Answers To Chapter 1 In-Chapter Problems.

1.1. The resonance structure on the right is better because every atom has its octet.
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1.4. The O atom in furan has’dpybridization. One lone pair resides in the p orbital and is used in
resonance; the other resides in ah@pital and is not used in resonance.

1.5.
(@) No by-products. C(1-3) and C(6-9) are the keys to numbering.

(b) After numbering the major product, C6 and Br25 are left over, so make a bond between them and call
it the by-product.

1.6. (a) Make C4-012, C6-C11, C9-012. Break C4-C6, C9-C11, C11-012.
(b) Make C8-N10, C9-C13, C12-Br24. Break O5-C6, C8-C9.

1.7. Ph&CH is much more acidic than B&CH. Because thely, of HO-is 15, Ph&CH has a ;<
23 and BU&CH has K, > 23.
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1.8. The OH is more acidickg = 17) than the @ to the ketone (g,= 20). Because the by-product of
the reaction is KO, there is no need to break the O—H bond to get to product, but the C—H taotined
ketone must be broken.
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Answers To Chapter 1 End-Of-Chapter Problems.

1. (a) Both N and O in amides have lone pairs that can react with electrophiles. When the O reacts with
an electrophile E a product is obtained for which two good resonance structures can be drawn. When
the N reacts, only one good resonance structure can be drawn for the product.

E +. E

reaction on O JO\ \j)\ reaction on N i
e R = ~+ _R + R
R ||\|/ R II\I/ R /N\/
R R E R

(b) Esters artowerin energythan ketones because of resonance stabilization from the O atom. Upon
addition of a nucleophile to either an ester or a ketone, a tetrahedral intermediate is obtained for which
resonance is not nearly as important, and therefore the tetrahedral product from the ester is nearly the same
energy as the tetrahedral product from the ketone. As a result it costs more energy to add a nucleophile to
an ester than it does to add one to a ketone.

(c) Exactly the same argument as in (b) can be applied to the acidity of acyl chlorides versus the acidity of
esters. Note that Cl and O have sheneelectronegativity, so the difference in acidity between acyl
chlorides and esters cannot be due to inductive effects and must be due to resonance effects.

(d) A resonance structure can be drawrifor which charge is separated. Normally a charge-separated
structure would be a minor contributor, but in this case the two rings are made aromatic, so it is much

more important than normal.
O — D«

(e) The difference betwe@wand4 is that the former is cyclic. Loss of an acidic H from\ti@&of 3
gives a structure for which an aromatic resonance structure can be drawn. This is nek true of

(H Both imidazole and pyridine are aromatic compounds. The lone pair of the H-bearing N in imidazole
is required to maintain aromaticity, so the other N, which has its lone pair iR arbial that is perpen-
dicular to the aromatic system, is the basic one. Protonation of this N gives a compound for which two
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equally good aromatic resonance structures can be drawn. By contrast, protonation of pyridine gives an
aromatic compound for which only one good resonance structure can be drawn.

H H. H.,
[ =87 4

(g) The C=Crtbonds of simple hydrocarbons are usually nucleophilic, not electrophilic. However, when
a nucleophile attacks the exocyclic C atom of the nonaromatic compound fulvene, the electrons from the
C=Cmtbond go to the endocyclic C and make the ring aromatic.

n j “Nu Nu
- q -
non-aromatic aromatic

(h) The tautomer of 2,4-cyclohexadienone, a nhonaromatic compound, is phenol, an aromatic compound.

. . + — : .
(i) Carbonyl groups C=0 have an important resonance contribu@r & cyclopentadienone, this
resonance contributor is antiaromatic.

[Common error alert: Many cume points have been lost over the years when graduate students used
cyclohexadienone or cyclopentadienone as a starting material in a synthesis problem!]

() PhOH is considerably more acidic than EtOH {pHKO vs. 17) because of resonance stabilization of
the conjugate base in the former. S is larger than O, so the S(p)—C(p) overlap immBta&h smaller

than the O(p)—C(p) overlap in PhOThe reduced overlap in Phigads to reduced resonance stabiliza-
tion, so the presence of a Ph ring makes less of a difference for the acidity of RSH than it does for the
acidity of ROH.

(k) Attack of an electrophile’on C2 gives a carbocation for which three good resonance structures can

be drawn. Attack of an electrophilé Bn C3 gives a carbocation for which only two good resonance
structures can be drawn.

H H H H
Ho 2 " H E H E H E
_= E
O — +O<—> O = |O+
~ ~ + /
H H H H
H H H H
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H H
H . H H
= E + E
= O — QO < O+
= S =
H H H
H H H

2. (a)
inductive electron-withdrawing
effect of F is greater than ClI
(b)
O O In general, AH is more
+ . .
N N acidic than AH
H, H
(€)
O O O O
J]\/U\ )j\/“\ Ketones are more
EtO CHj H4C CHj acidic than esters
(d)

Deprotonation of 5-membered
‘ ring gives aromatic anion;
deprotonation of 7-membered

ring gives anti-aromatic anion.

(€)

The N(sp) lone pair derived from deprotonation
/ N |<er |<1rH2 of pyridine is in lower energy orbital, hence more
L stable, than the N(Splone pair derived from

deprotonation of piperidine.
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()

Acidity increases as you move down a
PH, NH, column in the periodic table due to

increasing atomic size and hence worse
overlap in the A—H bond

(9)

O\/ O\/ The anion of phenylacetate
is stabilized by resonance
CO.EL COEL into the phenyl ring.
(h)
c Anions of 1,3-dicarbonyl
Et Et Et ili
O0C.__ CG, OC COEt (k:)ompounds are stabilized
y resonance inttwo
carbonyl groups
(i)

OH The anion of 4-nitrophenol is stabilized
by resonance directly into the nitro
group. The anion of 3-nitrophenol can't

O,N O,N oq do th_is. Draw resonance structures to
convince yourself of this.
o 0
A\N \
+/N /\ 5 - +/N:GO
O O
()
O O More electronegative atoms are more
)k )k acidic than less electronegative atoms
HsC OH HsC NH, in the same row of the periodic table
(k)

C(sp) is more acidic than C@p
even when the anion of the latter can
be delocalized into a Ph ring.

Ph—==—CH;, Ph—=——H
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U
O o .
The anion of the latter cannot overlap
with the C=0rmtbond, hence cannot
delocalize, hence is not made acidic by
the carbonyl group.
(m)
y— this C atom The C(sp)-H bond on the upper atom is the plane of the paper,
orthogonal to the p orbitals of the C=0 bond, so the C=0 bond
O provides no acidifying influence. The C8#H bonds on the
. lower atom are in and out of the plane of the paper, so there is
overlap with the C=0 orbitals.
3.

() Free-radical. (Catalytic peroxide tips you off.)

(b) Metal-mediated. (Os)

(c) Polar, acidic. (Nitric acid.)

(d) Polar, basic. (Fluoride ion is a good base. Clearly it's not acting as a nucleophile in this reaction.)

(e) Free-radical. (Air.) Yes, an overall transformation can sometimes be achieved by more than one
mechanism.

() Pericyclic. (Electrons go around in circle. No nucleophile or electrophile, no metal.)

(g) Polar, basic. (LDA is strong base; allyl bromide is electrophile.)

(h) Free-radical. (AIBN tips you off.)

(i) Pericyclic. (Electrons go around in circle. No nucleophile or electrophile, no metal.)

() Metal-mediated.

(k) Pericyclic. (Electrons go around in circle. No nucleophile or electrophile, no metal.)

() Polar, basic. (Ethoxide base. Good nucleophile, good electrophile.)

(m) Pericyclic. (Electrons go around in circle. No nucleophile or electrophile, no metal.)

4. (a) The mechanism is free-radical (AIBN). Sn7 and Br6 are missing from the product, so they're
probably bound to one another in a by-product. Made: C5-C3, Sn7-Br6. Broken: C4-C3, C5-Br6.

7
MeQ OMe Bu,SnH MeQ OMe 1 -

Br 5)<3/\1 5 2 CO.Me

6\ 4 /2 CO,Me cat. AIBN H” 4 3\ 2 +  BusSnBr

(b) Ag'is a good Lewis acid, especially where halides are concerned, so polar acidic mechanism is a
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reasonable guess, but mechanism is actually pericyclic (bonds forming to both C10 and C13 of the furan
and C3 and C7 of the enamine). CI8 is missing from the product; it must get together with Ag to make
insoluble, very stable AgCIl. An extra O appears in the product; it must come $@mudng workup.

One of the H’s in HO goes with the BFF, while the other is attached to N1 in the by-product. Made:
C3-C10, C7-C13, C2-0 (water), Ag—CIl. Broken: N1-C2, C7-CI8.

8 Cl 6

1 from water

(c) This mechanism is also pericyclic. Use the carbony,SM@ and CH groups as anchors for
numbering the atoms. Made: C2-C12, C3-C11. Broken: C2-C8.

7 5
HC! , A
01 3% 4
6 /1 MeSio— 2
8 8 12
HC7 9 OsiMe, 10 L

(d) PP is a Lewis base. The mechanism is polar under basic conditions. Made: C1-C7, 02-C4, O3-
C6. Broken: O3-C4.

50, _OMe 50
3
2 4 4
O 2 3
cat. PhP
O T )ome
Ph™1 "CN 7 NC 7
g CO,Me Ph COMe

(e) The mechanism is polar under acidic conditions due to the strong aciti RB@ade: C13—-C6.
Broken: C13-C8.

cat. RSQH
CH.CI,, RT

Me

( The mechanism is polar under basic conditions (NaOEt). Two equivalents of cyanoacetate react with
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each equivalent of dibromoethane. One of thgEl@roups from cyanoacetate is missing in the product
and is replaced by H. The H can come from EtOH or HOH, so th&tG©bound to EtO or HO. The
two products differ only in the location of a H atom anmdleond; their numbering is the same. Made:
C2-C5, C2'-C6, C2'-C3, C1'-OEt. Broken: C1'-C2', C5-Br, C6-Br.

1 “NH,
eN NaOEt EtoH; FlO5\ 2 (3
1/2 BrCH,CH,BI

5 6

1
EtO,C

1

2 L3 Et0,C— OFEt
2 34

> %

(g) Polar under acidic conditions. The enzyme serves to guide the reaction pathway toward one particular
result, but the mechanism remains fundamentally unchanged from a solution phase mechanism. The Me
groups provide clues as to the numbering. Made: C1-C6, C2-C15, C9-C14. Broken: C15-016.

Geranylgeranyl pyrophosphate A Taxane

(h) Two types of mechanism are involved here: First polar under basic conditions, then pericyclic. At
first the numbering might seem very difficult. There are twa Gtdups in the starting material, C5 and
C16, and two in the product. Use these as anchors to decide the best numbering method. Made: C1-
C14, C2-C12, C12-C15. Broken: C3-C12, O7-Si8.

5
1 16 CH;
HsC° 2~ 13 CHs 7
s [, 0 14%5 O 14
8 7 Li ;
Me,Si 6/10 12 - /15
1 warm to RT; B "—CH16
9 H aq. NaHCQ H 11 130H 3

() The carboxylic acid suggests a polar acidic mechanism. Made: C2-C7, C2—-03, C4-06. Broken:
03-C4.
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03
3 6 6
b= O Mg °0 Bn_ 1 O_4_Ph
Bn—N=C P—X5 7 - H T T
12 OH Me H 5
Me~ 8 Me

() Free-radical mechanism (AIBN). Both Br7 and Snl11l are missing from the product, so they are
probably connected to one another in a by-product. H12 appears connected to C10 in the product, as C10
is the only C that has a different number of H’s attached in S.M. and product. Made: C1-C9, C2-C6,
Br7-Snl1l. Broken: C6-Br7.

11 6
Bus;SnH 1 7
_—
cat. ABN 3 8  + BuSnBr

10 _Ph

(k) No acid or base is present, and the reaction involves changésis. This is a pericyclic

mechanism. Use C8 with its two Me groups as an anchor to start numbering. Ozone is a symmetrical
molecule, but the middle O is different from the end O’s; it's not clear which O in ozone ends up attached
to which atom in the product. However, it is clear where O4 ends up, as it remains attached to C3. Made:
C1-011, C1-04, C2-09, C2-010. Broken: C1-C2, 09-010.

11

1 CHs

2 9,%),11
4 CH3 _3»
HO 7

H3Ce 6 HiC: 6

(I) Polar mechanism under basic conditions. Again, use C11 with its two Me groups as an anchor to start
numbering. C7 remains attached to C8 and O6 in the product. C2 leaves as formate ion; the two O’s
attached to C2 in the S.M. remain attached to it in the formate product. O4 is still missing; it's probably
lost as BO, with the two H’s in HO coming from C8. Made: C5-C8. Broken: C2-C7, O3-04, O4—

C5, C5-06.

5 CHjy

2 13 4
8 CHy , 1eod + ho

6 10
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(m) Bromine undergoes electrophilic (polar acidic) reactions in the absence of light. Use C6 as an anchor
to begin numbering. In the S.M. there are two,@rbups, C4 and C7. The one £¢toup in the

product must be either C4 or C7. C7 is next to C6 in the S.M., while C4 is not; sincetgeoGpiin

the product is not next to C6, it is probably C4. Made: C2-C7, C3-Br. Broken: Br-Br.

H 1
@) B
T~ s Bra, ; 7
*\
1 ! 47573
2 H O
5. N= nucleophilic, E= electrophilic, A= acidic.

@ E (b) none* (c)E (d)A (e) A** HE
(g) noné (h) N (i) none ()N (k) A () E
(m) none** | (n) E (o)A (P) N (q) none (N N
(s) A, N ®E (wE (v) none (w) none xX) N
) A @ E (aa) A (bb) N (cc)N, A (dd) N
(ee) none (f) N (99) E, A (hh) N (i) none (DN
(kk) N (n e (mm) slightly A?

*See text (Section B.1) for an explanation.

*The O atom still has a lone pair, but if it were to use it in a nucleophilic reaction, it would acquire a very
unfavorable +2 formal charge.

TThe fact that an elimination reaction can occur upon removat @forh this atom (with loss of the leav-

ing group next door) is irrelevant to the question ofatidity of this atom. Acidity is a measure of the
difference in energy between an acid and its conjugate base. The conjugate base formed by rémoving H
from this atom would be very high in energy.



Answers To Chapter 2 In-Chapter Problems.

2.1. LDA is a strong base. Two E2 eliminations give an alkyne, which is deprotonated by the excess
LDA to give an alkynyl anion. This species then reacts with Mel by@npgocess.

ig N(i-Pr) H /OMe ~n
% el /J $ —»CH%OMG —
OMe (ippn< ! OMe  “\ipp)
~Me|
MeO——= - - MeO———Me

2.2(a). LDA deprotonates theoCto the ester, which adds to the aldehyde to give the aldol product after

workup.
O
y 0 y o C L
SC T, S NP T Et

CH; CH,

§>< Workup
product

2.2(b). BuLi deprotonates thedCto the nitrile, which adds to the ketone to give the aldol product after
workup.

O
) Et Et

c Tg TN _/?)ka . HO_ workup
H

N=C —— product

2.3. Make: C2—-C3. Break: none. Note that because the NaCN is catalytic, its atoms are not incorporated
into the product, and hence there is no need to number them.

1 3 ¢ NaCN 1 Ph
2%—H + gy—H T N {4
EtOH, H,0

Ph Ph Ph 30H
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C2 is electrophilic, and C4 is ... electrophilic! To make a bond between them, C2 must be turned into a
nucleophile §mpolung. This must be the purpose of tii&N. Aldehydes are not acidic at the carbonyl

C, so theCN cannot simply deprotonate C2. Instead, it must add to C2. NowoQ® & nitrile, it is

much more acidic, and it can be deprotonated by exG#¢40 give an enolate, which can add to C4.
Finally, deprotonation of O1 and elimination &N gives the observed product.

e T
1,)>/\-CN R ., HOE HO>éH/\‘OEt D>
PH

CN Ph CN Ph CN Ph

HO (i OH
Ph CN Ph 2 CN Ph P Ph

(a) Make: C2-C5, C2—-C6. Break: C2—-Br4.

1 3 5
Et 2 _CO,Et 6 1 4
OZCY O 5/\6_'% NaOEt Et02C72A6\7 8 H—Br
4 EtO,C3

2.4.

C2 is both electrophilic and particularly acidic. C5 is electrophilic, and C6 has no reactivity, so the first
bond to be made must be C2—C5. Therefore, deprotonation of C2 gives a nucleophile, which can attack
electrophilic C5 to give an enolate at @%ow C6 is nucleophilic, and intramoleculagSsubstitution at

C2 gives the product. Although C2 is a tertiary alkyl halide and is not normally expected to upgergo S
substitution, this reaction works because it is intramolecular.

Br
EtO, COZEt EtO, COZEt EtO, ( COEt EtO, CO,Et
_O t -
CHO — - —
CHO CHO

(b) Make: C7-C8, C4—-C9. Break: none.
10
2 LiN(i-Pr)(c-Hex);

3 7 -
Q CH Z 5> Co,Me
H,C 4 3 8 10

CHj
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The thing above the arrow is a fancy version of LDA. C4 and C8 are electrophilic, C9 is unreactive, and
C7 is acidic, so first step must be to deprotonate C7 to make it nucleophilic. Conjugate addition to C8

generates a nucleophile at C9, which adds to C4 to give a new enolate. Workup then provides the
product.

o CO,Me

o) 0
H yaN /
H < NR —H CoMe - H
L CHy CH, , CH
3 CH 3 CH 3 CH,

\>7

3

MeO, O MeO,
H workup H
CHg CHs
Hj CH, Hs

(c) Make: C2-C21, C5-C11, C6—-C22. Break: none.

O

H
1 CO,t-Bu 1 CO,t-Bu

Among the six atoms involved in bond-making, three (C6, C10, C21) are electrophilic, two (C5, C22) are
unreactive, and only C2 is acidic, so first step is deprotonation of C2. The nucleophile adds to C21,
making C22 nucleophilic. It adds to C6, making C5 nucleophilic. It adds to C10, giving the product.

0 0 0
CH, COMe CHg
/\ AN . > AN L
CsCOy % o \f\_ o

CO,t-Bu CO,t-Bu



Chapter 2 4

CHgf?
OM
@)
O- — > product
9] N
H H—OCOCs
COzt'BU COzt'BU

2.5. Because under basic conditions carboxylic acids are deprotonated to the carboxylate ions, which are
no longer electrophilic enough that a weak nucleophile like M@ attack them. Upon workup the
carboxylate is neutralized to give back the carboxylic acid.

2.6.
(a) Balancing the equation shows that EtOH is a by-product. Make: C2-C11. Break: O1-C2.

C2 is electrophilic, so first step must be to deprotonate C11 to make it nucleophilic. Addition to C2
followed by elimination of O1 affords the product. Because the product is a very acidic 1,3-diketone,
though, it is deprotonated under the reaction conditions to give an anion. Workup then affords the neutral
product.

o) o) o
H _ H
3 e O cH, . Hs -
EtO,C OEt H EtO,C @ EtOC ~
0O o "0

5
OEt
0 o) 0
H H workup  H
3 H — 3 H 3 H
EtO, [ H EtO, - EtO, H
o ¢ OEt o) o)

(b) Make: C3—C9. Break: O8-C9.
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01 1009 O1
7 8 11 7 10
2 Et OEt 2 0O 8
6 3 - 6 9 + EtOH
5 A NaOEt, EtOH 4 110Et

The mechanism is exactly the same as drawn in part (a).

2.7.

(a) Make: O1-C9. Break: S8-C9.
15 |\|o2 15No2

The base deprotonates O1, which adds to C9, giving an anion that is delocalized over C10, C12, C14, and
into the NG group. The anion then expels S@ give the product.

NO NO NO
0, 2 0, 2 0, 2
> N>
— (r — — product
OH 0 0

(b) Make: O1-P5, C2-Br4. Break: O1-C2, Br4—P5.

Br PBr 5

O1is clearly a nucleophile, and C2 is clearly an electrophile. P5 could be either a nucleophile (lone pair)
or an electrophile (leaving group attached), but because it reacts with O1 and because the P5-Br4 bond
breaks, in this reaction it must be acting as an electrophile. Attack of O1 on g5 fesBion displaces

Br4, which can now attack C2 in an addition reaction. Finally, the N3 lone pair is used to expel O1 to
give the observed product.

OL S O - (e~
— product
N UO <N+

H
Br2P H PBrZ
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2.8. E2 elimination of HI from the aryl iodide gives a benzyne, which can be attacked at either C of the
triple bond to give two different products.

OMe

~NH Nz
- JNH2 . b -2 H_NHz —
e

2.9. E2 elimination of HBr from the alkenyl halide gives an alkyne or an allene, neither of which is
electrophilic. The only reason benzyne is electrophilic is because of the strain of having two C(sp) atoms
in a six-membered ring. Remove the six-membered ring, and the strain goes away.

2.10. The first substitution involves attack of Plo GsClg to give GCl5(SPh), and the last involves
attack of PhSon GCI(SPhy to give G(SPhy. The elimination—addition mechanism is ruled out in both
cases because of the absence of H atoms adjacent to Cl, so the choices are addition—elimiggtion or S
The first reaction involves a very electron-poor arene (all those inductively withdrawing Cl atoms), so
addition—elimination is reasonable, althoug{y$is not unreasonable. The last substitution, though, is at
an electron-rich arene, so onlgpfl is a reasonable possibility.

First: % Cl Cl
cl 2l ¢l cl i cl SPh
~5™ -sph sPh
Cl Cl Cl Cl Cl Cl
Cl Cl Cl
Last: SPh B SPh -
Initiation:  Ph Cl Ph . Cl
_SPh -SPh
Ph SPh Ph SPh
SPh L SPh i
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B SPh - SPh
Propagation: Ph
Ph SPh
SPh
SPh B SPh -
Ph 7N\ Ph . SPh
: ~SPh *t
Ph SPh Ph SPh
SPh L SPh _
B SPh - SPh SPh B SPh -
Ph .. SPh Ph Cl Ph SPh Ph ~Cl
+ — +
Ph SPh Ph SPh Ph SPh Ph SPh
L SPh _ SPh SPh L SPh _

2.11.

(&) An addition—elimination mechanism is reasonable.

NMe, CN CN
gsi2les
N (T ZcN > CN N\
V> - N \
H

A

(™
- _H—CN
A= H

(b) An addition—elimination mechanism is not reasonable. Elimination of HBr from the starting material
gives am,B-unsaturated ketone that is now bond electrophile at a C different from the one that
originally had the Br attached to it. The only reasonable mechanisgris S

Initiation: ') ')

Me Br Me Br..
)Q + Me — )\ y Me
NC CO)Et NC CO)Et

Me Me
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Propagation:

o Cw/COZEt 0 NC\<I\/Ie -
y e)& e)& S E)& Log
Me Me Me Me Me Me
O NC\<I\/Ie - NC Me O -
Me)g\' " SCO,Et % Mcoza . /elele
Me Me Me Me Me Me Me Me

2.12.

CO,R
_ C/""._ H*
NCO,Me — product

2.13.
()

H><| Zn(Cu) H><an _ - H> @\Bu D\

N VA R Bu
(b)

OSiRy
EtO,G i E1OK B0 ﬂ,\" c;r%/\osm
>:N2 T >:Rh i > ‘\r "~ EtOC 3

EtO,C EtO,C EtO,C
2.14.

i H
R,SiO— N, R38|O— U R3S|O—
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2.15. Numbering correctly is key to this problem. The written product is missing the fragmentg COCF
and MsN, so it is likely that they are connected to one another in a by-product. All the numbering in the
product is clear except for N8, N9, and N10. N8 is attached to Ms in the starting material and is probably
still attached to it in the product. But is N9 or N10 attached to C3 in the product? C3 is very acidic, and
when it is deprotonated it becomes nucleophilic. N9 has a formal positive charge, so N10 is electrophilic.
Therefore, N10 is most likely attached to C3 in the product. Make: C3—-N10, C4-N8. Break: C3—-C4,
N8-N9.

