H
d /;L*
oy - 2o ] .

CO: versus
\ / — -t exo product

(preferred by a steric effect)

&
o

L - bigger bridge

. (more bulky) R
exo transition state

(disfavored by an electronic effect) smaller bridge
(less bulky)

Part (1). (9 points) Explain why product Q is favored at lower temperatures and shorter reaction times.

Product Q is favored at lower temperatures because it is formed by a more-stable transition state than
that for R. Q is formed by the endo transition state, where secondary orbital interactions lower the activation
energy and result in a faster reaction. Q is the kinetic product, formed at lower temperatures and shorter re-
action times.

Part (2). (9 points) Explain why product R is favored at higher temperatures and longer reaction times. Hint:
Do both sides/faces of the double bond look the same?

Product R is favored at higher temperatures and longer reaction times because it is itself more stable than
Q. Qis the thermodynamic product. While R is formed slower—since it is made via a higher-energy transition
state—the Diels—Alder reaction is reversible, and at higher temperatures and longer reaction times, the sys-
tem can reach (or get closer to) equilibrium. Equilibrium favors the overall most-thermodynamically-stable
product. Here, that is R (the exo product), since the ring of the dieneophile (which is bulkier than hydrogens of
the dieneophile) is placed on the side of the diene with the smaller (less bulky) bridge (one carbon vs. two car-
bons).
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Problem lll. Mechanism (12 points). Draw a sensible mechanism for the formation of T in the reaction drawn
below. Remember to use proper “curved arrow notation” to account for the redistribution of electrons in the

making and breaking of bonds. Show all significant resonance forms that account for the stability of the inter-
mediates in the reactions.

CI\© Br, Cl
FeBrs \©\B

r

S T
A _ /\/
:gr—pr: + FeBz — Br3Fe—I.3_r<}I_3.r: -
s cl
S
Br Br Br Br
i+ RO - WO - PO YO
of cl: Cl+ cl
Br—FeBrs
Br
\©\ + HBr + FeBrs
Cl

T

This is a run-of-the-mill electrophilic aromatic substitution reaction. The chloro group is ortho/para direct-
ing. Note there are four key resonance forms for the cationic intermediate, which includes one form in which a
lone pair from a 3p orbital is pushed onto the electron-deficient ring.
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Problem IV. Mechanism (20 points).

Part (1) (14 points). Draw sensible mechanisms for the formation of V. and W when U is irradiated with light in
the presence of one equivalent of bromine. Remember to use proper “curved arrow notation” to account for
the redistribution of electrons in the making and breaking of bonds. Show all significant resonance forms that
account for the stability of the intermediates in the reactions.

Br

Br, Br
0 - OO
hv
U \% w

Am - HBr M

A\ hv ! . .
Br—Br ——> 2 Br HsC — -~ \©

[\ /\/\ Br

Br—Br

\© [\ Q—[\ér Br .
ii —_— + Br

Part (2) (6 points). Which of these products, V or W, would you expect to predominate as the major product,
especially as the temperature of the reaction is raised? Briefly explain.

Compound V should be produced in higher yield because it is more stable, as the alkene has greater alkyl
substitution.

Note added in proof: Even if the radical reaction did not favor V, W and V could interconvert by an Sy1 re-
action.
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Problem V. Synthesis (20 points). Provide a synthetic route—i.e, a sequence of reactions—to produce
compound Y from benzene (X) and any other reagents you need. Hint: Remember from last semester that me-
thyl esters (RCOOCH3) can be made from substitution reactions of methyl halides (e.g., CH3Br).

© —_— OCHs
B — e
O,N cl

(use excess benzene to minimize overalkylation)

cI

AICl,
o)
o)
Cl)K ©)K Zn(Hg)
AlCly HCI
HNO, Cl, /@f\
H,S0, O,N FeCls O,N Cl

KMnO4 /@ECOOH 1. NaH OCHj
02N Cl 2. CH3BF 02N

Cl

There is a lot going on here in terms of getting from the starting material to the product. That, and the fact
that the starting material is a blank slate, suggests that a backwards approach to solving this problem is best.
Furthermore, in the prompt to the question, you are given a big hint about the final step: methyl esters can be
prepared by Sy2 reactions of CH3Br. What is the other reagent needed? A carboxylate (a deprotonated car-
boxylic acid)...
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oCH, COCH , 1-NaH
2. CH3Br

Now we need to decide the order of installation of the groups on the ring. When we look at the benzoic
acid intermediate, we note that the carboxyl group (a meta director) is para and ortho to the other substitu-
ents. Furthermore, the only way we currently know to install an aryl carboxylic acid group is by oxidation of
alkyl groups. Thus, the following retrosynthetic idea is worthy of trying:

COOH
/@[ — +  KMnOg4
O,N OsN Cl

)

O,N c

Cl

Note that here an ethyl group is shown, but it could be any alkyl group so long as it has at least one (ben-
zylic) hydrogen on the carbon attached to the ring. We can now see that the alkyl group is ortho and para to
the two other substituents, which is good, because alkyl groups are ortho/para directing. It makes sense that
the alkyl group might be the first substituent installed. In deciding whether to install the nitro or chloro group
first, we should note that they have a meta relationship and that nitro groups are meta directing while chloro
groups are ortho/para directing. Thus, it makes sense to try installing the nitro group before the chloro group.
The reactions for this sequence are straightforward:

/@(\ — /©/\ + Cly&FeCly
O,N C O2N

©/\ +  HNOj; & H,S0,

Finally, we can work forwards rather than backwards. We can get from benzene (your given starting mate-
rial) to ethylbenzene quite easily by a Friedel-Crafts alkylation (using benzene in vast excess to avoid over-
alkylation, as the ethylbenzene product is more activated than the benzene starting material). Alternately, we
can use Friedel-Crafts acylation followed by reduction of the carbonyl group. Clemmensen reduction (shown
on the previous page, zinc amalgam in acid) and the Wolff—Kishner reduction (hydrazine, followed by heating
with strong base) are the classic choices.