10

T 7 SN+ + N~ H
6 Ms~ NG 10 WUN" 9 78 4 ?:Fg
4>CF, N . MS/N\[(
05

N8 deprotonates C3 to make the latter nucleophilic, and it adds to N10. The lone pair on N10 is then used
to expel N8 from N9. N8 then comes back and adds to C4, and expulsion of C3 from C4 affords the two
products.

W ©

/o\

o)
H
Ms”
CF,
—N—NH
O 0
Ty
/\_NH
CF, CF; |
N=N—NH N=N Ms T
NN ’
M
o 0 0
L~
N=
+

S
H
" Ms P d
CFy L N
N N CF3
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Answers To Chapter 2 End-of-Chapter Problems.

1. (a) Substitution at & &lkyl halide rarely proceeds by agZmechanism, unless the reaction is intra-
molecular. In this case3 is even less likely because of the highly hindered nature of the electrophile and
the fact that the electrophilic C is unlikely to want to expand its bond angles fréro3 on

proceeding through thg@ transition state. The other possibility in this casegyjglSwhich is reason-

able given the heavy atom nucleophile and the requirement of light.

Initiation: hv
PhS — [PhST]*
Me Me o
Me Me
Cl Cl
[PhST* + — PhS + 7.
Br * Br
Me Me
Me Me
ion: Me N Me
Propagation: Me Me
Cl
— . + Br_
Me Me
Me
Me Me N
Me Me
Cl Cl
° + _SPh — o ®
* SPh
Me Me
Me Me
Me Me o
Me
Cl
" SPh * Br
Me
Me Me

(b) The % halide will definitely undergo substitution by agZ@mechanism. Indene is a pretty good acid
(pPKs= 19) due to aromatic stabilization of the anion. After deprotonation with BulLi, it attacks the electro-
philic C by §2. A second equivalent of indenyl anion then redeprotonates the indenyl group of the
product, allowing a second, intramoleculg2Seaction to proceed to give the observed product.

o2 o Fie-
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" 7
C}) zCl

(c) This 3, uninvertable halide cannot undergg2ubstitution. An elimination—addition mechanism is
unlikely because the base is not terribly strong and the neighboring C—H bonds are not parallel to the C—I
bond. The most likely possibility iggl. C(spP)-I bonds are good substrates faRd reactions. The

FeCl, is a one-electron reducing agent!{Fe Féll) that acts as an initiator.

Initiation: @\ FeCh
|
Propagation: @
O:) O
H — .
@ 'J\\%\Ph @ Xk Ph
Y H H
o 1=
@ A)k Ph @' -
H H

D

(d) Substitution on arenes with strongly electron-withdrawing groups usually takes place by an addition—
elimination mechanism. In this case the leaving group is nithit@,.

NO, NO,
/ “OMe CN CN
I + _NOZ
NO (\NOZ oM
2 OMe €
H H
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(e) The first product results from halogen—metal exchange. The mechanism of halogen—metal exchange is
not well understood. It may proceed hy2substitution at Br by the nucleophilic C, or it may involve
electron transfer steps. (See Chapter 5.)

Br<" ) B Li
~ Li—n-Bu © = O/ + Br—n-Bu

Small amounts of aromatic substitution product are often formed during halogen—-metal exchange. Many
mechanisms are possible.

The major product PhLi could react with the by-produBuBr in an {2 reaction.

Addition—elimination could occur. PhBr is not an electrophilic arene, but the very high nucleophilicity of
n-BuLi may compensate.

An Sy reaction could occur.
Elimination—addition (benzyne mechanism) could occur.
Certain experiments would help to rule these possibilities in or out.

Elimination—addition goes through a benzyne intermediate, and the nucleophile can add to either benzyne
C, so both 3- and 4-bromotoluene should give mixtures of products if this mechanism is operative.

Addition—elimination would accelerate (compared to halogen—metal exchange) with electron-withdrawing
groups on the ring and decelerate with electron-donating groups on the ring.

If the §y2 mechanism is operative, changmguLi to s-BuLi would reduce the amount of substitution
product a lot, and changing it to @lH would increase it. If the @1 mechanism is operative, changing
n-BuLi to s-BuLi would not change the amount of substitution much, and changing it4bi @duld
reduce it a lot.

(H Acyl chlorides can undergo substitution by two mechanisms: addition—elimination or elimination—
addition (ketene mechanism). In this case, elimination—addition can’t occur because theceH® no
The mechanism must be addition—elimination.
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CI?)

O
S NE o‘w@

(9) This acyl chloride is particularly prone to elimination because of the acidicity of the benzylic H's.
Addition—elimination can’t be ruled out, but elimination—addition is more likely.

o)
Ph%‘\f\v “NEts Ph \H\ %
S
H H

) P:NEt3 H—NEt3
RO-H —>
(h) The reaction proceeds by ag2Snechanism. The reaction has a very low entropy of activation, so it
proceeds despite the loss of aromaticity. The product is a model of the antitumor agent duocarmycin.
DNA reacts with duocarmycin by attacking the £#toup of the cyclopropane ring in agZSreaction.

| I I[\ UI |
0 = 61 ~ 0
© \_/ © ./ ° \_/

(i) This nucleophilic substitution reaction at aromatic €(spn proceed by addition—elimination, elimi-
nation—addition, or 1. In this case, addition—elimination is low in energy because of the strong
stabilization of the Meisenheimer complex by aromaticity of the five-membered ring.

CI

OEt
_OEt
v

() The mechanism cannot bgZbecause of the? &alkyl electrophile. The most likely mechanism is

Srn1, which proceeds through radical anions. The best resonance structure of the radical anion of the
starting material puts the odd electron in the aromatic ring, and the best resonance structure of the radical
anion of the product puts the odd electron on S, but in both cases it is more convenient to draw the
resonance structure in which there is a three-electron, two-center bond.
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Initiation: NC CN NC CN |+

t-Bu Et + PhS — | t-Bu 7. Et| + PhS
OAr * OAr

Propagation:

NC CN 1% NC CN
t-Bu T e Et — t{-Bu . Et + TOAr
OOAr
NC CN NC CN 1%
t-Bu o Et + “SPh — t-Bu 7. Et
* SPh
NC CN 1% NC CN
t-Bu 7. Et * t-Bu Et —™
* SPh OAr
NC CN NC CN 1%
t-Bu Et *t t-Bu 7. Et
SPh * OAr

(k) Substitution at aromatic C@pcan occur by one of three mechanisms. Addition—elimination requires
that the ring be substituted with electron-withdrawing groups. Elimination—addition requires very strong
bases like NH~. The third mechanismgRl, is operative here; the light is a clue that radicals are
involved.

Initiation:

{ e - ;\m »{Q.:Br

Propagation:

@...ii_m E QBr — i | i ip:{@.;m




Chapter 2 15

() The mechanism clearly cannot hg2Sbecause substitution occurs with retention of configuration.

Two sequential §2 reactions are a possibility, but unlikely, becaw3ac is a lousy leaving group i3
reactions. It is more likely that an elimination—addition mechanism operates. The AcO graooiiNis

and the lone pair on N weakens and lengthens the C—-O bond, making it prone to leave thl-gioy-an
iminium ion. The AcO deprotonates the ketoester to give an enolate, which adds to the electrophilic C=N
mtbond from the less hindered face (opposite from the substituent on C2 of the lactam), [gansg a

product as observed.

o H~S "OAc " nucleophile has
CO,R attacked less
. hindered (top)

face ofrrbond

2. (a) Cyanide can act as a nucleophile toward the bromoester, displacing imnanB};2 reaction to
give a cyanoacetate. The cyanoacete{g §09) is deprotonated by another equivalemGil (pK, = 9)
to give an enolate that attacks tikerbromoester to give the product.

NC CO)Et
Etozc>‘/\/>‘/ COEL ™ on D H TN
H H
Br —)
Br CO,Et
NC CO,Et
COZEt -- deprotonation, reprotonation on
H other side can epimerize this center
to more stable diastereomer
COzEt
Br< CO,Et

(b) The acyl chloride is a potent electrophile aid il a nucleophile, so the first part of the reaction
involves addition—elimination to make the acyl azide. Upon heating, the Ph—CO bond breaks and a Ph—N
bond forms. This suggests a 1,2-shift, promoted by loss.of N
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Ph Ph
o) o) _N
o™ 20 A0 NV o n=c=o0
Ph__» N\ Ph— N Ph

(c) Make: C1-C5, C1-C5', C3—-C5. Break: C5-OEt (twice), C5'-OEt (once). Each substitution at
C(spP) must occur by addition—elimination. The particular order of acylation events can vary from the
answer given here.

-
HC. 3 A2  CO,Et

O 55
3
s 2 CH, o e

_OEt OEt
c . K} —

H H H I/H ~
3/\ CHy ___ ° CH; -OEt ° Cl,,  HOEt
- 0 0 . O
Et02 09 O

OEt OEt OEt
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®
H T i H
3 HsC COEt H CO,Et
OEt,-OEt <« = 2 3 2
T H —— EtO-Hv_/ > —

HO O b O 5 0
¢ ' ] OH
O Hv~—

(d) Either thex or they carbon of the Grignard reagent can attack the nitrile. Isomerization of the initial
product occurs upon workup, probably by protonation—deprotonation (rather than deprotonation—pro-
tonation) because of the weak acidity and decent basicity of imines.

¢ MgCl
HZS/ o) N7\ f’a o)
L p—cn — 1y vrrnall )
+NH,

o ¢ |
\ J “oH
H H
(e) One C-C and one C-0O bond are formed. The ketone O is not nucleophilic enough to participate in

SN2 reactions, so the initial event must be attack of the ester enolate on the ketone. Sodium amide acts as
base.

>
? OEt — =~ EtO Ph CH ™ CH; =™ CH,
Cl ;; Cl EO,CT E0,C” |
o O Ph Ph

() The C in diazomethane is nucleophilic. The product of attack of diazomethane on the carbonyl C has a
leaving group to the alkoxide, so either a 1,2 alkyl shift or direct nucleophilic displacement can occur.
The insertion product happens to dominate wiﬁﬁ%ﬁz, but with FbC—§Me2 the epoxide dominates.

O
[:::Ti////ﬁx [:::é?CHZ [:::>%:
u‘ = @)
\\\ H
H
- O
<\N+ — CH2
H N
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(g) Cyclopentadiene is very acidic, and its conjugate base is very nucleophilic. It can undergo aldol
reactions with carbonyl compounds. After dehydratida)\eeneis obtained. The fulvene is an electro-

phile because when a nucleophile adds to the exocyclic double bond, the pair of electrons from that bond
makes the five-membered ring aromatic.

O> H3C CH3
R oa, W —D<Con-
H CH ~
H 3 3 H H— OEt
HiC CHy o .
CH, s
©2<0H . ('\ o ©Q<\/\CH3 @‘—écm
OEt '/OH 3 CHs CH,

SO S [ AN

(h) Two new bonds are formed: O3—C6 and C5-C7. O3 is nucleophilic, while C6 is moderately electro-
philic; C5 is nucleophilic only after deprotonation, and C7 is quite electrophilic. Under these very mildly
basic conditions, it is unlikely that C5 will be deprotonated, so it is likely that the O3—-C6 bond forms first.
The purpose of the acetic anhydride B¢ is to convert the weakly electrophilic carboxylic acid into a

strongly electrophilic mixed acid anhydride. The mild base deprotonates the carboxylic acid, which makes
a weakly nucleophilic carboxylate ion (on O). Reaction of the carboxylate with the electroppdic Ac

gives, after addition—elimination, the mixed anhydride, which is strongly electrophilic at C6. O3 can then
attack C6 to give, after addition—elimination, the initial cyclic product. At this point C5 becomes particu-

larly acidic because the conjugate base is aromatic. The aldol and dehydration reactions with benzaldehyde
then proceed normally.

O\6

O
7 AcONa
+ 1 4 6 5
PhCHO ch)zku/s,\cozH Ac,O 77 /)z\CHs
1

N
Ph 4

0 oy,
C)l\N/\H/O? = gc)ku/\”/ \ig_/c);kom
o
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(i) Overall, the 2 OH is replaced by H. The H is presumably coming from LiAkkgood source of
nucleophilic H, so the 1 OH must be transformed into a good leaving group. The first step must
transform the 1alcohol into a tosylate. The mechanism of reaction of an alkoxide with TsCl is probably

Sn2; the purpose of the DMAP is to catalyze the reaction, either by acting as a strong base or by displacing
Cl-from TsCl and then being displaced itself. In the next step, DBU is a nonnucleophilic base; elimina-

tion is not possible (NP H’s), so it must deprotonate an OH group. This converts the OH into a good
nucleophile. In this way, the ®H can react with the tosylate to give an epoxide. The epoxide is quite
electrophilic due to ring strain, and so it acts as an electrophile towardid\tive the observed

product.

Step 1:
OH OH cl® o OH
H : N
-« : ——
<G /
O .pyr o O Ar OTs
IIIIII IIIIII/
N
OH OH OH
Step 2:

" N OH OH
ga /OTs C) N g/l Q/OTs . g H
GRS T
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Step 3:
H
OH I OH OH
: H-AI=H :
: | : o :
(H\J H workup H3§><
“ A Ho i A CHy HaC™ g A CHy
o<

o OH

() LDA deprotonates the less hindered of the two acidic C atoms. A Robinson annulation then occurs by
the mechanism discussed in the text. Two proton transfers are required in the course of the annulation,
and both must occur by a two-step mechanism in which the substrate is first protonated, then deproton-
ated. The most likely proton source is the ketone of starting material or product. (The solvent cannot be a

proton source in this particular reaction because it is carried out in THF. The conjugate acid of the LDA
used to initiate the reaction cannot be used as a proton source either, because it is not acidic enough.)
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(k) Make: C7—C9, C8-C13, and either O11-C13 or C10-014. Break: Either C10-0O11 or C13-014.

ol
3 1 10
2
4 1) \9>\Et
Mg 1213 14
5 > 2) 0=C=0
8

6 3) H,O"

C9 and C11 are both electrophilic. The cyclic magnesium compound is nucleophilic at C1 and C8, and
allylically at C7 and C2. The first step, then is nucleophilic attack of nucleophilic C7 on electrophilic C9 to
give an alkoxide. Then when G@ added, the nucleophilic C8 carbanion attacks the electrophilic C11.

0 CH, CH, O
9 o o
Et

Et

Upon addition of acid, the alcohol reacts with the carboxylic acid to give a lactone (cyclic ester). This
acid-catalyzed reaction is discussed in detail in Chapter 3. The reaction is far more likely to occur by attack
of O11 on C13 than by attack of O14 on C10.

CH, Et CH, Et CH, Et
(Lo A Lon . A Lo
( X o —{( X o= X ( oH =
\")
@) O: +O—H
CH, Et CH, Et CH, Et CH, Et
~Ht
+O—H —= — — O
L) 44_ \f)
oH " Conoe +O—H 0o

() 1,4-Diazabicyclo[2.2.2]octane (DABCO) can act as either a base or a nucleophile. When it acts as a
base, it deprotonates C2 to give an enolate, which attacks the aldehyde in an aldol reaction to give the
product after proton transfer. When it acts as a nucleophile, it adds to the electrophilic C3 to give an
enolate, which attacks the aldehyde in an aldol reaction. Elimination of DABCO by an E2 or Elcb
mechanism then gives the product.
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Mechanism with DABCO as base:

H S\ EO_ O O,
P T << |

Hw)Q“/ OEt : N\_/
>

H O

0 -~ HSNf N OH

H *N" /  H
CO,Et CO,Et
Et Et
CH, CH,

Mechanism with DABCO as nucleophile:
O H /— \
¢ ¥y T INU N
F N
EtO H
H

O HH <‘O H

y O H
~H* SN W
EtO +N/\ - EOT N +N/\ — Et0” N H
Et H CN (two steps) CN
OH Et OH

o Et

The second mechanism is much more likely, even without the information in problem (m),3sHC(sp
bondsa to carbonyls are not very acidic. (See Chapter 1.)

(m) Nucleophilicity is dramatically affected by steric bulk, whereas basicity is only slightly affected. If
steric bulk in the amine catalyst affects the rate of the reaction dramatically, then DABCO must be acting as
a nucleophile, not a base.

(n) Make: C1-C5, C6—acetone. Break: C1-N. This is a Shapiro reaction. Addition of BulLi to the
hydrazone deprotonates N, then deprotonates C7 to give a diankEimination of ArSG— gives an
intermediate that loses,o give an alkenyl anion. This undergoes intramolecular addition to the pendant
mtbond to give an alkyl anion, which is quenched with acetone to give the product. The addition of the
alkenyl anion to the unactivatetbond occurs because of the low entropy of activation, the very high
nucleophilicity of the anion, and the favorable formation of a 6-H0nd, and despite the poor electro-
philicity of thettbond and the formation of a higher energy &(spion from a lower energy C@p

anion.
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71 NNHSOAr ,
(:/K/\/ BuLi, TMEDA:
3 5 acetone
2 N6

H H
_ <‘
NN
H
O™ workup i\ OH

(o) This is a Bamford—Stevens reaction. We are forming a new C—C bond to a remote, unactivated C,
suggesting a carbene inserting into a C—H bond. The base deprotoneat&difdination of ArSG~

gives the diazo compound, which spontaneously losde bive the carbene. The carbene inserts into the
nearby (in space) C—H bond to give the product.

=N NaOMe =N Q
MeN N—SOAr MeN N-SOAr — =
H

_ o+ _ H
=N Q: N + ’)
MeN N+ «—> MeN H - MeN H — MeN
H H H

(p) LDA is a strong, nonnucleophilic base. It will deprotonate the diazo compound, turning it into a good
nucleophile. Addition to the aldehyde C=0 bond and workup gives interm@didew, treatment oA

with Rh(ll) generates a carbenoid, which reacts as if it were a singlet carbene. A 1,2-shift gives the enol,
which can tautomerize to the observed product.
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H H i-Bu
Q)\‘ﬁ “N(i-Pr) A~ ﬁ«H . H* Nzﬁj\
N CO,Et Nz/\ CO,Et /K — OH
i-Bu @) CO,Et A
I-Bu I-Bu i-Bu
Rhy(OAc), § . H_ tautomerization  H
T OH OH H O
CO,Et CO,Et CO,Et

(q) Make: C2-C10, C6—C12, C9—-C13. Break: none. C2 and C6 are nucleophilic (once they are
deprotonated), while C9, C10 and C12 are electrophilic. C2 is by far the most acidic site, so the C2—-C6
bond is probably formed first.

7 11 13
MeO,C 6 9 10 12 14
2N > CoMe P COMe_
3 5 NaH

() The by-product is MeCIl. Make: P-Bn, Me—Cl. Break: O—Me. The first step is attack of nucleophilic
P on the electrophilic BnCl. Then-Qlomes back and attacks a Me group, displacintp@ive the
phosphonate.
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R + ol + O
cg\/\ pn -P(OMe} —= Ph/\/ P Me Cl —»Ph/\/ 4 MeCl
MeO OMe MeO OMe

(s) Clearly simple §2 can’t be the answer, as configuration is retained at C28@nihcorporation into

the product is not observed. The other electrophilic site in this compound is the S of the Ms group.
Cleavage of the Ms—OR bond can occur under these basic conditions. Attack of M (@) S of the

Ms group displaces Rand gives Me(*O)Ms. Me(*O)Ms is an electrophile at C that can react with the
sugar alkoxide to give the observed product.

o (¢ (09Me o Me—(O")Ms O_(O Ms
MeO —» MeO MeO
MeO Me MeO MeO
1 O 10~ | OMe
MeO ‘/é/sgo MeO MeO
Ms— = MeSQ-

(t) The benzilic acid rearrangement was discussed in the text (Section E.1).

NaOH

%ﬁ

O

(u) Make: C3-05, C8-C4. Break: C3-Br. Because C8 is very acidic (between fladNCarbonyl
groups) while C4 is electrophilic, the first bond-forming step is likely to form C8—C4. Then displacement
of Br from C3 by O5 gives the product.

0] Br 07 5 6 7/
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@)
EtOZC>( o _OCONNa EtOZC\(
/s
O Br m o OBr. H O
+// _ +
“O—N H—OCO,Na “0-N
EtO,C CHj EtO,C CHy ~
3
H H H NaOCQ > H H H
<
LQBroH O +N-0 |
0N — / CH,
e CH, EtO,C
EtO,C H H HH O

(v) Numbering the atoms correctly is key here. The cyanide C in the product could be C1 and the formate
C, C3, or vice versa. How do we tell which? If the cyanide C is C3, this would mean that attack of C3

on C4 would occur. But this reaction would not require base, and we're told that base is required for the
first bond-forming reaction to occur. On the other hand, if the cyanide C is C1, then the first step could be
deprotonation of the relatively acidic C1 (next to Ts and formally positively charged N) followed by attack
of C1 on electrophilic C4. The latter is more reasonable. Make: C1-C4, O5-C3, O6-C3. Break: C3-
N2, C4-05, C1-Ts.

6
5
4 5 t-BuOK, EtOH 4 1 2 o -
3+ o — =N ¢ J_ T
C CHLCI, H EtO" 3 H
Deprotonation of C1 is followed by attack of C1 on C4 to give an alkoxide at O5. O5 can then attack
electrophilicC3 (next to a heteroatom with a formal plus charge!) to give a five-membered ring with an

anionic C, which is immediately protonated. Deprotonation of C1 again is followed by cleavage of the
C4-05 bond to give an amide.

at f@‘ oy

+ +
N N Ts N
c™ c™ c™

H H

X

+
Ts"1 N

72N

S > >
N N \\
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EtO ")
H H
) N Ts
Ts H—OEt Ts—> Ts—T ~<_ " H— OEt
o — (o — ¢l 7o —
- A G
H H H

_ Ts
_OEt : —>E>VCEN )I\ Ts
N H H EtO H
\éOEt
D)

(w) Two equivalents of trifluoroacetic anhydride are required, so there are two C5’s and two O6’s. One
of those C5'’s, C5a, ends up attached to C4 in the product. The other, C5b, must end up attached to O1,
which is absent from the product. Make: O1-C5a, C4-C5b. Break: O1-N2, C5a—06a, C5b—06b. O1is

nucleophilic, C5a is electrophilic, so the first step is probably attack of O1 on C5a. Elimination of

CF3CO,H can now occur to break the O1-N2 bond. This gives an iminium ion, which can be deproton-
ated at C4 to give an enamine. Enamines are nuclegphdithe N, so C4 is now nucleophilic and can

attack C5b; loss of Hfrom C4 gives the product.

_HM Ak
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O

0~ > CR

(X) Make: N1-C7a, N3—-C7b, N4-C2. Break: C2-N3, C7-Br. The first step is likely deprotonation and
alkylation of N3. This makes@bond between N3 and C7b, but we need to introduclecmd. This

can be done by an elimination reaction. Deprotonation of C7 gives an enolate, which can be delocalized
onto N4 by resonance. Now, the N3-C2 bond can be broken, giving the electrons to N3 and forming an
isocyanate out of N1 and C2. These two steps constitute an E1lcb elimination. Finally, attack of N4 on
C2 gives an amide anion, which can be alkylated again by the bromide to give the product. Note:
Cleavage of the N3-C2 bond at the same time as deprotonation of C7, as in a standard E2 elimination, is
possible, but this is unlikely: the lone pair that is put on C2 cannot be delocalized as it forms because the
orbital in which it resides is orthogonal to the C6=lldond.

7
O L O | Sostau
6_ 6 =N
MeN CO -t- Bu MeN
)\ \I/ 2KCO32 )\ 20
\
i O N 4N\ 8
3 N™ 7 "CO,t-Bu
O H H
N Co
MeN \f “OCOK MeN Z \|( \ COt-Bu
)\ /N:\j

(B_
MeN “OCOK
)\ Qr S Jt[ COZ-t Bu

o SN
Ve U s COz-t Bu
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Q o H H

MeN

MeN | N\>7/\_ Br)\< CO,t-Bu

N= C—
g CO,t-Bu )\ o —~ > product
Y o NN

\
Me N~ > CO,t-Bu

Another way to draw the key N—C ring-cleaving step is asettrocyclic ring opening

Mj\ NYO _OCEZ:< M;N\ Y _.Mj\ N=C=0 e
7< Ny Ny

H CO,t-Bu CO,t-Bu CO,t-Bu

(y) Make: N3—C8, C4—-C6. Break: N2—N3. Conditions are basic, and C6 is very electophilic, so first
step is likely deprotonation of C4 and addition of the enolate to C6. After protonation of N9, addition of
N3 to C8 can occur. Protonation of N9 is followed by lossoaktd N, by an E2 mechanism. Finally,
tautomerization by deprotonation and reprotonation gives the observed product.

1 H Ar? CN
* N4 1 A2 N cat. PIp ALy /3\ 9
3 5 "Ar EtOH AN NH,
H H CN o) H
N o) N o)
% & b Ny < C(:;:
A\ T > Arl Ar? -
H H H CN
r2 H CN Ar> H CN Ar> H CN
H H
H H=pip ) - A ™ ip
>N < A N—A N NH
7 l N \l \ NH 7 l
+N, +N, O +N2
M Ar2 H CN Ar> H_CN
Ar i Arl
Arl \ . Q \ pp — product
O +N, L»H pip

(z) Make: none. Break: CI-C1, C2—QG3PrO-is nucleophilic. There are two electrophilic sites in the
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starting material, C1 and C3. AttackidPrO-at C1 doesn’t get us anywhere, since the product does not
have a C1-0O bond, so the first step is probably additiefPdD- to the C3=COrtbond. In the second

step, the Oelectrons can move down to form the carbonyl bond again, breaking the C2—C3 bond. The
electrons in the C2—C3 bond are used to form a second Q2b01id and to expel €l

3

Ar CO,CH
1 2 3 . 1 2
= -PrONg — Ar—"_cH,
Cl CHs
(/O N OCH; Ar—=—=—CHj,4
Ar »\O-CHS/ oi-pr A OSq; Q
. - - O-I-Pr _
>\~ OCH,
cl CH, ci<’  CH, i-Pr-0

(aa) The first transformation is a standard dibromocarbene addition to an alkene (Section D.4). The
strong base deprotonates the bromofoorElimination gives the carbene, which undergoes cyclo-
addition to the alkene to give the product.

M
Br Br Br Me €
| (\‘O-t-Bu | | —~— s Br
Br—C—H — Br—C- — Br—C; —
™ 9 \/M - T Br
Br Br e Me

In the second transformation: Make: C5—C7. Break: C7—Br, C7-Br. Formation of a bond between C7
and the unactivated and remote C5 suggests a carbene reaction. Addition of MeLi to a dihalide can give
substitution, elimination, or halogen—metal exchange. Here elimination is not possible and substitution
does not occur, so that leaves halogen—metal exchange. (Dibromocyclopropanes are quite prone to
undergo halogen—metal exchange-Elimination then occurs to give the carbene, which inserts into the
C5-H bond to give the product.

2 Me
3 1N Br
4 - Br
5 Me

- “Me
‘Me
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(bb) Make: C3—01. Break: C3-04, O1-C5. We are substituting O4 for O1 at C3, and this substitution is
occurring withretentionof configuration, suggesting two sequentiglSeactions. What is the role of

LiCI? Ckis a pretty good nucleophile, especially in a polar aprotic solvent like DMF. The C3—-04 bond
can be cleaved by\@ substitution with Cl. After loss of CQ@ from O1, O1 can come back and do a

second {2 substitution at C3 to give the product.

Q LiCl, DMF 1
3 =0, — = 3 o)
ph*  O4 PH’
Ph. o Ph__ 05 Ph. o Ph
CI\-V\‘E>=O_>C| \_\>=o_>C| J_> TDO
= >~0 2 0
PH™ (s bh £/ op Ph

(cc) This reaction is a Robinson annulation. The mechanism was discussed in the text.

(dd) The key to determining this reaction is, as usual, numbering the atoms correctly. Clearly some sort
of rearrangement is occurring, and some C—C bonds must break. Bonds between carbonyt C’s and

can break quite readily in 1,3-dicarbonyl compounds because the carbanion generatedCas thiabi-

lized by another carbonyl group. Therefore, the C4—C5 or C5—-C9 bond in the starting material might
break, but it is unlikely that the C3—C4 bond will break. Once you have C4 identified correctly, C5
through C9 should be clear, and that leaves little choice for C10 through\NG8If you started

numbering with C10—C13, you almost certainly would have become confused. Make: C4-C10, C6—C12,
C9-C13. Break: C4-C9, C12-C13.

O
0l
11 ) 13
2 N3 Ch,

1 5 mol% NaOH

The first steps are the same as in the previous problem. C4 is deprotonated, it undergoes a Michael
addition to C10 (making C4—C10), proton transfer occurs from C13 to C11, and C13 adds to C9 (making
C9-C13). At this point, though, rather than an E1lcb elimination, a fragmentation occurs, breaking C9—
C4. We still have to make C6-C12 and break C12—-C13. Proton transfer from C6 to C4 occurs, and C6
adds to C12. Then a second fragmentation occurs, breaking C12—C13. Protonation of C13 gives the
product.
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H
SN SN
m_ — T product
12 0O CH, O S
o N O =2 ~ ~H-OH

Why does this pathway occur instead of the Robinson annulation when the seemingly trivial change of
increasing the concentration of NaOH is made? Good question. Itis not clear. It seems likely that the
Robinson annulatiodoesoccur first (because quick quenching helps to increase the quantity of Robinson
product), but the E1lcb elimination at the end of the annulation mechanism is reversible in the presence of
NaOH as base. It seems likely, then, that if NaOEt were used as base instead, only the Robinson product
would be observed regardless of the quantity of catalyst.

(ee) Make: C1-C4, C4-C2, C2-06. Break: C1-C2, C2-Cl, C4-N5. The acyl chloride is a potent elec-
trophile at C2. CBHNs> is nucleophilic at C4. Addition—elimination occurs, then deprotonation to give a
diazoketone. Deprotonation by@$ reasonable because the diazonium ion is a much stronger acid than it
appears at first sight. Heating this compound causes it to undergo a 1,2-shift to give a ketene, which is
trapped by BnOH to give the product. Under themgtral conditions, an awful zwitterionic intermediate

must be drawn. It's better not to draw a four-center TS for the proton transfer step to convert the
zwitterion into product, so solvent is shown intervening.
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o 4 5 6
1 2 CH,N, A BnOH, A 1y,
2 6
Cl OBn
3

¢ 0

JZC—N N R NN . R .
H N=N N N

&
H
2l " Fi OR

(fH) This transformation is an example of the Mitsunobu reaction. The mechanism of the Mitsunobu
reaction was discussed in the text (Section F.2).

(gg9) Numbering is again key. ldentifying C10, C11, C12 in the product is easy. Using the information
that the first step is a Michael reaction, C6 must be attached to C10 in the product. From there the
numbering is straightforward. Make: C2-09, C3-C12, C6-C10, C7-013. Break: C2-C6, C7-09,
C12-013.

H3C 013
3 1

2 @) 11 12

4 H o 10 H

OMe >  MeO,
5 677 DBU, MeOH
12
Os @)

Deprotonation of acidic C6 by DBU gives a carbanion, which undergoes a Michael reaction to C10. The
new carbanion at C10 can deprotonate C3 to give a new carbanion, and this can undergo an aldol reaction
to C12. Now our two new C—C bonds have been formed. We still have to break C2—-C6 and two C-O
bonds. The alkoxide at O13 can deprotonate MeOH, which can then add to C2. Fragmentation of the C2—
C6 bond follows to give a C6 enolate. The C6 enolate then deprotonates O13, and intramolecular trans-
esterification occurs to form the O13-C7 bond and to break the C7—09 bond.thda@omes back and
promotes E1 elimination across the C3—C12 bond to break the C12—-013 bond and give the product. The
intramolecular transesterification explains why C7 becomes an acid and C2 remains an ester in the product
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o S, HC O
<

F~is a lousy leaving group. It leaves only under drastic conditions. These conditions are not strongly
basic. No reaction occurs.

In polar aprotic solvents,Hs a good nucleophile. Benzyl bromide is a good electrophile under all
conditions. The product is benzyl fluoride, PiyEH

I-is an excellent nucleophile, budH is such a lousy leaving group that alcohols are not electrophiles in
substitution reactions under basic conditions. No reaction occurs.
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3° Alkyl halides normally undergo elimination reactions with hard (e.qg., first-row) nucleophiles. If there
is a choice of conformers from which anti elimination can take place, the stabler product is usually
produced. The product EPhC(Me)=CHMe.

Thiolate anions RSare excellent nucleophiles. The substraté,aklyl halide, is a good substrate for
nucleophilic substitutions under basic conditions. The product is PH3dMe,. Ethanol acts merely as
a solvent in this case. It is not nearly as nucleophilic as the thiolate, nor is it acidic enough to be
deprotonated by the thiolate, so it's unlikely to react with the alkyl halide.

Secondary alkyl halides may undergo substitution or elimination under basic conditions, but with the
strong hindered base and lousy nucleophile LDA, elimination is certain to occur. The product is
CH3CH=CHp.

Normally, MesCOK ort-BuOK acts only as a base, giving elimination products from alkyl halides. In the
present case, though, the alkyl halidesBHcannot undergo elimination. Moreover, the extremely
unhindered CHBFr is an excellent substrate for nucleophilic substitutions. The product may be
Me3COMe, or no reaction may occur, depending on how strongly the reaction mixture is hddigt.
ethers are better prepared by the acid-catalyzed addition of alcohol to alkenes (Chapter 3).

Cyclohexyl halides may undergo elimination or substitution reactions. They are usually more prone to
elimination, but the acetate anion Me£@ not particularly basic, and nucleophiles are particularly
nucleophilic in the polar aprotic solvent DMF. More cyclohexyl acetate (substitution) than cyclohexene
(elimination) is likely to form.

Thioethers are good nucleophiles, andzOblan excellent electrophile. The product is38tel—.

3° Alkyl halides normally undergo elimination with hard nucleophiles. Elimination usually occurs from the
conformer in which the leaving group and H are anti to one another. The pradirRti&Me)=C(Me)Ph
by the E2 mechanism.

1° Tosylates are excellent electrophiles, a@ll is an excellent nucleophile, so substitution is likely to
occur. The configuration at the electrophilic C inverts with respect t&tiséafting material. The
product, R)-EtCH(D)CN, is optically active.

The T alkyl halide is likely to undergo substitution given the pretty good nucleophite Hi@
configuration at the electrophilic C inverts with respect to the starting material, but the configuration at the
stereogenic C in the nucleophile remains unchanged. The produesagachiral, and optically inactive.
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H3C /’ C CH3
I CI .
H H HY — UH

4. (a)

) m @) rate-determining step
P 0 M -
RY N R?

(b) Antibodies toA bind strongly to it. Because the tetrahedral intermediate in the RDS of the reaction so
strongly resemble&, the antiA antibodies bind strongly to it, too, lowering its energy. Because the
tetrahedral intermediate is higher in energy than the starting material, the TS leading to it resembles the
tetrahedral intermediate, and as a result thefaatitibodies also lower the energy of the TS, increasing

the rate of the reaction.



Answers To Chapter 3 In-Chapter Problems.

3.1. The by-product is AcOH. Itis important in this problem to draw out the structurg©fahel label
all the atoms. Make: C7—-C12, O8-C16. Break: C3—C12, C16-018.

17 O

15 16J(_ 8 Me
MAOlZ 13 5

The fact that C12—C3 breaks and C12—C7 makes is a signal that a 1,2-alkyl shift occurs. The shift
requires that a carbocation be formed at C7, which could be accomplished by cleaving the C7—-08 bond.
Before the C7—08 bond cleaves, something else must attach to O8 to give it a formal positive charge.
Because we need to make an O8-C16 bond, that something could be C16. The role of ieed-eCl
encourage the ionization of the O18—-C16 bond by coordinating to O20. (Alternatively, thedmeCl
coordinate to O17, and O8 can be acetylated with C16 by an addition—elimination mechanism.)

_ Me
Fer -Me?
o o7y 0 +o«f@ '
PN N ~
M Me M Me M _
R : OSiR;
CO,Me
O
Me)J\o ve
|\:_/|eMe
J —  product

"1 OSiRs

H
Co,Me comd!

Why do we draw cleavage of the C7—-08 bond concerted with migration of C12? If the two steps were

nonconcerted, then a C7 carbocation would intervene, and other 1,2-shifts could occur. For example,

C13 or C14 could shift from C6 to C7. In a 1,2-shift that is concerted with leaving group departure, the
migrating group must be antiperiplanar to the leaving group, and only C12 fulfills this condition.

3.2. Make: C2-C12, C4-C10. Break: O1-C2, C4—-C6, O8-Si9. Neither O1 nor Si9 are incorporated
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into the product.

80 11
C)[ CHj
SI’ICh 7 o 12
——= HC 6" 9
4
1 5
2> OMe er’| O3

The role of the Lewis acid is either to make ldond electrophile more electrophilic or to promote the
departure of a leaving group. There ismioond electrophile in the starting material, but O1 is a leaving
group, so the first step must be coordination of atCO1. Cleavage of the O1-C2 bond gives a
carbocation at C2 (although it is primary, it is well-stabilized by O3), and the C2 carbocation is attacked by
nucleophilic C12 to give a C10 carbocation. Now a 1,2-shift of C4 from C6 to C10 can occur to give a
new carbocation at C6. Finally, fragmentation of the O8-Si9 bond gives the product.

3.3.
(@
CHef\ g 3
3 3
(b)
— OH —— HO—2ZznCl
ZnCl, Q) 2
Ar o~ Ar o Ar

Ar Ar
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+ —  product

3.4. Because the carbocations derived from aryl and alkenyl halides are extremely high in energy.

3.5. The carbonyl O of esters, amides, and the like is always more nucleophilic than any other heteroatom
attached to the carbonyl C. The first protonation occurs at the carbonyl Gy2Att&ck of + on CH;
then gives the free carboxylic acid.

O:’_\

OH
)LO/C H—I ﬁk’/\ CH3 v R/KO HC—

R

3.6. A few things about this reaction may have caught you off guard. First, the first step is a polar
reaction under basic conditions, involving the Grignard reagent; only the second step is a polar reaction
under acidic conditions. Secorndp equivalents of the Grignard are required for the product; the second
equivalent explains whence comes the terminal alkene C (labelled C6") in the product. (Remember that
Grignards react with esters by addition—elimination—addition to give tertiary alcohols, and that it is not
possible under normal circumstances to stop the reaction after one Grignard adds.) Make: C2-C6, C2—
C6". Break: C2—-03, C2-04, Si5-C6".

30 5.6 6
< >1 (2 1) Me;SiCH,MgBr O%
5
sogr 2 TSOH 6\— SiMe,
O_Q%O Bng\/SlMe3 C QEO ,S"V'es TP Bng\/SlMe3
<>OEt SlMe3
e SI|\/|63 &z +OH, SlMe3 SiMe3
SiMeg SiMeg SiMeg
3.7.
(@)

H
H " & R ] R
e (P e
H H H
H H H
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(b) This substitution reaction must proceed by gh ®echanism.

H oo/—\ I
@) R O R H .o
C\]\f/ ~" *H @i\’\/ ~HO” >R < HO—Me
H H H
H H H

3.8. The N atom so strongly stabilizes cations tiflahalocarbocation is the likely intermediate, not a
halonium ion.

s Ty e
R ) - oD

3.9. The products have in common a bromonium ion that is formed by attackasf Be face of the
double bondppositethe acyloxy substituent. The two products not consistent with simple anti addition
across thetbond are obtained via neighboring group participation of the acyloxy group.

+Br

et O
L&

30%




Chapter 3 5

O

9%

3.10.
(a) The role of AlG] is to turn the Cl of-BuCl into a better leaving group. lonization of the C-ClI bond
gives a carbocation, which reacts with benzene by the standard addition—fragmentation mechanism.

|\23<|\/|(3\/A|C|3 M Me B l\i;/Me H
- + _ACl, —
M ¢l M (/cr’ 3 Me™ 3

Me Me
Me Me
Mé HM M€
H H
(b) Unlike a Friedel-Crafts alkylation, which requires only a catalytic amount of AlEriedel-Crafts
acylation requires more than a stoichiometric amount ofzAlThe first equivalent coordinates to the

carbonyl O; the remaining catalytic amount catalyzes the ionization of the C—Cl bond. The final product is
obtained after addition—fragmentation and aqueous workup.

mcb AICI Amb
AICI AICI
e)kz 2 e)\ /\/ 3 e)l\ A|C|3 —_— e) I >
(/C H

AlCIs Am@

ag. workup
— > product

Mé H\f

(c) The starting material loses the elements of water, but if water is the by-product, what is the role of the
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POCKL? Itis not a Lewis acid; it isabond electrophile at P. Because P9 is electrophilic and O1 is
nucleophilic, the first step must be formation of O1-P4 bond. If this is true, the P-containing by-product

has an O—P bond. Make: O1-P9, C2-C7. Break: O1-C2, P9-CI10.

Cl
5 8 9/ 1011 S
4 Oo—P—CI 4 1
6 1 \ 12 6 OH
3 Cl 3 8 9/ 11 10
, H O N O=R—Cl H—CI
2 7 2 C|12
CHj CHj

In the first step, O1 attacks P9 and displaces CI10. After deprotonation of N3, a carbocation at C2
(stabilized by resonance with N4) is formed. Addition—elimination then gives the product. An alternative
and reasonable mechanism would have C7 attack C2 before the C2—01 bond cleaves (addition—elimination
type mechanism), but the conventional wisdom is that the reaction proceeds through the nitrlium ion

intermediate.

\ye
N/ . | >cl , | >cl
H o) ZNg O — ‘N O —
v HUY @\
CH, CH, CH,
NS — N _N
H> Y ; ;
H
H\\/ H  CHj H  CHs
CHj

3.11. The first product is derived from a normal electrophilic aromatic substitution reaction of the kind
described in the text. The second product is derived from ipso electrophilic aromatic substitution. The
mechanism is exactly the same, but in the lastiddepis lost instead of H

I~ H" (ll) + 20
+N\00 f— (\+N\q — N//
o OH 0" OOH o
| "+ T
I-Prx Y\ +_0 i-Pr. N/+O I-Pr. N&O
=N

o — \\O —

H -Pr H i-Pr H i-Pr
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H H H O
OéN QO \\+ — ©
I-P H i-P H i-P H
H H H

3.12.
(a) The initial part, formation of a diazonium ion, proceeds by the mechanism described in the book.

The second part, substitution of By I=, proceeds by theggl mechanism.

RCAE NG

Initiation:

Meo\©/+ N, MeO\Q'C'NZ

Propagation:

Me N, Me .
J —_— + N2
Me [—\ Me .O.I -
@ _|
Me ol Me N, Meo\©/ Me N,
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(b) Here the diazonium ion forms again, but now, an electrophilic aromatic substitution occurs, with the
terminal N of the diazonium ion acting as the electrophile.

H—<\ >7 N\Q >7o|-| — product

3.13.
(@) Only an N-N bond is made, and one C—C bond is broken. When an amine is combined wigh NaNO
and HClI, a diazonium ion is formed. An elimination reaction then ensues with loss.of CO

HO,C CO,H
o) + 20 H o
T, H" <»n C R
H
CO,H CO,H CO,H
O LK ]
AR , OH /OI—ﬁHJr
ll\l—N H™ — (/||\|:N — N=N ——
H H
H
/
CO,H [\

3.14. The mechanism is exactly the same as in 3.10(b).

H,C CHj
, AlCI; AICI4 A|C|3
ZAICI AICI MesSi
e)]\ Ay A g\ AlCl; — e) =L
Cl (/ r
_ HC CH, _ HC CH;
AICI3 AICI
ag. workup
— > product
Me SI

3.15.
(@) The mechanism proceeds by addition—eliminatidbowever both the addition and elimination steps



Chapter 3 9

are preceded by protonation and followed by deprotonation. It is very important that these proton transfer
steps are drawn properly!

o: "OH OH
(O3 (Vo () £,
NH, NH, NH,

(*OH *O—H o
o O O
GNH, OH OH

(b) Itis unlikely that the CHO bond in the starting material will break under aqueous acidic conditions
(can’t form a carbocation, ang{3is unlikely unless conditions are very harsh). Therefore the-GH

bond is preserved in the product, which meandabigtO’s of the carboxylic acid product come from
H>0.

. H, H H,

E N E N E N E{t *N

> </ j\H+ > C(gj.OHz H j l <>7<\5
e | 0 HO 0 0

H,O+ HO ©
E H, E +*OH, *NH E JOH  'NH
ok—ﬂéﬁoﬂz o>7< j/ 3 Sl OB% J/ 3_’

H H H +
HO 'o— H* HG © Hoég

E +* O—H *NH E 0

HU Oj 3 > (

H —_—

HO H HO OH

3.16. Make: C1-04, C1-05, 02-C3. Break: C1-02, C3-04, C3-05.
4 OEt

2 4 2
O 3 cat. H 1 OEt 6 O
@) + Et H O H + Et
2 1 5 2 3
H ¢ OEt 5 OFt H

There are a number of ways this reaction could proceed, but the key step in any of them is attack of O2 on
a carbocation at C3.

OEt

+
:OEt H— OEt /-: Eto—‘— + .
. H—OEt
Et g < H — EtO—Jler C&*Ar — H %‘Af
H H

OEt OEt OEt
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OEt  H H EtO—H

EO—
EtO+O OEt ~H Et0—~70 OEt EtO—I—OH Et(i H—OEt

H
H
\
Et +Et Et OEt
Ar
H

3.17. Under these nearly neutral conditions, it is unclear whether the carbonyl O is protonated before or
after attack of N. Either way is acceptable.

[in Cmm - CWHS o=

3.18. Two substitutions are occurring here: H to Br, and Br to MeO. Looking at the order of reagents,
the first substitution is H to Br. Bis electrophilic, so the-C of the acyl bromide must be made
nucleophilic. This is done by enolization. The substitution of Br with MeO occurs by a conventional
addition—elimination reaction under acidic conditions.

H

0. /jv A iOH QOH
H—Br MeOH
Ha Hs HC _~
Br — = N Br ™ L Br/\
H H H H H > Br—Br
OH /H : +OH 0
H O—Me OMe H OMe H OMe
: Br — (4 3 —- 3
H Br H Br H Br

Answers To Chapter 3 End-of-Chapter Problems.

1. (a) In order to compare it directly with the other two carbocations, the carbocation derived from the
first compound should be drawn in the resonance form in which the empty orbital is located°dd. thie 3
can then clearly be seen that the three carbocations ateatb®cations that differ only in the third carbo-
cation substituent. The order of substituent stabilizing ability is lone peiiond >0 bonds.
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Me Me
J=< t-Buﬁé Br Meo% Br
Br Me Me Me
2 3 1

(b) The first compound gives an antiaromatic carbocation. Among the other two, the second compound
gives a cation with the electron deficiency delocalized across’aredawo t C'’s, while the third
compound gives a cation with the electron deficiency delocalized across‘tlrse 2

Cl Cl Cl

3 2 1

(c) The order of stability of alkyl cations i$82° > 1°.

OTs 1 2 3
OTs

(d) The second compound gives a lone-pair-stabilized carbocation. Among the othéraied,carbo-
cations are more stable th&halkenyl carbocations.

HaC, OTf OTf HaC, OTf
>_/ N—/ > /
/
H4C HoC H4C
¥ 3 S| ¥ 9

(e) The first compound generates a cation that can be stabilized by the lone pair on N. The second com-
pound generates a cation that cannot be stabilized by the lone pair on N due to geometrical constraints
(would form bridgehead bond, a no-no). Therefore timeluctiveeffect of Ndestabilizeshe carbocation
derived from the second compound relative to the carbocation from the third compound, in which the N is

more remote.
N- N
TS%Jb Q. /. i}J Tsoﬂb
3 2

1

(H The second and third compounds generate cations that can be directly stabilized by resonance with the
lone pairs on the heteroatoms, with N more stabilizing than O, while the cation from the first compound
isn’t stabilized by resonance with the heteroatom at all.
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AcHN AcHN AcO
Br
\©/\ \©\/ Br \©\/ Br

3 1 2

(g) The second compoundt(gtyceng provides natstabilization to the corresponding cation, because

the p orbitals of the phenyl rings are perpendicular to the empty p orbital. The first compound is more

likely to ionize than the third for two reasons. (1) The phenyl rings in first compound are more electron-
rich (alkyl-substituted). (2) In the first compound, two of the phenyl rings are held in a coplanar
arrangement by the bridging @Hso they always overlap with the empty p orbital of the cation. In the

third compound, there is free rotation about the C—Ph bonds, so there is generally less overlap between the
Phrtclouds and the empty p orbital of the cationic center.

Ph
Ph+ OH
PH OH O Q Ph
HO
3

2

(a) Excellent carbocation, nucleophilic solveéntSy1. Br-leaves spontaneously to give a carbo-
cation, which combines with solvent to give a protonated ether, which Iddesgive the product.

(b) Excellent carbocation, nucleophilic solvdntSyl. First O is protonated, then @kaves to give
carbocation, Next, the carbonyl O of AcOH adds to the carbocation, andtl&iobt from O to give the
product.

(c) Excellent carbocation, nonnucleophilic solvéht=1. First O is protonated, then @ldaves to
give carbocation. Finally, His lost from the C adjacent to the electron-deficient C to give the alkene.
(d) Good carbocation, nucleophilic solvelntSyl. The product is racemic. Bleaves spontane-
ously to give a planar, achiral carbocation; then the carbonyl O opH@@ds to the carbocation from

either enantioface. Finally,™Hs lost from O to give the product.

(e) Excellent carbocation, nucleophilic solvdntSyl. Here the nucleophile is<Cbecause addition
of H,O simply gives back starting material. First O is protonated, therl€aMes to give carbocation,
then Ct adds to carbocation to give the product.

() Excellent carbocation, nucleophilic solvent,Sy1. First the O of the OH group is protonated,
then OB leaves to give an O-stabilized carbocation. Next, the O gfOEHadds to the carbocation, and
finally H* is lost from the O of OC#lgroup to give the product. Note that the ring oxygen could also act
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as a leaving group to give an acyclic compound, but entropy favors the loss of the OH group (because two
products are formed from one).

(9) Awful carbocation, so can't bg®. Strongly acidic conditions, excellent nonbasic nucleoghile,
Sn2. First O is protonated, thenBioes a nucleophilic displacement of £ give the product.

(h) So-so carbocation, excellent nonbasic nucleophile. Coulgbersy2. First O is protonated;
then,eitherBr—displaces O from C to give product,O leaves to form carbocation, and then &ds to
the carbocation. The regiochemistry is determined by the formation of the stabler carbocation. (Even in
S\ 2 reaction, the central C in the transition state has some carbocationic character, so the more substituted
C undergoes substitution under acidic conditions.)

Ph
OAC Ph H CH3

(@) OBt (p) OL © @ @ ™ ocHo
o Br Br

© o o Doem, @ O~ ®ro L _

3. Number the C’s ih. We see that the first set of compourlg, are all obtained by formation of a

bond between C4 and C8. To make the C4—C8 bond, we could make C4 electrophilic and C8 nucleo-
philic, or vice versa. If we make C8 electrophilic by protonation of C9, then after attack of C4, we end up
with a I° carbocation on C5 — very unstable and not what we want. On the other hand, if we make C4
electrophilic by protonating C5, then after attack of C8 on C4, we end up witteak®cation on C9. As
compound-4 differ only in the location of thebond to C9, suggesting that loss dfftfbm a C9
carbocation is the last step, this is what we need to do.

12 11
y HsC H . 10 y HsC H 1
3 3 N
1 13 8 / CHS H+ \) 9---10
3 /
27 \4 ! N\
H 6 H 5
5 1 H3C 2-4
HsC H 11 10 HsC H
H3C 9 H3C
2 CH H* 2 CHs
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HoH

HC H 11

10
H
3C H > CH3
8
H A
H3C

- H11

— H8

—H10

14

The next set of products;9, must be formed fror@-4. To get from2-4to 5-9, we must break the
C4-C8 bond again. This is easy to do if we regenerate carbogatiCleavage of the C4—C8 bond

gives a C8=C9tbond and a carbocatioB, at C4. Loss of Hfrom C5 or C3 oB gives producb or
9, respectively. Compoundsand9 can then partly isomerize to compoudsnd6, respectively, by
protonation at C8 and loss offffom C11. Loss of Hfrom C6 ofB, followed by protonation at C8

and loss of H from C11, gives produ@.

HsC H 11 HsC H N ClioHs
HsC \e 10 . H3C 9\
8/ - 3 ) °
&N\ N4 6
H 5 it
H3C 2-4 /s 5-9
HsC H 1 HsC H
H3C N9 10 " H3C . o
Wik — 3 o
BN (7
H g H
HsC 2-4 HsC A
11
HsC H ?ng
H3G —H
3 9\ o 5 5
2N —H3
HoO — = 9
HsC 5 B
N H
HC H o CHz HC H Y\ CHs
Hs 9\/-\ . Hs + H
H H
8 —_— — 7
\:. \~ H
H\ H\
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H
HG H —— CHs HsC H PRk
H3C 9\/—\ . H3C + H
8 H i,

\ NI

HaC 9 HaC

HH
HsC H CHs HsC H Y CHs
H3C 119\/—\ . H3C + H
—H6 H H
B —— 8 — o 8
H¢ — H¢ —_—

H3C H3C

After a while longer, compounds9 are converted into compounti8-12. Note that since all &-9
are easily interconverted by protonation and deprotonation reactions, any of them could be the precursors
to any of10-12.

HsC H 8 6 ¢
H3C 10 CHs
1 H3C
2 3 2 d 11
H H3C
H3C 1 13 12

CompoundL0 has a new C4—C11 bond. Either C4 is the nucleophile and C11 is the electrophile, or vice
versa. Either way, compoun8snd9 are excluded as the immediate precursof$isince they both

have a saturated C11 that cannot be rendered nucleophilic or electrophilic (except by isomert&ation to

or 8). If C11 is the nucleophile, this would put a carbocation at C9, which is where we want it so that we
can deprotonate C8 to form the C8=€8ond in10. So we might protonat®, 7,or 8 at C3, C5, or

C6, respectively, to make an electrophile at C4. However, note the stereochemistry of the H atom at C3 in
10. Both7 and8 have the opposite stereochemistry at C3. This meang thast be the immediate

precursor td0. Protonation of C3 o6 from the top face gives a carbocation at C4. Attack of the
C11=C9mtbond on C4 gives a nesvbond and a carbocation at C9. Loss bfftém C8 giveslO.

11
HiG H O HiG H
H3C 9 g H3C ‘./
8 e —
3\ 4 R

HsC 6 HsC
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HC H
HsC H CHs
_ NH — 10
H Hgé H

Compoundll has new bonds at C5-C9 and C13-C4, and the C3-C13 bond is broken. Also, a new
C2=C3mbond is formed. The shift of the C13-C3 bond to the C13—C4 bond suggest a 1,2-alkyl shift.
Then loss of M from C2 can give the C2=08bond. So we need to establish a carbocation at C4. We
can do this simply by protonating C5%b6r 7, but if we do this, then we can’t form the C5-C9 bond.

But allowing C5 to be a nucleophile toward a C9 carbocation will give a similar carbocation at C4 and
gives the desired bond. The requisite carbocation at C9 might be generated by protonatiorbairC8 of
C11 of7. Addition of the C4=C5tbond to C9 gives the C5—-@9ond and a carbocation at C4. A 1,2-
alkyl shift of C13 from C3 to C4 gives a carbocation at C3, which is deprotonated tdlgive

11

HsC H . CHs HsC H + CHs HiC H CHz
Hs 9\ . Hs Hs
\ i» j e — e —
oL |3 8 R
4
H H H
5o0r7
HC H CHs
Hs
— 11
H
H\J
H

The key tol2is numbering its C’s correctly. It's relatively easy to number the atoms in the bottom of the
compound as C1 to C3 and C11 to C13, but the atoms in the top half of the compound could be labelled as
C4 to C9 or the other way around, as C9 to C4. If you label the atoms incorrectly, the problem becomes
nearly impossible. How do you decide which is correct?

10 6 8
H,C H 12 3 CH 0 8 CH, . 6 CH,
H3C I 13 9\\‘ H3C OR? H3C
2 N H,C d d
& .8 77 I 13 g 1] 13 4,

3 CH, 12 CH,

Make a list of make and break for each compound.

Left make: C3-C9, C3—-C11, C4-C13. Right make: C3-C9, C3—-C11, C9-C13.
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Left break: C3—C13, C9-C11. Right break: C3-C13, C9-C11.

The only difference is that on the right, we need to make C4—C13, while on the left, we need to make C9-
C13. Which is better? On the left, the C4—C13 bond can be made and the C3—C13 bond can be broken by
a 1,2-shift. This can’t be done on the right. Also, in compdiinge made a C4—-C13 bond. Not a lot

to go on, but the first numbering seems a little more likely, so we’ll go with it. If you were unable to

number the atoms correctly, go back and try to solve the problem now.

The broken C13—-C3 and new C13—-C4 bonds suggest a 1,2-alkyl shift of C13 from C3 to a C4 carbo-
cation, leaving a carbocation at C3. The broken C9-C11 and new C3—-C11 bonds suggest a 1,2-shift of
C11 from C9 to a C3 carbocation, leaving a carbocation at C9. Since a shift of C11 from C9 to C3 could
only occurafter C3 and C9 were connected, this suggests that the C3—C9 bond is fiostnesluch a

bond would be formed from a C9 carbocation with a C3r@4nd. The C9 carbocation could be

formed from6 or 9. Attack of the C3=C4tbond on C9 puts a carbocation at C4. Then C13 shifts from
C3to C4. That puts a carbocation at C3. Then C11 shifts from C9 to C3. Finally, deprotonation of C8
gives the product.

HeC H = CHs HsC H CHs

HsC o e HiC 9
3 Y 8 — 3 I

HaC 6or9 HaC
HsC H CHs 11
HsC 9 H 9 CHs H3 9 CHs
13 = Hs Q Hs
— —
4 HsC™ 4 HsC
H3C 3 3
H 11CH3H H CH3
9
H % H
: H — ° 12
Hs Hs
HsC HsC

In a deep-seated rearrangement like this, it's sometimes easier to work backwards from the product. The
mtbond at C8=C9 in2 suggests that the last step is deprotonation of C8 of a carbocationGat C9,
CarbocatiorC might have been formed from carbocatidiby a 1,2-alkyl shift of C11 from C9 to C3.
CarbocatiorD might have been formed from carbocatibby a 1,2-alkyl shift of C13 from C3 to C4.
CarbocatiorE might have been formed from carbocatiohy attack of a C3=C# bond on a C9
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carbocation. The C9 carbocation could have been formed&fmm by protonation of C11 or C8,
respectively.

2 11 11 11
H3C H3C HSC
1 13 4, 13 13
CHs 12 CHa CHs
. CHs . 4 CH;,
+ +
HsC — HsC / —> 60r9
11 11
HsC HsC
13 13
CHg CHy F

4. (a) Make: C3—-08, C4—C10.

OSlMe3 O 9 ~J0
11 Li*

14 12 13
C4 is nucleophilic (enol ether), and C10 is electrophilic. The Lewis acid makes C10 more electrophilic by

coordinating to O13. After conjugate addition, O8 traps the C3 carbocation. Prdterehange gives
the product.

H oo
+OSIM
ol ﬂ—IH\(‘ o
/+\

o)
H
LiO LiO |
N\ T0 OSiMe;

\©\/§;OS|M93 (;EOQOSH\AGB \©j§;08|Me3
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(b) Make: C2—-N8, C6—-N8. Break: O1-C2, C2-C6.

7
3 1 8,9,10 3 CH
4 E>2<OH 1) n-BuNs, TfOH' 4 2 3
5 CH,  2) NaBH, s\ N
6 7 . n-Bu

N8 of the azide adds to the carbocation to give an amine withale&Ving group attached. Concerted
1,2-migration of C6 from C2 to N8 and expulsion afdives a N-stabilized carbocation, which is
reduced by NaB}ito give the product.

o0 + _
H H+ OOHZ + .\N=4N= N -
- - CH3 . _
CHj CHj N
H H n-Bu H H n-Bu
™\ I+ | n -Bu
N—N=N . [:\
LN} _»
CH CH (from )\
3 NaBH,) CHs

(c) Bromine is an electrophile, so we need to convert thegtdlip into a nucleophile. This might be

done by converting it into an alkene C. There is a leaving group next door, so we can do an E1
elimination to make an enol ether. Another way to look at it: under acidic conditions, acetals are in
equilibrium with enol ethers. Either way, after bromination of the enol ether, a new carbocation is formed,
which ring-closes to give the product.

CHs

[ Q\_» [O>2 HO\/\ %(C 3
Ph h
Br—\lBr Ph
HO\/\Oj\/CH:S , HO\/\ ) CHs .
2 + Br
H H
CHs CH3

% = <o

(d) Both reactions begin the same way. AdNgea Lewis acid, so it coordinates to the epoxide O. The
epoxide then opens to a carbocation.
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. AlMes; AlMe3
L] O‘
L AlMes

o® 7/ /
o Eto_, °

Etojgr R - Etojgﬁ R — ﬁR
FaCRC  H FaCRC H FCR H

When R= CHCH2Ph, the coordinated Al simply transfers a Me group to the carbocatommbah(
nucleophile). The O atom then coordinates another equivalent oAldlere the product is obtained
upon workup.

H3C5 A|\ . .m MesAl \

. - +
EtO_ O H3C .O—AI\Cl_|3 AlMe;  H3sC O—AlIMe»
ﬁR EtO/C> <\R EtO/C> <\R
FCR H FiCR H FiCR H
When R= cyclohexyl, the R group migrates (1,2-alkyl shift) to give a new carbocatfoAlkyPgroups

are more prone to migrate thahdlkyl groups.) After Me transfer to the new carbocation and coordination
of another equivalent of AlMgworkup gives the product.

Hs& _ Ch, H3& _ CH,
- O—Al” FsCRC o— Al
N CH3 — /— CH3 —
»—\ H EtO
FCh R R H
. .//E% Me3A|\ .
F3CF2 :O— A|\CH A||\/|€3 F:Ch O— AIMe2 H-0O F3Ck OH
3 e —
EtO CHs EtO CHs; EtO CH3
R H R H R H

(e) Make: C1-C6. An acid-catalyzed aldol reaction.

Peas OHCL &“ H v‘si R

CH,
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JEt
H9q o>ﬁ(\'5 . Ho,ﬁ?\ ,&\
\/CH2

H

(H Make: C1-C6. Break: C7-ClI.

HsC  CHs

The reaction looks like a simple Friedel—Crafts alkylation, but there is a twist — the leaving group is not
on the C which becomes attached to the ring. After formation of the C7 carbocation, a 1,2-hydride shift
occurs to give a C6 carbocation. The 1,2-hydride shift is energetically uphill, bdtdasbacation is then
trapped rapidly by the arene to give a 6-6 ring system.

HaC. CHg HiC CHy - HiC CHs
— . AlCl,
Ph ct “‘ACl; Ph (/c( __ Ph CH
CH3 )TCH:; +E
Et Et /‘ !
HaC CHy HaC_ CHy c CHy

(g) Number the C’'s! The sequence C2—-C3-C4—-C5-C6 is identifiable on the basis of the number of H's
and O’s attached to each C in starting material and product. Make: C2—C6. Break: C1-C6. This pattern
is evocative of a 1,2-alkyl shift. The C1-C6 bond is antiperiplanar to the C2—-Br bond, so it migrates.

0O

4
Br
1

6 2
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=

O
\\ @)
!

=

™
/o>
2

(h) The first step of this two-step reaction takes place under acidic conditions, and the second step takes
place under basic conditions. The product from the acidic conditions needs to be a stable, neutral
compound.

NBS is a source of Br It reacts with alkenes to give bromonium ions. Then both C-Br bonds need to
be replaced by C-O bonds by single inversions, sindeathestereochemistry of the double bond is
retained in the epoxide. Under these acidic conditions the bromonium ion is opened intramolecularly by
the acid carbonyl O, with inversion at one center; loss'dfittes a bromolactone.

Now MeG- is added to begin the sequence that takes place under basic conditions. Tlop&aGhe
lactone to give a 2-bromoalkoxide, which closes to the epoxide, inverting the other center.
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H§ OCH, HQ ocH,

HSC(;ér H

(i) Make: C2-C11, C3-012, and either C8-014 or C11-013. Break: Either C8-013 or C11-014.

135 11cHO™

10
AN
7 9

cat. H

ascorbic acid

Both C2 and C3 ar@ to an OH group, and C3 is aldo a carbonyl. Thus C3 is subject to both pushing
and pulling, but C2 is subject only to pushing. The first step then is likely attack of nucleophilic C2 on
electrophilic C11. Then the C3 carbocation is trapped by O12.

Ho _Oi~ H.__OH H
-

c)c‘)\/\/r H+ C)C‘)\;/r
Hs 7 Hs 7

Now the furan ring is formed. Either O13 or O14 must be lost (certainly@p Hf O14 is lost, a carbo-
cation at C11 would be required. This carbocation would be destabilized by the electron-withdrawing
carbonyl at C18. Better to protonate O14, have 014 attack C8, and then lose QD4 as H
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() Addition of NaNG, and HCI to an aniline always gives a diazonium salt by the mechanism discussed
in the chapter (Section D.2).

Then the second arene undergoes electrophilic aromatic substitution, with the terminal N of the diazonium
salt as the electrophilic atom. When nucleophilic arenes are added to diazonium salts, electrophilic
aromatic substitution tends to take place insteagdfssibstitution of the diazonium salt.

. +
C’NMez . NMe,
+ (]
Ph— N= N PN N PN
Y &H/ N N NMe,

H

(k) Salicylic acid (as in acetylsalicyclic acid, or aspirin) is 2-hydroxybenzoic acid.

/N OH

COH

() Two newo bonds are formed in this reaction. In principle either the N—C bond or the C—C bond could
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form first. Benzene does not generally react with ketones, while the reaction of an amine with a ketone is
very rapid. Therefore the N—-C bond forms, and iminium ion is generated, and then electrophilic aromatic
substitution occurs to give PCP.

(m) Make: C3-C8, C4-N11. Break: C4-05.

10 05 H

10
M 6 + 7 9 11
R7227DCH, - HC 8 > Nan

C3 and N11 are nucleophilic, C4 and C8 are electrophilic. Which bond forms first? Once the N11-C4
bond forms, C3 is made much less nucleophilic. So form the C3—C8 bond first (Michael reaction). C3is
made nucleophilic by tautomerization to the enol. The Michael reaction must be preceded by protonation
of N11 to make C8 electrophilic enough. After the Michael reaction, the enamine is formed by the
mechanism discussed in the text.
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H,C H HG H O HC
Q H° QH H°] _H
R ~H*
PN = Yy Ly
IO CH; NHBn ] M Ha N7
b H ( N HO |
O HsC O H,
H H ) H
R | R
H
LN
H,Or > Bn

(n) The elements of MeOH are eliminated. However, since there are fddtlse OMe group, the
mechanism must be slightly more complicated than a simple E1. The key is to realize that formation of a
carbocation at the acetal C is unlikely to occur with the keto group present. Under acidic conditions, the
keto group is in equilibrium with the enol, from which a vinylogous E1 elimination can occur.

OH

s f& ke
+ —

OMe

H OU||4

OH <:OH *O<H o)
"= i { CH : CH
+
| T chH \ CH, 4= | = s
H7| O o o

H

(o) Nitrous acid converts primary amines into diazonium salts"RNhe N group is an excellent
leaving group. Formation of the carbocation followd by 1,2-alkyl migration gives a more stable
carbocation, which loses*Ho give cyclobutene. Alternativelg;elimination could occur from the
diazonium ion to give a carbene, which would undergo the 1,2-hydride shift to give the alkene.

) H
PR +O / o + o, 4t
AL AN R v gl VL S
/N I /N H
) H LY H °®
H
. H r\T H H H H H 4
%NQN;\?HZ . /\N+\ . Y H
o H SN
H ' H H :
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(p) The most basic site is the epoxide O. Protonation followed by a very facile ring opening gives a 3
carbocation. A series of additions of alkenes to carbocations follows, then a series of 1,2-shifts. The
additions and 1,2-shifts have been written as if they occur stepwise, but some or all of them might be
concerted. In principle, any of the carbocationic intermediates could undergo many other reactions; the
role of the enzyme is to steer the reaction along the desired mechanistic pathway.

H* Me M Pren Me Me Pren
M — M S
ALC R0
M oo M
Me Me uMe Me

e
M Pren Me Me Pren

Melil

(9) The scrambling of th®N label suggests a symmetrical intermediate in which the two N'’s are equiva-
lent. Incorporation o8O from HO suggests that a nucleophilic aromatic substitution is occurring.
Double protonation of O followed by loss 0$®l gives a very electrophilic, symmetrical dicationic inter-
mediate. Water can attack tbara carbon; deprotonation then gives the product.
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- H
e U e WA
+0H2
Oy~ O
A )T AT

\\+

(T Qe Oy
& N OH
H

(N (1) The two C1-0O bonds undergo substitution with C1-S and C1-N6 bonds. Under these Lewis
acidic conditions, and at this secondary and O-substituted center, the substitutions are likely to proceed by
an $y1 mechanism. The order of the two substitutions is not clear.

+
Me3SiHN 7 0siMe,

O Et

__.4 3 2 GNJ\N . Ne
Me,SiS" | MesSIOTf 5 > Et
HN - o,
-

SiMe Si|\/|63
OMe ‘OMe OMe
Me3S|S Me38|S Mes Slé
o () ()
-/\.. lSIMe3
b . b \} e_»
O O
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OSIM63 Me3SIC3‘
MesSi Me;Si S = N
N \ N ’ N -
\_k(k —Q —

OSiMe; 7% O

Me;Si O
Me,Si —N HO S >\—NH
N O H,0 workup LQW N O
Me;SiHN - — "~ HyN - —

>/-—c§ Et >/-—c§ Et
o

O

(2) Now only the endocyclic C1-0 bond undergoes substitution, but the C4—-0O bond undergoes
substitution with a C-S bond. In the previous problem we had S attack the C1 carbocation to give a five-
membered ring. In the present problem, this would result in the formation of a four-membered ring, so
the external nucleophile attacks C1 directly. We still need to form the C4-S bond. As it stands, C4 is not
terribly electrophilic, but silylation of the urethane carbonyl O makes C4 more electrophilic. Then attack of
S on C4 followed by desilylation gives the produst= SiMe;.

OSi
+S| . .

Me +&; SHN [j/ Ve SlHN Ij/\ H/k
O‘ OSI

SSl

SHNY 0" ™ et SHNZ,

sio o
SO MeO >=N > NH
N o = N 0

o
O SiO MeO N O HO MeO
\:( —_ HZO —
e —_—
Et Et  Work-up Et
SIS
Si— S+

(s) Five-membered ring formation proceeds through a bromonium ion intermediate.



Chapter 3 30

r/ Ph\w Ph_ (™ “Br Ph___ Br
H
™ +g/ CH CH
7 N BreBr HC  H ST ST
o i“—;(( i ;
H (> Br H Br H Br

The five-membered ring can convert to the six-membered ring byy&aiSplacements.

Ch,

CHs

S\ ‘g " —"
L @pr . 17
b GoBr H H

(t) The dependence of the rate of the reaction on the length of the alkyl chain suggests that an
intramolecularreaction occurs between the nucleophilic O and the electrophilic C attached to Cl.

O O O O

on, PO
*?LW L

%—F P o PO P — O
™o T T T

.OH +*OH O @)

(u) The key atoms to recognize for numbering purposes are C7, C4, and C3. Then the others fall into
place. Break: C2-C3, C4-C5. Make: C3-C5.

The cleavage of C5-C4 and formation of C5-C3 suggests that we have a 1,2-alkyl migration of C5 from
C4 to a cationic C3. Then the electrons in the C2—C3 bond can move to fornmidoed/between C3

and C4, leaving a stabilized acylium ion at C2. After addition @ té the acylium ion, an acid-catalyzed
electrophilic addition of the resultant carboxylic acid to the alkene occurs to give the final product.
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.CSR H+ QkaHz
Ph Ph
O O

(v) The OCH group is lost, and an OH group is gained. Whereas in the starting material C1 and C3 are
attached to the same O, in the product they are attached to different O’s. It is not clear whether O2 remains
attached to C1 or C3. Make: O9-C3, 010-C3; break: C3—-04, C33Rmake: 09-C3, 010-C1,

break: C3-04, C1-02.

H,C
@) g 9 10
[ OH H30
O 7 -
H.C 6 H.C N3 O1Oor2
“ 0. /5 Chs 3 o H 5
3 2o0r10 H3C6

4 OCH,

The first step is protonation; since all of the C—O bonds to be broken arp-C(dmnds, the direct

ionization of a C—O bond won'’t occur, so protonating O is unproductive. Both C5 and C7 need to gain a
bond to H; protonation of C5 gives the better carbocation. Water can add to make the C3—010 bond. The
rest of the mechanism follows.
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OH OH .

HY — '_>OH2 H —H_

CHs CH,
NP/ OH2

OCHs
OH .QH "
\ CHs H
O~ oH © LcH
(9] 3
OCH, Hod 7

0 0
/‘gj@goem /ﬁié\ ﬁ%&
—_— \ / g O
¥ o H
H,C H

(w) Make: O2—-C8, C5-C8. Break: C8-N, C1-02. C8 is nucleophilic. ;2w08dinates to O6 to make
C5 more electrophilic, and C8 attacks C5. Then O2 circles around to displ&oeNC8. Finally, Ct
from SnC}, can come back and displace O2 from C1. The stereochemistry of the product is
thermodynamically controlled.

06 20
8.
Jighd H + NCHCOEt —o= 4} (s PhCHX
Me Me Me Me COH
BnO :0:2 BnO }0—SnCl, BnO\_ O—SnCl,
sncl, ] ’ .
H —_— H — —
)— CO,Et CO,Et
Me Me Me MMN ? Mé |\/|e(+‘,\\I H
2 2
CO,Et cro CO,Et
BnO———H P 0———H
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CO,Et CO,Et
O————H O———H

—H work-up —H
Me Me OSnCh Me Me

(x) Make: C3—C6. Break: C6—N5.
4 5 6 7 SnCh, o4

1 + N,CHCO,Et /1\)& 7
2 2 2 CO,Et

Reaction starts off the same way as last time. After addition to the carbonyl, though, a 1,2-hydride shift
occurs with expulsion of Nto give the product after workup.

Ph +o SnCL Ph . :0—SnCl,
e T N
>7C02Et Q) CO,Et
Me Me+N2|_|

Ph +O—SnCh Ph

O
| H Work-uB H
CO,Et CO,Et

Me Me H Me Me H

(y) The stereochemistry tells you that neither a simgler#®r an §2 mechanism is operative. TwQ5
substitutions would give the observed result, however. Whamines are mixed with HNQa diazo-

nium ion is formed. Intramoleculagd substitution by the carbonyl O gives a lactone, and then a second
S\2 substitution by Clgives the product.

OH OH OH oy
© Q . ~H+ © S\.‘/ ll\l\ + .
NH, N (O

Bn Bn
OH OH +q OH
0=§_+ ' ~H :§< o= H,
N// — L’ N=N
Bn H Bn U

~ClI H
‘u /; Eg— Cl
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(z) Make: C2—C4. Break: C6-Sn.

10

RySIO”™ AN\ &/,
5  'SnBy

C2 is electrophilic, especially after BEoordinates to it. C4 can then act as a nucleophile, making C5
carbocationic. Fragmentation of the C6—Sn bond gives the product.

O : 1 3B_ 1 F3B_
BF3
R3Si R3Si R3Si

'SnBu "SnBu, Y "SnBy
F,8—0

Rl
work- up D/@
R;Si R;Si

(aa) Numbering correctly is key. C4 through C7 are clear. The Me group in the product must be C1, and
it's attached to C2. The rest follow. Make: C7-C9, C4-C8. Break: C7—C8, C4-C9.

First step is protonation of O10 to make C8 electrophilic. Then a shift of C4 from C9 to C8 occurs to give
a cation at C9. This is followed by a shift of C7 from C8 to C9. Deprotonation of O10, protonation of
C1, and deprotonation of C3 give the product.
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+
OH

(bb) Make: C1-16. Break: C1-N2, C5-I6.

3 4/ \ 5 6
/

N—N O  HC—I
1 7 3 1 6
MesSH——= N / Meﬁ%@—l
2

Hold on! What happened to N2, N3, N4, and C5? One possibility is that the new product has an N2—C5
bond. But this doesn’t seem too likely, because it seems that this compound would want tg ftrm N

we assume plis formed, then there must be a new N4—C5 bond. Make: C1-16, N4-C5. Break: C1-N2,
C5-16. The first step is attack of N4 on C5, displacing 16. Cleavage of the N3-N4 bond then gives a
diazonium ion, which undergoeg gl substitution as in in-chapter problem 3.12.

NN 0/ Rl Flilg—c\w o)
®e 3
O R O
-
HaG
-

(cc) Make: C2—-C7, C6-011. Break: N1-C2, N1-C6, C6-08.

11
NN HG  iNH,
7 . 3 PR OMe

The first step must be protonation to form a nice stable carbocation. The first protonation can occur on C3
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to give a C2 carbocation or on O8 so it can leave to form a C6 carbocation. Let's assume the former for
now. Protonation on C3 gives a carbocation to which O11 can add. Proton transfer to N1 is followed by
cleavage of the N1-C2 bond. Another proton transfer from O11 to O8 is followed by cleavage of the O8—
C6 bond to give a C6 carbocation. At this point, we have the opportunity to turn C7 into a nucleophile by
H* transfer from C7 to O11 to give an enamine. Attack of C7 on C2 is now followed togrtdfer from

N1 to Ol11 and cleavage of the O11-C3 bond. Finally, O11 attacks C2;}drahsfer from O11 to N1

is followed by cleavage of the N1-C6 bond to give the products.

A similar mechanism can be drawn if O8 is protonated first (not shown). Cleavage of the O8-C6 bond
gives a C6 carbocation to which O11 adds. After cleavage of the N1-C6 boimdnsfer from C7 to C3
occurs to give an enol and an iminium ion. C7 then attacks C2, and elimination of the amine follows to
give the products.
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(dd) Make: C1-C5. Break: C5-06.

1 6 7 8
HC2- X5 _CH, H,0
\WA H,SO,
H H

The first step is protonation. Because both C3 and C4 need to pick up protons, we protonate on C4. At
this point, there’s not much we can do except allg@ kb add to the carbocation, even though this is not

a bond that is in our list of bonds that need to be made; we will need to cleave it later. Addition of O8 to
C5, H" transfer from O8 to O6, and cleavage of the C5—06 bond follow. At this point we still need to
make the C1-C5 bond. C5 is clearly electrophilic, so C1 needs to be made nucleophilic. Proton transfer
from O8 to C3 and anothertHransfer from C1 to O8 gives the C1 enol, which attacks the C5

carbocation. Another Htransfer from C1 to O8 is followed by cleavage of the O8—C5 bond, and loss of
H* gives the product.

007
H \ CH3'OH Hs ~+
H

H + H H H
H, +
OH 2 * OH
s '~ sy
tOH - \ +OH ™~ o
H H H H H H
H H
+ o0
Hod 2 _CHy H CHy .. D CH,
#FOH  —= OH — SOH, —
H H H H H H H H H
H CHy CH,
OH, —



Answers To Chapter 4 In-Chapter Problems.

4.1. The numbering of the atoms is quite difficult in this problem. The number of Me groups in the
product suggests that at least two equivalents of the bromide are incorporated into the product. But which
ring atoms are C3 and which one is C6? And even if one of the ring carbons is arbitrarily chosen as C6,
there is still the question of whether C3 or C2 becomes attached to C6. This problem is solved by noting
that step 1 turns the bromide into a Grignard reagent, which is nucleophilic at C3, so it is likely to attack
C6, and electrophilic atom. Make: C3—-C6, C3'-C6, C2-C2". Break: C6—07, C6-08, C3—-Br, C3'-Br.

70 SMe H
5 5 I8 , 4 &
1 3 _Br Mg CH3;COEt H M Me
Merr’\/ _— —f— —
4 ,
Me g
Me Mle

In the first step, the bromide is converted to a Grignard reagent. In the second step, two equivalents of the
Grignard reagent react with the ester by addition—elimination—addition. (Remember, the ketone that is
initially obtained from reaction of a Grignard reagent with an ester by addition—elimination is more
electrophilic than the starting ester, so addition of a second Grignard reagent to the ketone to give an
alcohol is faster than the original addition to give the ketone.) In the last step, addition of acid to the
tertiary, doubly allylic alcohol gives a pentadienyl cation that undergoes electrocyclic ring closure. Loss of
H* gives the observed product.

M cglclzoa H(* e
g MgBr
fgﬁ/ — M{%/ g S Me™ X bOEt —

Me
BrM
H ( g 7 “Me H -Q Me H
H+
e MWW_,
Me Me

H e

4.2. As usual, the key to this problem is numbering correctly. The main question is whether the ester C
in the product is C3 or C4. Because a ring contraction from 6- to 5-membered is likely to proceed by a
Favorskii rearrangement, where the last step is cleavage of a cyclopropanone, it makes sense to label the
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ester C as C4. Make: C3-C5, C4—-C15. Break: C3-09, C4-C5, C5-013, O11-Ts12.

8 o7 8 o7 8 o7 8 o7
15 <f§>
2 1 6 2 6 HENCE 2 1 6 NaOMe 2 1 6
. — 3 5 10 9 .\ 4 J. 1314 N1
f TsO 3 570Ts O=2s
15 - 15 17
OMe OMe 110Ts12 150Me

Hold on! If the O11-Ts12 bond is broken, and the electrons go to O (as seems reasonable), what happen:
to the Ts? Some nucleophile must form a bond to it. The only nucleophile in the mixture-issuléD's
add Ts12—-015 to our make list.

NaOMe is a good base, and with all these TsO groups, an E2 elimination reaction to break a C-OTs bond
seems reasonable. Either the C3—09 or the C5-013 bond can be cleaved; we choose the C5-013 bond
here, but cleavage of the other bond works, too. The product is an enol tosylate. A second elimination
reaction is not possible, but at this point we can form the Ts12—015 bond and cleave the O11-Ts12 bond
by having Me© attack Ts 12, displacing O11 to make an enolate. Electrocyclic ring closing with
concurrent cleavage of the C3—09 bond gives a cyclopropanone. Addition of O15 to C4 and then C4-C5
bond cleavage with concurrent protonation of C5 by solvent gives the product.

@)
‘OMe ‘OMe
> ~OTs > Ts\) i) H
@]

O
OMe H—OMe
e |
O

4.3. Make: C1-C8. Break: none.

I

NaOH

Deprotonation of C1 gives an enolate ion, which in this compound is actually a 1,3,5-hexatriene. As such
it can undergo an electrocyclic ring closing. Protonation gives the product.
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CH, H4C

O 0O o)
H < H H H H ~ /o
|\S | S ‘?\L| — oH product
Hg Hzckj HC CH, Hy CH; Hg CH,
H

You may have been tempted to draw the C1-C8 bond-forming reaction as a conjugate addition. However,
once C1 is deprotonated, the carbonyl group is no longer electrophilic, because it is busy stabilizing the
enolate. It is much more proper to think of the bond-forming reaction as an electrocyclic ring closure.

This problem illustrates why it is so important to consalkethe resonance structures of any species.

4.4, Make: C2—C7. Break: C2—C5.

1
Hs o 0
A
4 5 H
6_7
H

You may be very tempted to draw the following mechanism for the reaction:

H o) H 0 H O~y
y ~H+
O Ny H
N
H = H H
H H
H H
H H H H

However, this mechanism is not correct. Itis a [1,3]-sigmatropic rearrangement, and for reasons which
are discussed in Section 4.4.2, [1,3]-sigmatropic rearrangements are very rare under thermal conditions.
A much better mechanism can be written. The C2—-C5 bond is part of a cyclobutene, and cyclobutenes
open very readily under thermal conditions. After the electrocyclic ring opening, a 1,3,5-hexatriene is
obtained, and these compounds readily undergo electrocyclic ring closure under thermal conditions.
Tautomerization then affords the product.

H @) H _C//O ’ H @) H .
~H
b H ~ |2 ¢ — H — product
XN A H
H H T H H H
Y H H H H

4.5. The product has a cis ring fusion.
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4.6. The first electrocyclic ring closure involves eight electrons, so it is conrotatory under thermal
conditions, and the two hydrogen atoms at the terminus of the tetraene, which are both in, become trans.
The second electrocyclic ring closure involves six electrons, so it is disrotatory under thermal conditions,
and the two hydrogen atoms at the terminus of the triene, which are both out, become cis. This is the

arrangement observed in the natural product.
C

O,R

—_—

/7

o

Ph

4.7. The HOMO of the pentadienyl cationjig, which is antisymmetric, so a conrotatory ring closure
occurs, consistent with the four electrons involved in this reaction. The HOMO of the pentadienyl anion is
W,, which is symmetric, so a disrotatory ring closure occurs, consistent with the six electrons involved in
this reaction.

pentadienyl  pentadienyl

cation anion
Yy + -  + - + —_— —
3 + - + - — —_—
g/le?lia?jfiégil b + - - - 4 — 4~
rTsystem o+ o+ L 'H' 'H'
A
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pentadienyl H conrotatory
cation HOMO E——
H
pentadieny! disrotatory
anion HOMO H -
H

4.8. Make: O1-C9, N2-C13, C10-C13. Break: C13-014.

2 1
NHOH

The new five-membered, heterocyclic ring clues you in to the fact that a 1,3-dipolar cycloaddition has
occurred here to form bonds O1-C9 and C10-C13. Disconnect these bonds, putting a + charge on C13
and a — charge on O1, to see the immediate precursor to the product.

HGo+ O
2 wCHy wCHy S0

When this disconnection is written in the forward direction along with some curved arrows, it is the last
step in the reaction. Now all you have to do is make N2—C13 and break C13—014. This is easy to do: N2
attacks C13, proton transfer occurs, N2 expels 014, and deprotonation gives the nitrone.

H2  oH Ha A OH
_ Cv/ v/
*NHOH O/C\NH HO/C\N
H N : v
CH,=0
‘CH
H 3
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> N wCHg

/ —
H2C/ © — product

4.9. MeS attacks one of the O atoms involved in the O—O bond, displacingl€@mniacetal collapse to
the carbonyl compounds then occurs.

R

10

32
HN

5){6

o
R

R= sugar phosphate backbone of DNA. 0%

Making the C7—-C2" and C9-01" suggests a [2 + 2] photocycloaddition. Then the lone pair on N3" expels
01" from C2’ to give the observed product (after proton transfer).

0O

HN Me

O)\ |~ © v,
’I\l — Me
L HHN |
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~H*
—> product

4.11. The numbering is not straightforward in this reaction, but if you draw in the H atoms you can see
that the two CH groups in the new benzene ring in the product probably come from two CH groups in
norbornadiene. Atoms unaccounted for in the written product include C9 and O10 (can be lost as CO),
C17 to C21 (can be lost as cyclopentadiene), and O1 and O4 (can be 1§9) adtdke: C2—-C8, C3—

C11, C8-C16, C11-C15. Break: O1-C2, C3-04, C8-C9, C9-C11, C15-C19, C16-C17.

70 o9 o3

1 5 6 8 9 12 14

2 O H3WCH3
H HH H
" H.18 H

3
4
0] H
H.21 16_H .
J , cat. glycine
2073
H 1°°H

H

Glycine acts as an acid—base catalyst in this reaction. C8 and C11 are very acidic, and once deprotonated
they are very nucleophilic, so they can attack C2 and C3 in an aldol reaction. Dehydration gives a key
cyclopentadienone intermediate. (The mechanism of these steps is not written out below.)
Cyclopentadienones are antiaromatic, so they are very prone to undergo Diels—Alder reactions. Such a
reaction occurs here with norbornadiene. A retro-Diels—Alder reaction followed by a [4 + 1]
retrocycloaddition affords the product.

O O O

0 st%
. H HH H
O O
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product

The C3—C9 and C6-C10 bonds can be made by a Diels—Alder reaction. Then lpasdthavage of

the C3-N4 and N5—C6 bonds can occur by a retro-Diels—Alder reaction. This step regenerates a diene,
which can undergo another, intramolecular Diels—Alder reaction with the C13diait to give the

product.

—  product

4.13. The [6+4] cycloaddition involves five pairs of electrons (an odd number), so it is thermally
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allowed. The [4+3] cationic cycloaddition involves three pairs of electrons, so it is also thermally allowed.

4.14. Make: C6-C8. Break: C6-C7.

Making and breaking bonds to C6 suggests a [1,n] sigmatropic rearrangement, and a [1,5] sigmatropic
rearrangement, one of the most common types, is possible here. Once the rearrangement is drawn,
however, the mechanism is not complete, even though all bonds on the make & break list have been
crossed off. C8 still has one extra H and C9 has one too few. Both these problems can be taken care of
by another [1,5] sigmatropic rearrangement. This step, by the way, reestablishes the aromatic ring.

— product

Deprotonation of C9 by DBU gives an ylide (has positive and negative charges on adjacent atoms that
cannot quench each other withmebond), a compound which is particularly prone to undergo [2,3]
sigmatropic rearrangements when an allyl group is attached to the cationic center, as is the case here.
Esters are not normally acidic enough to be deprotonated by DBU, but in this estestakilltes the
enolate by an inductive effect.
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H H
H H H
~H H / H
:DBU
°N léo Et go B COHEt
I 2 2 [ 7)
Bﬁ’ Bn

4.16. Make: C4-C10. Break: CI1-N2.

H H H H
7 8 ) 95><1(%
MeS 10 Et
2 \R OFt
6 \
—% <l
H> W1

The most unusual bond in this system is the N—-Cl bond. The nucleophilic substitution step must involve
cleavage of this bond. No base is present, but S is an excellent nucleophile, even in its neutral form, so
the first step probably entails formation of an S9-N2 bond. Now we have to make the C4-C10 bond and
make the S9-N2 bond. Deprotonation of C4 gives an ylide, which as discussed in problem 4.15 is likely
to undergo a [2,3] sigmatropic rearrangement. Tautomerization to rearomatize then gives the product.

S}}< H H
s COEt
MeS ~H*
J COzEt NR \/COZEt —=  product

H

COZEt —_—>
4+
H
Me & H~—/" <base

4.17. The reaction in question is:

@D - b@w

To name the reaction, draw a dashed line where the new bond is made, draw a squiggly line across the
bond that is broken, and count the number of atoms from the termini of the dashed bond to the termini of
the squiggly bond.
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2 A |4 W 3

1 = 2

1

This reaction would be a [3,5] sigmatropic rearrangement, an eight-electron reaction, and hence would
require that one component be antarafacial. Not likely! A more reasonable mechanism begins with the
same [3,3] sigmatropic rearrangement that gives 2-allylphenol. However, instead of tautomerization to
give the aromatic product, a second [3,3] sigmatropic rearrangement occurs. Then tautomerization gives
the product.

H H H H
~H*
Q — O —= product
H o H
{
H H);2<H H H
H H — "
H o H

4.18. Both the Stevens rearrangement and the nonallylic Wittig rearrangement begin with deprotonation of
the C atom next to the heteroatom followed by an anionic [1,2] sigmatropic rearrangement. Both involve
four electrons, an even number of electron pairs, and hence if either is concerted then one of the two
components of the reaction must be antarafacial. This condition is extremely difficult to fulfill, and hence

it is much more likely that both reactions are nonconcerted. Both the Stevens rearrangement and the
nonallylic Wittig rearrangement are thought to proceed by homolysis of a C-S or C-O bond and
recombination of the C radical with the neighboring C atom.

H H H N
BulLi H)x;
CH, 24t CH, —
PH>(;CV 3 P Qe
H Y CH,

h)i. .CH3 - )').\ — .CHS — h)\
P @) P @) P o

4.19. Make: N1-C11, C2-C8. Break: C2-C6, C11-012.

7 0
Ph o
10 11 12
MeCHO 5 - 10 12
Me H)O
cat. H' 4 1/11
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The N1-C11 bond is easily made first. Cleavage of the C11-012 bond gives an iminium ion that is also a
1,5-(hetero)diene. The Cope rearrangement occurs to give a new iminium ion and an enol. Attack of the
enol on the iminium ion (the Mannich reaction) affords the product.

— i product
Me N Me
e
Now the stereochemistry. Assume the thermodynamically more stable iminium ion forms (Me groups
cis). The Cope rearrangement occurs from a chair conformation. This puts the Ph, H2, and H11 all
pointing up both before and after the rearrangement. Assuming the Mannich reaction occurs without a

change in conformation (a reasonable assumption, considering the proximity of the nucleophilic and
electrophilic centers), the Ph, H2, and H11 should all be cis in the product.

4.20. Deprotonation of one of the Me groups adjacent to S gives an ylide which can undergo a retro-
hetero-ene reaction to give the observed products.

VA 237 INEt, H/\_CH | CH
: 2 2 3

M e Moo I
CH e CH
3 3 3

If (CD3),SO (deuterated DMSO) is used for the Swern reaction, the E2 mechanism predicts that the sulfide
product should be (Cf),S; the retro-hetero-ene mechanism predicts that it should bgSEIHD,).
Guess which product is actually found?
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Answers To Chapter 4 End-of-Chapter Problems.

1.

(a) An eight-electron [4+4] cycloaddition. It proceeds photochemically.

(b) A four-electron conrotatory electrocyclic ring opening. It proceeds thermally.

(c) A six-electron ene reaction. (Note the transposition of the double bond.) It proceeds thermally.
(d) A six-electron [1,5] sigmatropic rearrangement. It proceeds thermally.

(e) Aten-electron [8+2] cycloaddition. It proceeds thermally.

(H A six-electron [2,3] sigmatropic rearrangement. It proceeds thermally.

(g) A six-electron disrotatory electrocyclic ring opening. It proceeds thermally.

(h) A four-electron disrotatory electrocyclic ring closing. It proceeds photochemically.
(i) A six-electron disrotatory electrocyclic ring closing. It proceeds thermally.

()) A six-electron [3+2] (dipolar) cycloaddition. It proceeds thermally.

(K) A four-electron [2+2] cycloaddition. It proceeds photochemically.

() A six-electron conrotatory electrocyclic ring opening. It proceeds photochemically.

(a) Regio: RNH and CHO are 1,2. Stereo: CHO (b) The two CH groups are botbut groups, so
and CH; remaintrans NHR isout, CHO isendq | they arecisin product.
so they areis in product.

BnO,CHN CHO

----- CHj H3C—<_>— CH;,

(c) Regio: C4 of diene is nucleophilic, so it makegd) Regio: CHO and OSiMgare 1,4. Stereo: the
bond to electrophilic C of dienophile. Stereo: EtO@H,CH, bridge isin at both ends of the diene,
out, COEt group isendq so they areisin CHO isendq so they ar¢ransin product.
product.

EtO_ _O._ _ COfFt MesSIo—q /)" CHO

U HaC CH;
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(e) Dienophile adds to less hindered face of die
C(sp’) of five-membered ring i, NO, is endq
so they ard¢ransin product.

EtO E j}
~
H
Et0” .
NO

2

néf) Regio: Nucleophilic O adds to electrophfi€
of unsaturated ester. Stereo: alkyl ancbk1®
groups remaitrans H isin, CO,Me isendq so
they ardransin product

CO,Me

\— OMs

(g) Stereo: CGMe groups remaitrans Ar group
is probablyout for steric reasons, Cf0e isendq
so the two areisin the product.

Ph Ar

MeO,C CO,Me

(h) The [14+2] cycloaddition must be antarafacie
with respect to one component. The twgroups
of the 14-atom component becotrensin the
product.

NC CN

NC -

3. 1,3,5,7-Cyclononatetraene can theoretically undergo three different electrocyclic ring closures.

H H

H

H H
8 € electrocyclic ring closing
conrotatory
H
6 e electrocyclic ring closing
disrotatory
H
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H H

4 € electrocyclic ring closing
conrotatory

][]
IS

H H

When small rings are fused to other rings,diseing fusion is almost always much more stable than the
transring fusion. The opposite is true only for saturated 6-6 or larger ring systems. (Make models to
confirm this.) The order of stability of the three possible products shown abois6<5 >trans-7-4 >
trans-8-3.

4. (a) Chair TS, with the Me on the C¥spquatorial.

Ph  CH, CH; CHj

N P e
C\/\O HyC——~0 H,C ~0
(b) Chair TS, with the Ph equatorial.

. H
OSiRgPh  (R) OSiR OSiR
BnO 3 Bn 3
)\ J\‘ﬂ//\/oBﬂ = \/\ivPh O\/%bph
(@) /I/

O (S) @)

(c) Chair TS, with both substituents equatorial.

CH, H H
/\/\/ H3C = > HC =~
5 Ph—/ -~ Ph—_—
Ph H H

(d) Two different chairs are possible, but one (Ph equatorial) is lower in energy than the other.

cH, H CHy CHy
A CHy = H7 | = ¥

= H Ph ~ Ph—_—

Ph i Ph H 1 H

(e) A chair TS is not possible, so it goes through a boat TS.
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’

!
,I/

H
/LCHS
H,CO,C—7 =

chair TS
no way José

boat TS
much better

(g) A chair TS would produce a trans double bond in the seven-membered ring, so the boat TS is
operative, and the H and OSiBroups on the two stereogenic atomsceso one another.

H H
/‘QH\Y OSiRy Hj%' OSiRy
He _— ><' H ~_
trans double bond
~ \/ ~ \/ !
OSR, H OSR, A\ H_“~
H.H OSiR OSIRs
’Y OSiR, OSiR; _
H — -
H H
OSiR;

(h) The chair TS is enforced in this macrocyclic compound.
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5. (a) First step: hetero-Diels—Alder reaction (six-electron, [4+2] cycloaddition). Second step: Claisen
rearrangement (six-electron, [3,3] sigmatropic rearrangement).

(b) The diene is electron-rich, so it requires an electron-poor dienophile for a normal electron demand
Diels—Alder reaction. The C=C bond of ketenes is pretty electron-rich, due to overlap with the lone pairs
on O: I—bC:C:b o HZC_I—CEEL). Only the C=0 bond of the ketene is of sufficiently low energy to react
with the diene at a reasonable rate.

(c) First, it is important to remember that in ketenes, the p orbitals of the C=0 bond are coplanar with the
substituents on the terminal C.

Because of the ketene’s geometry, in the TS of the hetero-Diels—Alder reaction, gh&] Rnust point
directly at the diene. The lower energy approach towagds éhosen, and the product in whicg R
points back toward the former diene portion of the compound is obtained.

N R

J
RL RS Y RS

. R _

Second step: The nembond forms between the bottom face of the double bond on the left and the
bottom face of the double bond on the right, giving the observed, less thermodynamically stable product.
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R,
H H Rs

6. (@) Number the C's. C1, C2, C5 and C6 are clear in both starting material and product. The rest
follows.

2 H3C ~ 1
L=\ 4 O 8 9 27 O
A 5
/— — . 4
5 | - . MesSi 6/ 3
HsC . g O
OSiMe; " H

We break the C4-C6 bond, and we form C3-C8 and C4—C9. The formation of the latter two bonds and
the fact that we're forming a cyclobutanone suggests a [2+2] cycloaddition between a ketene at C3=C4=0
and the C8=C%tbond. We can generate the requisite C3r®4nd by electrocyclic ring opening of the
cyclobutene ring in the S.M.

MesSi

(b) Electrocyclic ring closing followed by base-catalyzed tautomerization (both starting material and
product are bases) gives the product.

SMe SMe
MeN—r MeN—l/
| I
N N N
o0 — N gti:N
N N
N N N N~ (O
H H
SMe SMe
MeN MeN
'N W
+
Z | /' a5 | N
N Z
O N OH

I
I
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(c) Diels—Alder reaction followed by spontaneous elimination of3#@- and aromatization gives the
product. Loss of MgSiO- occurs so readily because theg®iegroup is at electron withdrawer like a
carbonyl group.

OSiMeg COMe <OS|Me3
ArO__~ ArO CO,Me
) -
Me,Si <N Me;SiO"y
ArO COMe ArO CO,Me ArO COMe
work-up
Me38|+ MesSi HO

H H OSiMe

(d) The key atoms for numbering the C’s are C1 (with the 2-bromoallyl group attached), C7 (ester group
attached), and C8 (O attached). We form bond C1-C9 and break bond C3—-C7. Since C3-C7 is the
central bond of a 1,5-diene system terminating in C1 and C9, i.e. C1=C2-C3-C7-C8=C9, this must be a
Cope rearrangement.

COMe CO,Me

-

OSiMe3 = OSiMe; =

— L

COMe COMe COMe
-aq. workup workup —
OSIM OH O
= Br Br

(e) Numbering the carbons is made easier by C9, C8, and C4. These atoms make it easy to label C4
through C9. Since C11 is a carbanion, we can expect that it will add to C4, the only electrophilic C in the
starting material, and since C11 has a@kbup attached, we can identify it and C10 in the product as the
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easternmost C’s, with C11 attached to C4. For C1 to C3, we preserve the most bonds if we retain the
C9-C3-C2-C1 sequence. So overall, we form C4-C11, C4-C2, and C10-C1, and we break C4-C3.

CHs
HC 2~ 1 CHa
o) 11 o
9 3 1(%\ Li - 10
MesSi / 4 — 4 /11
8 5 warm to RT; 7 Y
7 )1° NaHCQ H ~ OH CHs

H

The first step is addition of C11 to C4. We still need to form C10-C1 and break C4—C3. Since we have a
1,5-diene (C11=C10-C4-C3-C2=C1), we can do an oxy-Cope rearrangement. This gives a 5-8 system
in which we only have to form the C4—C2 bond. C4 is neither nucleophilic nor electrophilic, while C11 is
nucleophilic (conjugation from OSiMEe Upon quenching with water, however, C4 becomes an

electrophilic carbonyl C, whereupon C11 attacks with concomitant desilylation of O to give the product.

1
HsC ‘//\EO

CH
MesSi / 3| 4 o 3 —

H &0 CHy H ~ O CH H ~ OH CHg
(f) It's clear that we form C4—C5 and C1-C6 bonds, and we break C1-C4. The strained C1-C4 bond

can be opened by an electrocyclic ring opening to givexaylene, which undergoes an [8+2]
cycloaddition to give the observed product.
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Me,Si

(g) We form C2-C11 and C5—-C9 bonds, and we eliminate the elementsQffeCFs. The ZnCp is

a Lewis acid, so it coordinates to the carbonyl O and causes the cleavage of the carboxylate—C11 bond to
give the nice stable allylic cation C9—C10-C11. This cation can undergo a six-electron, [4+3] cycloaddi-
tion with the C2=C3—-C4=C5 diene to give a new carbocation at C11. Loss of48€ hteup from

C12 then gives the product.

/
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H3C

Z H3C—
HsC HC r HC :
MGgSi Me3Si

(h) The first product is formed by a hetero-ene reaction, with transfer of the H attached to S to the terminal
C of styrene.

The second product must incorporate two equivalents of the enol ether. We form C3-C5, C5-C4’, and
C5'-S1 bonds, and we transfer a H from S1 to C4. A hetero-ene reaction forms the C3—C5 bond and
transfers the H. As for the other two bonds, since S1 and C5 are at the ends of a four-atom unit, we might
expect a Diels—Alder reaction. We can get to the requisite diene by eliminating the elements of BUOH by

an Elcb mechanism. The hetero-Diels—Alder reaction gives the produenaistereoselectivity and the
expected regioselectivity.

4 CH3

O S OBu O OBu

(i) We form C9—-C1 and C4—C8 bonds, and we break C1-S and C4-S bonds. Since C1 and C4 are the
ends of a four-carbon unit, we can expect a Diels—Alder reaction. The cyclohexene in the product should
also tip you off. We can obtain the requisite diene by doing a [4+1] retro-cycloaddition, eliminaging SO

to give the C1=C2-C3=C4 diene. Stereospecificeamtbselective Diels—Alder reaction then gives the
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product.
3 H
2 — 3 @) :
4 6 7 %o = ’
1 5 —
S NN 1 18 N
O2 ' N
Bn : H
Ph
H
W_\‘ 1 ~__Ph |/‘\<&K>:o mo
8‘3 ’I\l/\/ L HN\ _ N
2 Bn — Bn PR
ph H Ph = BN

() When an acyl chloride is treated withgHt -elimination takes place to give a ketene. When a
sulfonyl chloride is treated with giti, B-elimination takes place in the same way. The intermediate
undergoes [2+2] cycloadditions just like ketenes do to give the saturated four-membered ring.

H O
—
EtzNe H S—CI — >7S analogous to ketene
H O

X
H

el — (O

\
H O

(k) The second product provides the key. It is a six-membered ring with a single double bond, probably
the product of a hetero-Diels—Alder reaction. The requisite diene can be made from the starting material by
a vinylogoug3-elimination, with NPhth as the leaving group. The same diene intermediate can undergo a
hetero-ene reaction to give tbherobserved product. An alternative mechanism for formation of the first
product, i.e. direct attack of the alkene (nucleophile) on S (electrophile, NPhth as leaving group) to give a
carbocation, followed by loss oftHis also possible, but is less likely, especially since we know the C=S
compound is formed under the conditions. If this mechanism were operative it’s also likely thatld

be lost from thetherC of the carbocation to give the more substituted and more stable isomeric alkene.
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A S
> Nphth
Hy O Hs Ph Hs o_ _Ph
PRSI S
cHOoc” s N CH40,C

::/E \/j\ - . ::I:_/"\ - pyr
CH30, /S\ Ph CH30, Ph
O CHs, HO CHs,
+
S T - I 1
CH30,C Ph CH30,C Ph

() Whenever you see a five-membered heterocycle, think 1,3-dipolar cycloaddition. The heterocyclic

rings shown can be made from an intramolecular cycloaddition of a nitrone and the alkene. The nitrone
must be made from the hydroxylamine and formaldehyde.

“OH N

oo +/OH "'H+
r\/\H H2C=O . ’/\/\/N ~H
| o | H \—o
O—H +_O-H
N — rﬁ\//\w/d( .
| CALoH | CH, OH

0- o) CH

. / N
CNAl — N ap - N~ o N
HZC/® L @ //w o~

(m) Make: C5-010, C5-09, C6-08, C6-011. Break: C5-C6, C9-010.

=z

11
10 .0 g

10
9 11 CHs
o=b-0 Q8

H3C 7

Ozone lives to do 1,3-dipolar cycloadditions. After the cycloaddition to give the C6—-011 and C5-09



Chapter 4 25

bonds, retro 1,3-dipolar cycloaddition occurs to break the C9—010 and C5-C6 bonds. Then O8 can attack
C6 and O10 can attack C5 to give the observed intermediate (after proton transfer).

11 10 11

10
+0=0 < 0-0y) “O-Qf
/%) H H
B 7 CcH, o CHj o Qg CHs
L—j CH3 H CH3 H D (oo CH3
— — OH —
HO HO o 8
HC HaC 3
10
&5
H
0 CH, .0 CH, e CH,
N CH C)+o CHy; ~H* ? 0 CH
H™5 +OH 3 — N H s — 3
o) HO
Hs H,C H4C

Second step. The elements of fCH are eliminated. The most likely by-products ag©rind HCOOH.

Make: None. Break: C4-C5, C6-08, 010-011. The base can deprotonate the OH on C5, and the lone
pair on O can then push down to forntbond with C5, causing the C4—C5 bond to break. The electrons
keep getting pushed around until they end up on O again and the O—-O bond is broken, providing the
driving force for the step. A keto-aldehyde and formate anion are obtained. Now C7 (deprotonated) is
nucleophilic and C6 is electrophilic, so an aldol reaction followed by dehydration gives the observed
product.
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HO H H
v CHs H CH,
CHj = CHj
(N >
- o)

(n) Make: O9—-C3. Break: C1-C3. Since O9 is nucleophilic, we must turn C3 into an electrophilic center.

AgNO,

—_—
acetone-HO

o OSiR,

In the first step, Ag promotes the departure of @b give a cyclopropyl carbocation. This undergoes
two-electron disrotatory electrocyclic ring opening to give the chloroallylic cation, in which the empty
orbital is localized on C1 and C3. Then O9 can add to C3; desilylation then gives the product.

cl . .
Ag+@\|' OSiR; ' OSiR,

(o) The productis a 1,5-diene, specifically&unsaturated carbonyl, suggesting a Claisen rearrange-
ment. Work backwards one step from the product.

H,CQ OCH
CHs ®OH  CH, 60  CHs CHj

. :
W\ LN 8 Chy ! )W
1 3 5 CHs (H3C),N" 8 1 3 5 CHs,
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CHj CH3
1 H
2 '\ 2
I 4\| CHj CHs
8 N 3
Me,N 6 @) CHj Me, N CHj

The immediate precursor retains the O6—C3 bond and would have a C8—06 bond and & &89
This calls for an §1 substitution at C8 to replace the C8—0OMe bond with a C8—06 bond and an E1
elimination to make the C8=G®bond. The overall reaction is an orthoamide Claisen rearrangement.

HeCQ  QCH OCH;  CHy 1OH CH,
Me,N~~ > CHj Me,N” “CHy X CH,

HsC

N roc
MeN—K /\ ~OCH; Me,N —k -
CH3 O\) CH3 CH3
I\/\)\
CH,
N T ok, NMe,

Me,N
CH; O CH,

= /‘ =
K/\ CH, HTON CH,

(p) Make: C1-C9, C2-NG6.

H OMe
|_lf%r OMe 2LDA
7 N 3
6
O 5 4

Since N6 and C9 are at the ends of a four-atom chain, we might expect a Diels—Alder reaction. The dieno-
phile in such a reaction would be benzyne; the key is the benzene ring fused to the new six-membered ring
and the fact that the H on C1 is gone in the product. (You could alternatively drawdhd of the aro-

matic ring participating in the Diels—Alder reaction, but this is unlikely, becausehibieds of aromatic

rings are very bad dienophiles.) The first equivalent of LDA deprotonates N to make the 1,3-diene across
N6=C7-C8=C9; the second equivalent induces an E2 elimination across C1-C2 to give an aryne. Cyclo-
addition gives the enolate, which is protonated on C8 to give the observed product. In fact, this com-
pound is not very stable, and it is oxidized by air to give the fully aromatic product.
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i'PrZN_\'H OMe
H
Br OMe ~
w/
C — N
@) O
MeO OMe MeO OMe MeO OMe
H )— —\ H )—
I\ \/ workcup \ \ /
NS \ N H%N
-0 O p— @) N

(q) Break: N3-N4, N4-C5. Make: C1-C6, N3—C5. We lose the elementspf NH

MeO H MeO 1 6 _Ph
1 H H ZnCl, | 4
_—
3_N_5 3 5 + N|‘b
2 N 26 Ph 2 N H
H H

28

Since we are forming@ bond at the end of a six-atom chain and breaking thend in the middle, we

might expect a Cope rearrangement. To do this, we must make a @HeG8. We can do this by

transposing the N4=Chbond. This transposition converts an imine to an enamine, which is exactly
analogous to converting a ketone to an enol. The enamine then undergoes Cope rearrangement to give the
C1-C6 bond. (Note how this Cope rearrangement is analogous to the Claisen rearrang@+aiéyit of

phenols.) After reestablishing aromaticity by tautomerization, nucleophilic N3 attacks electrophilic C5 to

form the N3-C5 bond. Finally, E1 elimination of Blgives the indole.

MeO. H h MeO. H ZnCl. H
_N /N\ T
N~ Ph N + Ph
H H
H H
Ph Ph
MeO. i H MeQO i H
’ H\ H+ — ) H | H+ —
/(N\ - N -
N ZnCl, NH / ZnCl,
H .
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Ph
H L ]
MeO. N. -
/ ~ ;Eﬂ H+
— H —
N0 NH,
H
MeQ Ph "

+ /Z_nCIZ
N
H, H

MeO.

(n Make: C2—-C4, C1-C3. Break: C1-C2. Since only one equivalent of malonate is incorporated into the
molecule, the other equivalent must act as a base. The migration of C1 from C2 to C3 is a 1,2-alkyl shift.
Under these basic conditions, it is likely to proceed by a Favorskii mechanism. Deprotonation of C3 by
malonate gives the enolate. Two-electron electrocyclic ring closing with expulsion@¥€d the
cyclopropanone. Attack of malonate on C2 gives a tetrahedral intermediate; fragmentation of this with
expulsion of Ct gives the observed product. Other reasonable mechanisms can be drawn, some of which
do not involve an electrocyclic ring closing.

Na
O )\ CH; O
Hs%?)/ Cl 2 EtO,C74~ COfEt y C/Ks)‘\‘;/coza
> 2

3 1
H,C Cl COEt

O O

C CO,Et d 9

Hay cl cl cl
— < —_— K‘\ —_—
®) -
< CO,Et R /N COH CHs O
~ "\ _ < . COEt C)\)‘\( CO,Et
H
H3C Cl COZEt H3C g 3
H4C H H4C H CO,Et

(s) The five-membered heterocycle should alert you to a 1,3-dipolar cycloaddition.
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C6 and C9 are at opposite ends of a four-carbon unit, but since one of these atoms (C7) is saturated and
guaternary, a Diels—Alder reaction is unlikely (can’t make diene). The combination of a diazo compound
with Rh(Il) generates a carbenoid at C9. The nucleophile O6' can add to the empty orbital at C9, gener-
ating the O6'-C9 bond and a carbonyl ylide at C6—06'-C9. Carbonyl ylides are 1,3-dipoles (negative
charge on C9, formal positive charge on O6', electron deficiency at C6), so a 1,3-dipolar cycloaddition
can now occur to join C2 to C6 and C1 to C9, giving the product. Note how a relatively simple tricyclic
starting material is transformed into a complex hexacyclic product in just one step!

cat. RQ(OAC)LL @i
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(u) The cyclobutanone should tip you off to a ketene—alkene cycloaddition. Ketenes are generally made
by EiN-catalyzed elimination of HCI from acyl chlorides. Oxalyl chloride CICOCOCI serves to convert
the acid into an acid chloride.

<O CE) % @]
N -~ A

cocl o~ >cocl cl Zo cocl

0~/
Hy )@o\ e o o Ao T
oy R 0 R 09 R

O @)

0
I |
Cl C4
H
\T& /—CD.NH H#(| CH, H CH,
H -NEt;
AV ? o

0
A

(v) Another five-membered heterocycle, another 1,3-dipolar cycloaddition. The first step is formation of
the requisite 1,3-dipole, a nitrile ylide, by a two-electron electrocyclic ring opening. Then dipolar

cycloaddition occurs.
hv 9
Ph/i\ Ph4<;|i>

(w) Formallythis reaction is a [2+2] cycloaddition. In practice, concerted [2+2] cycloadditions occur
under thermal conditior@nly when one of the components is a ketene or mesoad to a heavy element
like P or a metal. Neither of the alkenes in this reaction fits the bill. However, one of these alkenes is
very electron rich and the other is very electron poor,remaoncertediwo-step polar mechanism is

likely.

\n' NO, Ph N Ph N
ph/Q/ R ‘ _, Oz 02
ﬂ — . ‘\‘ —
H3C\%\ NMez H3C \\’RIM H3C NMe
CHy *VI€2 CH 2
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(X) The extra six C’'s must come from benzene. A photochemically allowed [2+2] cycloaddition between
the alkyne and benzene gives an intermediate that can undergo disrotatory electrocyclic ring opening to
give the observed product (after bond alternation). (Either two or three arrows can be drawn for the
electrocyclic ring opening, but the TS for the reaction involves all eighegctrons, so to be disrotatory the
reaction must be promoted photochemically.) Benzene does not usually undergo cycloaddition reactions,
but here it evidently does.

H
CO,CH H
H |27 _ COLCHg CO,CH,
A || _hv ‘ A .
v s AL
H CO,CH,
H

(y) The second product is clearly obtained by a hetero-Diels—Alder reaction between acrolein and
isobutylene. The first product is less obvious. Two new C—C bonds are formed, and H atoms are
transferred from C7 and C8 to C2 and O4. This suggests two ene reactions.

4 4 TCH
7CH HO gord . o) 3
1 3.0 > 300°C, 3 6 3 5 CHs
6 CHj 2 5or8 1-5
CHs,

%1 _CH;,

H
-4 | © CHj
LA —C

H3(\”/\ Hs
~"H e H H H 4
\V/{\/O O /C_;

HO
H H =
/
O

(z) Elimination of allyl alcohol occurs by an E1 mechanism. Then a Claisen rearrangement gives the
product.

C
|
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(aa) The C6 to C9 unit in the product is numbered by virtue of the two H’s on C6. Make: C2-C9, C3—-
C6, C7-011. Break: C9-S10, S10-011.

4

MeN N i
2 \/\/

1

Formation of C2—C9 and C3—C6 suggests a Diels—Alder reaction, this one of the inverse electron demand
flavor. The regioselectivity follows th@tho-pararule and the stereoselectivityaado. The C7-011

bond can now be formed and the C9-S10 bond cleaved by a [2,3] sigmatropic rearrangement to give
compoundA. All that is left is to cleave the S10-0O11 bond.;$lattacks S, with R©acting as the

leaving group, and protonation gives the final product.

Ph 8
MeN + N e & MeN
/
<»JH

(bb) Retro Diels—Alder reaction gives ofp ldnd arortho-xylylene. With no other substrates available,
this extremely reactive substance dimerizes in another Diels—Alder reaction to give the product.
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ST Nes aioe’

(cc) The product is formally the result of a [1,3] sigmatropic rearranger8@@P! [1,3] sigmatroopic
rearrangements are very rare, and they should be viewed with suspicion. They are thermally allowed only
when one of the components is antarafacial. Sometimes an apparent [1,3] shift is actually the result of two
sequential reactions (polar or pericyclic). In this case, the presence of KH suggests an oxyanion-acceler-
ated concerted process. The one-atom component can be antarafadisdktbiee of the sporbital

used to make the old bond to C6 is then used to make the new bond to C4. After workup, aromaticity is
reestablished by protonation-deprotonation.

(dd) Make: C1-C11, C5-S13, C6-C10, 012-S13. Break: C7-012, S13—Cl.

120\-§/ Ph
PRSCI 413 >6 1
> 3 Z \8_CH,
Et;N o
2 11
1 10 9 3
CH;

The product looks very much like the result of a Diels—Alder reaction that forms the C1-C11 and C6—C10
bonds. Work backwards one step from the product.
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(ee) Make: C6-C7, C3—-C8. Break: C5-C6, C3-04.

\1 3 5 0O 7 8 1 7 _CO,Et
| NaH EtO,C—=—=—CO,Et
~\3_04 - 8
2 2 CO,Et

O OH

The two new bonds can be obtained by a Diels—Alder reaction. First, deprotonation gives an enolate that
has arortho-xylylene resonance structure. Diels—Alder reaction followed by retro-Diels—Alder reaction
gives the product.

YN
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CO,Et
EtO,C _ CO,Et
o S o (I
g — _—
g =0 {__p—Cos CO,Et
-0 O CO,Et OH

(fH) As in the previous problem, Diels—Alder reaction followed by retro-Diels—Alder reaction establishes
the desired C—C bonds. Then EL1 elimination o§OH gives the desired product. (An E1cb mechanism
for elimination is also reasonable, but less likely in the absence of strong base.)

4/ OCH;
ochy
O I
Y 0
CO,CH,

« OCH, H

N OCH,

OCH,
CO,CH; CO,CH;

(gg) The D atoms give major clues to the numbering. Break: C5-C6, C9-C10, C11-C12. Make: C5-
C11, Cl10-C12.

12 i D
1/ p 1 g
1 10 9 g hv 2 = 8
2 / — |
3 6 3N !
5D 7 S
4 4 7 \®
D

If we break the C5-C6 and C9—-C10 bonds by a retro-Diels—Alder reaction first, we get two molecules of
benzene. But irradiation of benzene doesn't give the observed product, so this can't be right. Instead,
let's form the C5—C11 and C10-C12 bonds first by a (photochemically allowed) [2+2] cycloaddition.

This gives the strained polycyclic compound shown. Now the C5-C6 and C10—C9 bonds can be broken
by a [4+2] retro-cycloaddition (thermal, supra with respect to both components) to give the tricyclic
compound. This compound can then undergo disrotatory six-electron electrocyclic ring opening (thermal)
to give the observed product. Note that only the first reaction in this series requires light.
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D

(hh) Numbering the product is difficult. Because C9 in the starting material has no H atoms, let's make it
one of the C’s in the product that has no H atoms. Make: C1-C9, C2-C9, C5-C9. Break: C1-C2.

Carbenes like to do [2 + 1] cycloadditions to alkenes. Such a cycloaddition between C9 and the C1=C2
bond gives a product which can undergo an 8-electron electrocyclic ring opening to cleave the C1-C2
bond, then a 6-electron electrocyclic ring closing to form the C5—C9 bond. All that is left to do is a [1,5]
sigmatropic rearrangement to move the C5 H to C4.

H Ho
H : ==
\E'B H i
H H H "
H H H

H

H

H

(i) Following the instructions, we number all the N atoms. The byproducts aje Blake: C2-04,
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C3-N9, N6—-N9. Break: C2—-N9, N6—N7, N9—N10.

4
O
EtO,C_2 5 A EtO,C-2 3 _Me
Me —_—
8 7 6 910 11 \ /
NEIJ}I—N N—ILIEN 6 N—No9

The thermal reaction that azides undergo is the Wolff rearrangement (Chapter 2). In the present case, the
Wolff rearrangement allows us to make the C3—N9 bond and cleave the N9-N10 bond. A resonance
structure can be drawn in which N9 has a negative charge. This lone pair is used to attack N6, displacing
N,. Next, the C2—N9 bond is cleaved by a 4-electron electrocyclic ring opening to give a nitrilimine,

which then undergoes a 6-electron electrocyclic ring closure to give the product.

0
EtO, Swe A EtOZC>\)‘\Me L EtOZC>\)L

N=N—N NTINEN N= N—N N= N—N
+ - W -

o BOL, ~0 EtO,
S R Pt



Answers To Chapter 5 In-Chapter Problems.

5.1. Make: C2-C4. Break: C2-C3.

O
2 [
1 CH,
s 4 HC3‘42C13H
3 3
H H

CH; O

HoC CHs

If this compound were not a radical, you might suspect a [1,2] sigmatropic rearrangement. However,
radicals do not undergo such rearrangements. The C4 radical can make a bond to C2 by adding to the
bond. Then the C3-C2 bond can break by fragmentation.

Note: This reaction involves a polar acidic mechanism, not a free-radical mechanism! It is a Friedel-Crafts
alkylation, with the slight variation that the requisite carbocation is made by protonation of an alkene
instead of ionization of an alkyl halide. Protonation of C4 gives a C3 carbocation. Addition to C1 and
fragmentation gives the product.

H
H
H
H YHY W ¥ HR
H — H4C —
3 3 H 5 product
H H H

Step 2. Only a C-O bond is made.
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H OOH
CH, CHs
The presence of £xlues you in that this is a free-radical mechanism, specifically a free-radical
substitution. Because it is an intermolecular substitution reaction, it probably proceeds by a chain
mechanism. As such it has three parts: initiation, propagation, and termination. (We do not draw

termination parts in this book.) The initiation part turns one of the stoichiometric starting materials into an
odd-electron radical. This can be done here by abstraction of H- from & by O

Initiation:

The propagation part begins with the radical generated in the initiation part, and it continues until all the
starting materials are converted into products. Every individual step in the propagation part must have an
odd number of electrons on each side of the arrow, and the last step must regenerate the radical that was
used in the first step. Here the C radical combines witto@ive an O radical, and this O radical

abstracts H- from starting material to give the product and to regenerate the C radical.

Propagation:

CHs, CH
*cO—0O- 3
O O
CHj CHj
CHj HaC CHj HaC
O+ - con s )
CH HC CHj HaC

Although it is tempting to draw the following mechanism, the temptation should be resisted because it is
not a chain mechanism.

CHj CH
cO—0O- 3
Odgo=s O e e
CH; CH;
CH CHj
©_<./3’\/\. O—0OH —» Q—GO—OH
CH, CHs

Step 3. The numbering of the atoms in this polar acidic mechanism is not straightforward, because it is
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not clear whether C1 ends up bound to O3 or O4. However, if it ends up bound to O3, then we can draw
a 1,2-alkyl shift (break C1-C2, make C1-03) with expulsion of a leaving group (break O3—-04). Then
04 can add to the new C2 carbocation, and the resulting hemiacetal can collapse to phenol and acetone.

H H
CHs CHs
4 cat. B, SO 3 4
L2/ 3y by LSO L OH + o=<2
CH, CH
H H

Actually, a two-step 1,2-alkyl shift has to be drawn, because Ph groups do not undergo concerted 1,2-
shifts; instead them bonds participate in an addition—fragmentation process.

:<< CH; ey o—OH2
o—oH Ao
H
OH2
CH3 0 -
CH3 %LCHg 1/><OH

H HiC H H,C CHs
H + H
HO @)
—H*
OH )K — OH
H3C CH3 H3C CH3
H H

5.3. This addition reaction proceeds by a chain mechanism.

H

H H
Bu—SH + H&/COZEJ[ cat. (8203 Bugg(coza

Y H H

In the initiation part, one of the stoichiometric starting materials is converted into a free radical. The BzO-
produced from (BzQ)can abstract H- from BuSH to give BuS..
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Initiation:
/) A
BzO— OBz — 2 * OBz
/
BzO-/\ H—/\SBu — BzO—H * SBuU

In the propagation part, BuS- adds to the alkene to give an alkyl radical, which abstracts H- from BuSH to
give the product and to regenerate the starting radical.

Propagation:

H H
/\ Bu
BuS- <} _coet — . _CO,Et
H H
H

H
BuS_| O Bus_| H
u u
|_>H-/C02Et H—/\SBU — }K’/COZB « SBu
H H

5.4. This addition reaction proceeds by a chain mechanism.

H
BusSn—H SiM

l—lTSiMQS —_— BU S \ I e3
cat. (BzO) 3

H

In the initiation part, the BzO- produced from (Bz©an abstract H- from B8nH to give B4Sn-.

Initiation:
N A
BzO— OBz — 2 - OBz
U
BzO-/\ I—l—/\‘SnBng,—> BzO—H *+ SnBy

In the propagation part, B8n- adds to the alkyne to give an alkenyl radical, which abstracts H- from
BusSnH to give the product and to regenerate the starting radical.

Propagation:
BusSn

Bu3Sn-/H\‘% SiMg — SiMe,

H



Chapter 5 5

H
BusSn /\
>:'—SiMe3 H—/\SnBLg — BU3S%SiM% + SnBy

H H

5.5(a). Make: Br1-Sn14, C2-C6, C7—-C12. Break: Br1-C2.

11 14 1
+ BugSn—Br

This is overall a substitution reaction — the C2—Brl and Snzlbbhds are swapped — so it is almost
certainly a chain reaction. No initiator is listed, but it is likely that ambient air provides engiigh O
abstract H- from Sn14.

Initiation:
ATNA

+O0—0O- H—SnBy —> + O—OH * SnBy

BusSn- abstracts Brl from C2. The C2 radical then adds to C6 to give a C7 radical, which adds to C12 to
give a C13 radical. The C13 radical abstracts H- frogbBH to give the product and regenerate
BusSn-.

Propagation:

+
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+  +SnBy

H H
1 11)—=<12

H 13CN 14 1

Ph,Sn—H

cat. AIBN

AIBN is a very common initiator of free radical reactions. The radical derived from its fragmentation
abstracts H- from BBnH to give P§Sn-.

Initiation:
3c: CH, HiC CHg
C>< N\j o - ch T ONEN '\<CN
3c: CHs HC CHy
N HC H
>—CN H—SnPfg — >LCN - SnPh
H4C

PhySn- abstracts Brl from C2. The C2 radical then adds to C6 to give a C7 radical, which adds to C9 to
give a C10 radical. (Why not have C7 add to C12 instead of C9 at this point? Because addition to C9 is
intramolecular and forms a five-membered ring, making this addition very fast.) Now C10 adds to C11 to
give a C12 radical, which can then add to C7 to give a C6 radical. C6 then abstracts H;8ohhtBh

give the product and regenerate;Bin-.

Propagation:

N Me, Me,
Br/) _Si__ H_ _H Si._ H_ _H
PhS (\ Y "o | K "o | PhSn—B
o — +
heSn H H H H M Sn—Br
Z e Z cH

R R
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H 78 9
Mg Me ¢ 0, BusnH

H /2 3 5 |
1 4 cat. AIBN
H H HH H

9
+ BusSn— 1

The initiation is the same as for 5.5(b). In the propagation part, Sn- abstracts |- from C5. The C5 radical
then adds to C7 of CO to make a new C7 radical. The C7 radical adds to C2 to make a C1 radical, which
adds to C7” of a second equivalent of CO to make a C7” radical. C7" then abstracts Hz;&okhtBu

give the product and regenerate;Bn-.

Propagation:

H M e Me
M *SnBly, — H__~ . —SnBy

H HH H H HH H
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H m Me?
H - )

Me H

5.7(a). One C-C bond is made, and no bonds are broken.

H H H CO,EtH
e Ho -~ (+-BuO), H
EtO,C~ “~COFEt + CeHi3 EtO, CgH1s
H "HH

Thet-BuO- abstracts H- from malonate in the initiation part. A free radical addition mechanism like the
one in problem 5.3 ensues.

Initiation:
/Y A
t-BuO—Oo-Bu — 2 < Ot-Bu
t-Buo-/\‘ H H — tBuO—H H
< A
EtO, CO,Et EtO, CO,Et
Propagation:
H CO,Et H
p)
EIO,C.__COEt 1_ EtO, ,
: J CeHiz —= H CgH1s
H \/H H H
CO.Et H COEt H
Et 2 /—\ Et 2
OZM HH @— OZMH H
H CeHis C<>< H CeHis C/<
H H EtO, CO.Et H H EtO, CO.Et

5.7(b). Again, one C—-C bond is made, and no bonds are broken.
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H H
’ H H CH,
CH hv
3 —— H
H acetone H O

H
© H

Intermolecular free-radical addition reactions almost always proceed by chain mechanisms. Here light
photoexcites acetone, and O- then abstracts H- froopbsition of another molecule of acetone to

complete the initiation.

Initiation:

@)
hv
C)k — %/%(CHS — }QH/CH:S
Hj CHs H3 CH3

Propagation proceeds as in problem 5.7(a).

Propagation:

H H
ARV CH
H WCHS .
H @) 4
H H H H
CH; H H CHy H H

AT H%/%(CHS . HH 1 }%l/cH3
H @) H O

5.8. Make: C2—C7, Sn9-18. Break: C2—-C3, C7-I8.

1
O 7
Bu3SnH 6 9 8
BusSn— 1
8 cat. AIBN 5

COzEt CO,Et

Initiation proceeds as usual. Abstraction by Sn9 of I8 from C7 gives a C7 radical, which adds to the C2
carbonyl. Cleavage of the C2—C3 bond gives a C3 radical, which abstracts H- §8ntHBa give the

product and complete the chain.
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Propagation:
o) o 0
)= CE//\V
I
CO,Et CO,Et CO,Et
0O 0
H—[\énBLg
— *SnBy;
CO,Et CO,Et

5.9. Make: C2-07. Break: O1-C2, N5-0O7. Note that O6 and O7 are equivalent.

Unimolecular photochemical eliminations usually proceed by nonchain mechanisms. Photoexcitation
gives an N5—-06 1,2-diradical. Abstraction of H- from C2 by O6 then gives a 1,4-diradical, which can
collapse to aw-xylylene type of compound. Electrocyclic ring closure forms the O7—C2 bond and
reestablishes aromaticity. Cleavage of the N5—O7 bond then gives a hemiacetal, which undergoes
cleavage by the usual acid- or base-catalyzed mechanism to give the observed products.

H H H OR H OR H OR
OR hv t/H> ) j\
+_0 +_0O- + OH ~+_OH
N N~ N~ [N
| _ | _ | _ |
¢) o) o) -0

H OR H OR H
+ OH O
A — = + ROH
ll\l\k [ [
(‘L
-0 O o)

5.10. Addition of one electron to the ketone gives a ketyl (-;-&@d addition of another electron gives
a carbanion, which is protonated by EtOH. Workup then gives the reduced compound. Note how curved
arrows arenot used to show the movement of electrons in electron transfer steps.
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oo
Na : Na
— —
H H
workup
H H

5.11. Only the C-O bond is cleaved, but several C—H bonds are made.

H H [ H H HoH

H H
P Li H H

cH, UBUOH CH, CH,
H H H H H o |

First the ketone is reduced to the alkoxide according to the mechanism shown in problem 5.9. This
alkoxide is in equilibrium with the corresponding alcohol. Addition of another electron to the banzene
system gives a radical anion, which exp€#l to give a radical. This radical is reduced again and then
protonated to give ethylbenzene. Another electron is added, protonation occurs again, another electron is
added, and protonation occurs once more to give the observed product.

H o H H H H H
- - N
P © © — H-OtBu
CHj CH, CH,
H H H H
H H H H
©  h—otBu OR A\l
H ——— H — —
CH, CH, CH,
H  H H H H H
H H H H
N H
BT ap //H\* H—Ot-Bu H oL
CHj = CHj CH,

H H H H H H
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H H H H
H N H
H > H—Ot-Bu H oL
) v CHs \ H CHy
H H H
H H H
H
H
\ H CHs
H H

5.12. No need to number: only a N-C bond is cleaved. KM®@ one-electron oxidizing agent, and the
HOMO of the starting material is the N lone pair, so the first step is electron transfer to give the N-based
radical cation. N is somewhat electronegative, and it is unhappy about being electron-deficient, so it looks
to its neighbors for another electron. It can gain such an electron from a neighboring C-H bond, if
another species can take care of the H-. The jfn@adical dianion can use an O atom and an unpaired
electron to abstract H from a Gigroup to give an iminium ion. Hydrolysis of the iminium ion by a
conventional two-electron mechanism gives the secondary amine.

e CH3 NS
2 @ {_SCH,
n— O=Mr—0~ C

o :OH,

N —_—
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Deprotonation of C6 gives an ylide , which undergoes a 1,2-shift (break C4-S5, make C4-C6). This 1,2-
shift occurs in two steps: the C4—-S5 bond homolyzes to give a radical and a radical cation, and
recombination of C4 and C6 occurs to give an intermediate ring-contracted by one atom. The same
process is repeated on the other side to give the observed product. Whether one or the other regioisoemr |
obtained depends on whether C1 or C3 is deprotonated for the second ring contraction.

H
~ Ot-Bu

Me—S+ §—|v|e —

H
Me— S+ + S—M‘eS
ANY
H H

Me—S+ §—Me - Me—S+ S—Me —

YOy
H—) Ho S H
—,_ Me Me+l\’/Ie Me
L - [

Answers To Chapter 5 End-of-Chapter Problems.

1. (a) MTBE is less prone to autoxidize than ether and THF. In MTBE, only one C attached to O bears
H's, and abstraction of one of these H's giveSradical. In ether and THF, both C's bear H's, and
abstraction of one of these H's gives adtlical. 2 Radicals are much more stable thamaticals, so

ether and THF are more prone to autoxidize.

(b) ETBE is of less interest than MTBE because it is more prone to autoxidize. Abstraction of H- from the
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H-bearing C adjacent to O gives ‘aradical of comparable stability to the radical derived from ether and
THF.

Incidentally, MTBE also forms an azeotrope withH(like benzene does), so there is no need to dry it
over MgSQ or 4 A molecular sieves after an extraction, as must be done with both ether and THF.

MTBE also has a much higher flash point than ether.

(c) Acidic conditions are required.

H GO~ H Vh
H3C /—; H+ HSC {\/ H3C Oo— CH3 H3C O— CH3
—_—> + CH3 —> CH3 — > CH3
HyC H4C H4C H4C

(d) Ethanol is made from corn — hence the name, grain alcohol. If ETBE were required to be used in
gasoline, it would mean megabucks for corn producers.

(e) One reason is that MTBE is much more polar and hence more soluble in groundwater than gasoline.
The other reason is more subtle. The primary mechanism by which gasoline is degraded is by free-radical
processes — either by,@ the air, or by bacteria with oxidizing enzymes that proceed by one-electron
mechanisms. It is easier to abstract H- from gasoline (whiclf lzeel 3 C—H bonds) than is it to

abstract H- from MTBE.

2. (a) CFCs decompose most readily during the Antarctic spring and in the stratosphere. This suggests
that their decomposition is catalyzed by UV light. The action of UV light on CFCs is likely to cause
homolysis of a C—Cl bond. In fact, Cl- radicals are the agents that catalyze ozone depletion.

(b) HCFCs have a C-H bond, whereas CFCs don’t. In the lower atmosph&efu@lly, HO-) can
abstract H- from an HCFC to give an alkyl radical, which can then undergo further reactions. This
decomposition pathway is not open to CFCs, so they remain intact until they reach the stratosphere.

3. (a) This is a standard free-radical addition reactionSBuabstracts |- from the alkyl iodide, the alkyl
radical adds to the acrylate ester, and abstraction of H- from H$oBwletes the chain. The £&nl
produced in the course of the reaction is reduced by Y&REk to HSnBgl Initiation steps other than
the one shown (e.g., C—I bond homolysis) may be envisioned. The termination steps are the usual
radical-radical combination and disproportionation reactions.

Initiation: .

N
Meo,c” N Mo veoc ™ 'wl¥nBy —= -snBy
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©<5 *SnByy, — O\ + |—SnBy
B H
mecozme — @\
H COMe

. NaBH, .
| —SnBuw; H— SnBy

Propagation:

(b) Number the atoms.

R

10

The first reaction is a 1,3-dipolar cycloaddition. The best resonance structure for the dipolarophile puts the
positive charge on C5 and the negative charge on C4. This makes C5 most likely to be attacked by O1.

T g T o

Now the second step. Make: C7-N2. Break: O1-N2, C5—-C7. Heating the tricyclic compound causes
thermolysis of the weak O1-N2 bond. The cyclopropyloxy radical quickly ring-opens to put the radical
center at C7; then radical-radical recombination between C7 and N2 gives the product.

OBn H .ran
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(c) The by-products are MeOH and &@nd the O in the product must come fropOH Make: C3—-C7,
C2-08. Break: 01-C2, C3-CA4.

1
2 0OC 5 Br > 0O 1
" s THE e ag e 8 * MeOH
> > > +
4 lig. NH5 reflux 7 5 4 <
3 COZH 3 6 CH3

The first part is a Birch reduction, with Ns the proton source. It gives the carboxylate enolate as the
initial product. When the alkyl halide is added, the enolate acts as a nucleophile to give the C3—C7 bond in
an §y2 reaction.

OCH, OCH, OCH,
(I L _ L \@ H=NH, _
A CO,H -2k CO,Li CO,Li

OCH3 Br OCH3
ﬁ L| (;[ \/\CH3 Q/\/\
CO.Li CO,Li CHg

CO,Li

Birch stops here

Refluxing in acid protonates the enol ether to give a nice stable carbocation. Lossi@ic®is
carbocation gives a new dienol ether. Acidic hydrolysis of this dienol ether gives the product enone in the
usual fashion.

COsLi

H

L|
H-.CO C
3 X 3 Q.H
@1/\ - (f/\ (I/\ ~ (I/\

(d) Light promotes an electron from ttri¢o thert* orbital in the aromatic C=0 bond to give a 1,2-
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diradical.

O 0.

)‘\’(O MeMe Ph\;\ H  Me
h
Ph \Y o - .« Me

O

The O radical can then undergo Norrish type Il cleavage, abstracting H- from C1 in a six-membered TS, to
give the cyclobutanone and the ketenol.

O.
Ph \ Me OH
L\ H  Me Ox__ /. Me
O '/ it Me —_— ' + /K

O

Alternatively, the C radical can abstract H- from C1 in a five-membered TS to give the cyclobutanone, CO,
and PhCHO.

Ph '%H Me o ¢ P/
|I‘M
DA e N Me %H __ PhcHo
ya + CO

@)

(e) This is an acyloin condensation. The two ketones are reduced to ketyls, which couple and.lose EtO
The 1,2-dione is then reduced further by Na to give an ene-1,2-diolate, which after workup gwses the
hydroxyketone.

i i %) 0)
OEt 2 Na . . OEt __ Eio OEt —»
EtO EtO J \,
O o

O O O o Q O 7, H<OH O OH
\ Na - Na L’ — he work-up

- - \__~ H—\>OH - = H

(H A new C1-C6 bond is formed. Initiation has an alkoxy radical abstract H- form the C1-H bond to
make a benzylic radical. Propagation consists of cyclization, then H- abstraction by C7 from a C1-H
bond.
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3 1 _Ph
ROOR, 14CC
Ph\]/\g/\S/\7 y -
2 4 6 4©;

Initiation:
RO- OR —> RO

Phe(\/\/\ Ph\m
CIANAY

H

7
CHs

Propagation: H

~Ph Ph
% — (&
Q\@ CH.s

2

Ph th Ph  Ph_.
I~ L, T
OiCHZ‘\/\ " oH CHs, :

(g) Product 1: Make: C1-07, C3-C5. Break: C1-C5. Product 2: Make: C1-H. Break: C1-C5. In both
compounds, the C1-C5 bond is broken, suggesting that the first step in both cases is Norrish type |
cleavage.

60 ., 4 60
CH 6 O
L ﬂ’ M’ H3C75A\)J\ * w
3 4

Light induces formation of a 1,2-diradical. Norrish type | cleavage to give the stabler of the two possible
1,5-diradicals then occurs.

o) of 0
CHy | ¢) CHjs . CH,
CH; —~ CHy = {\ /~CHs

The diradical can undergo radical-radical recombination at C3—C5 to give a ketene, which reacts with
CH30H to give the ester product via an awful zwitterionic intermediate.

0
. CH, H C7A\/ c%:%—\ OCH
. 3 pZ 3
C\ J /T CHg HoC
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o @)
H3CA/k +/CH3 ~_H+> H3CN
HaC ? HaC OCH,
H H H H

Alternatively, C1 of the diradical can abstract H- from C4 in a disproportionation reaction to give the dienal

product.
O\. H —_— O —
_ CHg L CHj

(h) Twomolecules of @are incorporated into this autoxidation product, in addition to one equivalent of
thiophenol. Initiation proceeds by H- abstraction from PhSH-byRdopagation has PhS- add to the less
substituted alkene to give an alkyl radical, which reacts witto@ive a peroxy radical. This adds
intramolecularly to the other alkene to give a new alkyl radical, which combines méifjai to give a

new peroxy radical. The peroxy radical abstracts H- from PhSH to complete the chain.

Initiation:
Phs- H~ “+0-0- —= Phs + H—O-O
Propagation: o\ CH Ph . CH
Phsm/\/\( 3 — S\/\/\/ 3

CHj CH,
. O— O.

O—O0Oe
CH, CHj
O- 0-7 O—-0O
¢
CHj

CHj

Oo—-0 0—-0
th CH; — PhMCHg
+O— O O- O
CH, CH

3

o-Q H— SPh o-Q
Phs\v//i\/gx\7<:CH3 g v _ﬂ_PhS\//l;V/A\\F:CHg + PhS
0—0 O-OH
CH, CH

3
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(i) This reaction combines the Barton deoxygenation with an addition reaction. In the propagation part,
BusSn- adds to S of the C=S bond to give an alkyl radical, which fragments to give the dithiocarbonate
and a new alkyl radical. The alkyl radical then adds to acrylonitrile to give yet another alkyl radical, which
abstracts H- from By$nH to complete the chain.

Propagation: /O
Mezc j O
"""""" ?
BuySn- J\ N _CMe,
> o o’
MeS
O
/
Mezc\ j“ O
ot R —
BusSn—S _CMe
.f) S Q) o) 2
MeS
O
/
Mezc\oj“ O
4) ~ CMe,
O
/
Mezc\oj """ O O
A \ —
BusSn— H\\ic ., _CMe,
. O/

()) The Clin the product could come from either the S—CI lmyridle C—CI bond, but since C still has
three Cl's attached in the product, it probably comes from the S—Cl bond. Make: C1-Cl4. C2—-H. Break:
C1-H, C2-S3, S3-Cl4.

CIO

1 5 4 (BzO)ZA 1 4 2 3
CH; ClI S Cl CH,ClI + HCCk + SQ

CIO

BzO- is generated in the initiation. It abstracts H- from toluene to give a benzyl radical.

Initiation: A
nitiation BzO— OBz == 2 BzO-
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H H
WHA-OBZ — ®—< + H-0Bz
H H

Benzyl radical abstracts Cl4 from S3 to give benzyl chloride ag@SI),- radical. This radical then
fragments to give Sgand -CCJ, which then abstracts H- from toluene to complete the chain.

Propagation:
H O H O
®_<./\ D cCl, —= @—‘—u b oo CCl,
H 2) H (”3
@) @)

A\ \
SsCco, —= Vst o+ .ccy
v %

O @)
H H
W H . ccl, — ®_< + H-CCl
H H

(k) The by-product is CO. Make: none. Break: C1-C2, C1-C6, C3—C5.

i-Pr

Photoexcitation of the ketone gives a 1,2-diradical, which undergoes Norrish type | cleavage of the C1-C2
bond to give a 1,5-diradical. The cyclopropylcarbinyl radical opens up to give a 1,3-diradical, which
finally loses CO to give the observed diene. Some of these steps may be concerted.

i-Pr

() This radical-catalyzed isomerization reaction is a variation of th8mtrpromoted reductive cycliza-
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tion of haloalkenes that we've seen beforez31H is no longer a stoichiometric starting material, so it

cannot appear in the propagation part of the mechanism. Instead, it is an initiator that is used to generate
small amounts of the alkyl radical by abstraction of I- from the starting material

Initiation: e}
Bu;Sn—H —% Bu,Srr

HC CH,

’ HsC | |
BuzSm — W BugSn— 1 + Y
I

In the propagation part of the mechanism, the alkyl radical adds to the triple bond to give a vinyl radical
which abstracts |- from the starting material to give the product and to complete the chain

Propagation: H4C

H3 ./—\\

k3c; CH, C\bﬁ ]

(m) This reaction combines a Barton deoxygenation with a free-radical allylatigBn-Bs the chain-
carrying species.

Initiation: CHs CHs CHs
A
CN CN CN
C H - SnB
.~ P SnBus 3 B
CN H,C CN
Hj ) SnBu
U —>  BugSne
H,C CN

Propagation: ~ OH

C:)H
“_Ph S ~_PhQ_. _S_
Q\é\_-Buﬁn SnBuy,
o O
H,CO™ ™0 co” o

Hs
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OH
~
(j\(\ P A SnBy (j\/\/\
H,CO™ "0 ) H,CO™ ~0O ; SnBu
OH OH
+ BugSne
H,CO™" & 7
3 O y SnBy H;CO O

(n) This free-radical substitution appears to proceed by direct attacl®hBon the C—N bond to give a

Sn—N bond and a C radical. However, the N atom is quite sterically encumbered, and direct abstraction of
a light atom by BgSn- is quite rare. A better mechanism has th&Buadd to O of the N=@bond to

give a N-centered radical. Fragmentation of the C—N bond then gives a nitrite and the requisite alkyl
radical, which abstracts H- from E&nH to complete the chain.

Initiation: o~ 58, 2. 2 BsO-

™
BzO:  H-— SnBy —> BzO-H + - SnBy

Propagation: CH CH
<3_//0\\/\ 3 /O— SnBy;
NC - SnBly, —= NC N+
Hy O_ CH, O
H3 o— SnBLg O—SnBy,
4< >—L‘7 4< H *N
A\}
CH, O O
CHj CHj
NC 0 HDSI’IBUg — NC‘Q—FH + +SnBuy
CHj CHj

(o) In this Birch reduction, the first equivalent of Li reduces the acid to a carboxylate. The Birch
reduction then proceeds normally until after the second electron transfer step, when elimination of MeO
occurs to give a new aromatic compound. Now Birch reduction proceeds again normally to give the
observed product.
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OCH;, OCH;, OCH,
H,CO_ —
Li H— OEt
C02Li HaC CO,Li cozu
OCH;,
Hsco‘)
H @ Li — OEt
H,CO cozu cozu CO,Li

OCH;

Li Djij\ work-up
COLLi COuLi COH

(p) This reaction is a standard free-radical addition reaction, except that the reaction takes place in an
intramolecular fashion.

Propagation:

Oy O.,

Bu,sSrr D + PhSe— SnB
1 SePh s

* SnBuy

(q) Make: C2-C6, C7—Cl. Break: C1-C2.
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COzt Bu 2" CO,t-Bu

The weakest bond, the Cxhond, will be selectively photoexcited. Fragmentation of the weak N-O
bond (Norrish type | cleavage) gives a carboxy radical, which can fragment to give a C2 radical, which
adds to the C6=Cit bond to give a C7 radical, which abstracts Cl- from,@&give the product. The
reaction may or may not be drawn as a chain reaction, depending on whether the rate of addition of the
Cl3C- radical to S of the C=$bond is comparable in rate to the Norrish cleavage.

AR e AL

CO,t-Bu CO,t-Bu

,?\c
%o- - N._COBu__
CO,t-Bu J
o, U - O

COzt Bu : COzt Bu

(r) First compound: Make: C2—-H. Break: C1-C2. Second compound: Make: C2—-C4, C3—H. Break:
C1-C2, C3-C4.

D P ROOR . W%HS
5/\3)<1 )<
4 2 "CHO D D

In both products, the C1-C2 bond has cleaved. Cleavage of this bond can occur by fragmentation of the
C1 radical to give the C2 radical and CO. The C1 radical is generated by abstraction of H-.

nitiation: -0 o B_ 5 RO

D D D D



Chapter 5 26

Propagation: D D D
O

The first product is obtained by abstraction of H- from the starting material to complete the chain.

D @) D D O
|
/\)\/D\‘HQJW_’/\XH + W
D D D D

The second product still requires formation of the C2—C4 bond and cleavage of the C3—C4 bond. Addi-
tion of C2 to C4 is followed by fragmentation of the C2—C3 bond. The C3 radical then abstracts H- from
the starting material to give the second product and to complete the chain.

D D H
N |
= D — D — & H

H H H H
H H H

D D
i l
. Q
D D D D D

(s) Make: C2—C4. Break: C1-C2.

Ph Ph
H, ) A H,C 2
3 = 1)
H3 3 4
4 H3C
The C1-C2 bond is quite weak. Homolysis of this bond gives a 1,3-diradical at C1 and C2. The C1

radical is allylically delocalized onto C4, also. Combination of the C2 radical with with the C4 radical
gives the product.

Ph CH,
HC & A -
Ss H, Ph <= H
Hs

(t) Another free-radical addition reaction. The initiator is benzophenone in its photoexcited state.

Ph
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Initiation: O O-

hv )\

Ph Ph Ph Ph

H Hw._ _~ *O H OH
CH3(CH,)e XDOH )\ 7 CHy(CHy)s /ROH ' )\

Ph Ph Ph Ph

Propagation: (CH,)CO,H CH4(CHy)g H (CH,)sCO,H

CH3(CHy)s )\ é& %

(CH,)sCOH (CH,)sCOH
CH5(CHy)gH : /6\%1 (CH).CHy CH(CHy)gH ' (CH,)sCH:

HO O — HO C)+ >

H HO™ “H H HO™ “H

(u) Make: C3—-H. Break: C3—-C6, C5-H.

Photoexcitation of the ketone gives a 1,2-diradical. An unusual mode of cleavage for ketones that is
neither Norrish type I nor I, cleavage of the C3—C6 bond, then occurs to give a new diradical. The
unusual cleavage occurs here in order to relieve strain in the four-membered ring. A disproportionation
reaction (six-membered TS) then gives an unsaturated enol, which tautomerizes (acid or base catalysis) to
give the observed product.

O ‘O ). V\.O
Ph e NS ppy — Z>Spp T
H H 4
0
> 7" taut. Ph
A Spp -
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(v) From starting material to first product, two equivalents op @@ missing. First product: Make: C1-

C14, C5-C10. Break: C1-C6, C5-C6, O7-08, C9-C10, C9-C14, O15-016. From starting material to
second product, one equivalent of £©missing. Second product: Make: C1-C14, C5-015. Break:
C1-C6, C5-C6, O7-08, C9-C14, 015-016.

sty = ) @ e
o2 -015

Heating cleaves a weak O—O bond homolytically to give two oxy radicals. Fragmentation of the C1-C6
and C9-C14 bonds gives two radicals which recombine to give a cyclic diacyl peroxide.

OO = (RO -

SR
7 N\ . _0
@) @]
(O ®)
(@)

Homolytic cleavage of the 015-016 bond gives a new diradical. This can lose either one or two
equivalents of C@before recombination to give the two observed products.

OR
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(w) Make: C1-N3. Break: O2—-N3. This is a Barton reaction. Homolytic cleavage of the O—-NO bond
gives an oxy radical which abstracts H- from the nearby C1. Combination of this radical with NO, then
tautomerization, gives the oxime.

4 CH | CH
1 3NO 3 3
HC & CgHa7

(x) Two sequential free-radical addition reactions occur. They may be stepwise or concerted.

Propagation:

CC“Q Ciéb dﬁb
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@)
H H
A
H—SnBy —= + +SnBy
'\H/

H

(y) Reduction of the ketone by Sigives the ketyl. Addition of the C radical to ethyl acrylate gives a
new radical, which undergoes further reduction by-.Smpive the ester enolate. Workup gives a
hydroxyester alcohol, which closes up to the lactone (cyclic ester).

o osmi, ~
@ S \//\C%Et —

OSml2 osmi,

OSmb,
. \ﬂ
OEt
OW B °
O
o

(z) The BgSn- adds to the alkyne to give an alkenyl radical, which then undergoes intramolecular
addition to give an alkyl radical. This radical is quenched from the less hindered side to put the
carboxylate group in the more sterically hindered position.

Initiation: CH, CH, CHj
HaC I N=N I CH, 2> 2 H3CA{- + N
CN CN CN
CH; CHj

Hoe— " “H<SnBy —= H3C+H + - SnBu
CN CN
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Propagation:

MeO,C MeO,C 7
BugSrr Me Me~ Me
TN Me H . Me
H—= OH ; OH
BusSn
MeO,C
Me
Me BusSn., _~ Me
OH OH
BusSrr
° H
MeO,C
Me
Me BusSn., ~ Me
OH OH

(aa) The easiest atoms to assign in the product are C2, C9 and C4. Break: C3-C7.

Q K
6 2L 2
] 7
lig. NHg  °

9
H,c H

The first step is electron transfer to the CeQorbital to make the ketyl. This undergoes homolytic C3—
C7 cleavage to give an enolate and a radical at C7. Under the reaction conditions, this radical is reduced

by a second equivalent of Li to give a carbanion, which is protonated gy Nté enolate is protonated
on C9 upon workup.

H H H
O O O
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H H
H H H R H
HDNH work-u
/ —2>(\ / _work-up. \
_ L H*
0 0 o” \
\_/ CHs Hoe H

(bb) Again, the easiest atoms to number in the product are C2, C9, and C4. In the product, the
bridgehead C next to the carbonyl C2 is going to be either C1 or C3; this C is more likely to be C1, since it
is bound to two CHs, and in the starting material C1 is bound to one CH and opev@be C3 is

bound to no CHs. From there the numbering is clear. Make: Si—-C9, C4-C2. Break: C2-C3, C4-C5.

6 (MesSi)s;SiH
cat. AIBN

(MGgSi)gSi

This is an intermolecular reaction, so it's going to be a chain process. Initiation has the AIBN-derived
radical remove H from Si. In the propagation, the Si radical adds to C9. From there, two pathways are
possible. Either we can make C4—-C2, then cleave C3-@22ye can cleave C2-C3, then make C4—-C2.
Either way, the final steps are the cleavage of C4—C5, then abstraction of H- from Si—H to start the
propagation again.

Initiation: CHj CHj CHj
H4C I N=N I CHs, A H3CA{- + N
CN CN CN
CHg A CHs
CN CN
Propagation:

. Si(SiMez); —
A -
- Si(SiMey)s
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- — — =
Either: QL 5 o

Si(SiMez)3 Si(SiMez)3 Si(SiMes)3

Or: . . \ . Y
! G o”
Si(SiMe&3)3 Si(SiMe&3)3 Si(SiMe&3)3
HDSi(SiM%k C
. -Si(SiMey),
07\
Si(SiMey); Si(SiMey),

Si(SiMe)5

(cc) A molecule of ethylene is lost. Make: C1-010, C4—-C9. Break: O10-C11.

Et Bu

11 12
Hzc: CH2

Enediynes tend to undergo Bergman cyclizations, and the C4—C9 bond can be made in this way. The C5
and C8 radicals produced thereby can each abstract H- from C1 and C12, respectively. Fragmentation of

the C10—C11 bond, then radical-radical combination gives the product.

HBC\ H H H

OE/.<I

Bu (\//Z Bu <. @) Bu
S Et : Et
SN N <
HQ
H4C H H H H
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Alternatively, a retro-ene reaction cleaves the O10-C11 bond and gives a highly unsaturated ketene. The
ketene can undergo cycloaromatization to give a diradical intermediate. H- abstraction and radical-radical
recombination then give the product.

H H
H H
‘7 (O H Bu O
Bu % Bu d
Et :
Et Et
X O
Pr Pr H H
H H
Bu : 04 Bu
.CHZ _»
Et Et
H H

(dd) Make: C5-C9. Break: Si1-02, C3-C5.

1 2

Fe(NOy)3 has the same reactivity as CAN, a one-electron oxidizing agent. The{fg(MlDremove the
electron highest in energy from the substrate. Such an electron would have to be one of the unshared
electrons of the O atoms. After removal of an electron from 02, the C3—C5 bond can fragment to give a
C5 radical, which can add to C9 and generate a new radical at C10. The C10 radical then abstracts H-
from 1,4-cyclohexadiene. Sil is lost from O2 upon aqueous workup.
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T H .
Me;Si MesSi-O
+ H \ € workup
EtO W - EtO > product
Ph"" Ph""

(ee) The purpose of Mn(OAgj)s to make an enoxy radical. This occurs by formation of the Mn(lIl)

enolate followed by homolytic cleavage of the Mn—O bond. A cascade free-radical cyclization then occurs
(either in one step or stepwise) to give the fully cyclized radical. CugQAen promotes another one-
electron oxidation to give a carbocation, which losésdjive the product.

MeO,C Cl

CulOAck product

O O
MeO,C Cl MeO,C Cl

4. (a) The third step, combination o @ith a radical, is reasonable. The fourth step, abstraction of H-
from an O-H bond by ROO-, m®t reasonable, because the alkylperoxy radical is much more stable than
the alkoxy radical. The radical could abstract H-, but not from an O—H bond. The fifth step is reasonable,
assuming that the benzyloxy radical could be formed in the first place. The sixth step, abstraction of RO-
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from an RO—OH bond by a stable alkyl radicaljesy doubtful HO- is a very high energy species that is

only very rarely seen in organic reactions, and reaction mechanisms claiming HO- as an intermediate or
by-product must be viewed with great skepticism. (It is, however, an important biological radical.) Also,
abstractions of first row atoms are not common, and the proposed -OH abstraction reaction is expected to
be quite slow.

(b) The fourth and fifth steps could be combined to give a reasonable step. That is, the peroxy radical
could directly abstract H- from the benzylic bond in an intramolecular fashion to give a benzylic radical and
the hydroperoxy compound. This would require a seven-membered TS, but at least the H- would be
abstracted from a relatively weak bond. Unfortunately, this would not solve the problem of the sixth step.

079 Ph o_ _Ph o
Ceo W Ceo (T % Ceo >7Ph
O\O.) O, © «OH

A better possibility: PhCpD—adds to go. Then autoxidation of a benzylic C—H bond occurs to give the
hydroperoxide. Then theggcarbanion displaces GHrom the hydroperoxide to give the product.

O
O Ph HO Ph @) Ph ')
Cso X CX — Cqo 7( — C@ >7Ph
- H O-0- H H - H O-OH
\/ \ S v o]



Answers To Chapter 6 In-Chapter Problems.

6.1. The mechanism is identical to hydrogenation, with [(pp)&blacing H and [Pt] replacing Pd.
The number of ligands attached to Pt is uncertain, so it is permissible to write [Pt] insteagP PRI

(PhyP)gPt.
_B(Pin) , Ph—==—CHj

(Pin)B—B(Pin) HDt]\B oi
%; PN () (a) oxidative addition;

Py ° Phl_—CH3 (b) coordination;
B(Pi i tion;
Ph CH, /R P CHs [ 1< BEP:Z; gg)) Irr::-?:l%rclt(i)\?e elimination.
> - : (d) IEP'[] B(Pln) <—/(C)
(Pin)B B(Pin) B(P

6.2. The mechanism begins the same, but after coordination of tha Ber@ to Rh, a Si-Rh-O
intermediate is obtained. Reductive elimination gives the identical product.

RsSi—H Rh/ K&M
a S|R3 (b)

""" Me (a) oxidative addition;
" | H (b) coordination;
<. (c) insertion;
P A SiR;  (d) reductive elimination.

O—V" Me O—rl\/l

/ (d) / J(c)
R3SI H S|R3
6.3. The mechanism proceeds by insertion of Rh(l) into the Si—-H bond, coordination of tmebG=C
to Rh(lll), insertion of thetbond into the Rh—Si bond, coordination of CO to Rh(lll), insertion of CO
into the Rh—C bond, and reductive elimination to give the product and regenerate Rh(l).

Ph Ph
\ 7/
OSi—H
Ph Ph Ph Ph
H \ / 11 \ 7/ 11
-P N S OS—[Rh}—H OSi—[Rh}—H

IS G
i-P i-P T
product/x

Ph Ph H Ph Ph H
\ / [ 111 \ / AR
[RA—C=0 -— OSi [Rh-C=0 —_ OSi [Rh]—H
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6.4. The isomerization of alkylzirconocenes proceeds by a sefidsyalride eliminations and insertions.
Because the C(3p-Zr bond is much stronger than the GJs@r bond, and because the allene product
that would be generated Byhydride elimination from an alkenylzirconocene is high in energyB-the
hydride elimination is uphill in energy.

6.5. An alkylzirconocene undergoedond metathesis with4Bas to give the alkane and{ZpH*.
Coordination and insertion of the alkene into the Zr—H bond regenerates the alkylzirconocene.

\Y H,C=CHR v \
Cp,Zi—H ——  cp, il \ g
coordination H
HSC\/ R ’x
o bond metathesi . . /
v R Insertion
H/H

6.6. The reagent PhI=NTs can be drawn in the resonance meNH’h,Iwhere its resembalnce to CIO
becomes clear. Moreover, the issues of the square planar coordination sphere of the Mn(salen) complex
don’t exist with Cu(ll), so a very simple mechanism can be drawn: coordination of the N of the reagent to
Cu(ll), displacement of Phl by a lone pair on Cu to give a Cu(lV)=NTs reagent, [2 + 2] addition to the
alkene, and reductive elimination.

+ - +
Pht—NTs  pp| %)

I _ NTs
v (@) DN g
R R? Cu: .
(c) L (a) coordination;
v R1 (b) [2+2] cycloaddition;
N TsN—/ NTs (c) reductive elimination.
Ts V| (b) v
Cu—\ , Cu
i Rl R?

Unfortunately, there’s a problem with this mechanism, too: Cu doesn't like to be in the IV oxidation state.
A more likely mechanism begins with one- or two-electron reduction of Cu(ll) to Cu(l) or Cu(0), followed
by a Cu(l)/Cu(lll) or a Cu(0)/Cu(ll) catalytic cycle. The electrons for the reduction would have to come
from the PhI=NTs reagent.

6.7. OsQ(OH), is in equilibrium with Os@Q. Addition of the amine oxide O to Os gives an Os(VI) ate
complex, and a lone pair from Os displaces;iRgive OsQ.
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@) O ~_ + @) @)

I “HO0 _ I TO—NR; 1} + I
O=(|)s—OH — ﬁ)s O=?|)s—OU\IR3 — O=ﬁ)s=0

OH O O O

6.8. As before, KOSO,(OH), is in equilibrium with OsQ. TsNCI adds to Os, which uses a lone pair to
displace Cl from N and give the key Os(VIII) intermediate. Coordination of the Sharpless ligand creates a

complex that adds rapidly to the alkene. Hydrolysis of the Os(VI) product regeneraig®©Bs@nd
provides the product.

Ts
0O > O ~_| O Ts
vl OH Q OH _—H,O v N—Cl w7} | _»V,”C%/NTS
o:ols_o|-| —— w/oS\ O=”Os O=ﬁ)s—N—Q:I O//<O
HO oy G "OH 0 O
(DHQD),PHAL ‘
Y
Ts _Ph L
TsH Ph V?\E) N . Q| NTs
%N oL
H 5 Hzo O/ ._',',,CO Me O/ o)
“CO,Me 2
’ X _COMe
P N

6.9. The alcohol and aldehyde are in equilibrium with the hemiacetal. Coordination of Hg(ll) to the
alkene is followed by attack of the hemiacetal O on the alkene to give, after loss of AcOH, the product.

Et Et

O/kOH Hg(OAc), o~ SoH
i
\] CgH; /K/\

7 Q
(ACO)ZHZ\

ji/\ EtCHO
CgH37 X CgH37

Et Et

O OH - HOAC O O

Hg(OAc )\/K/H OAc
C8H1)\/K/ g( )2 g

7 C8Hl7

6.10. Coordination of the alkyne to Pd(ll) is followed by attack of O on the distal C to give the furan ring
with the C—Pdy bond. Proton transfer from O to the C bearing the Pd is followed by fragmentation of the

C—Pd bond to give the product and to regenerate Pd(ll). Instead of protonating C, one could protonate Pd
and show a reductive elimination to give the same product.



Chapter 6 4

AN \/
N Ph o / [Pdﬁé H
[Pd] Ph
/
Il [Pd]

6.11. The mechanism is very similar to the stoichiometric one, except that the key dialkylcuprate reagent
is made from transmetallation of the Grignard reagent.

Z Mgl _\ ! 'V'e\(:/io
y J I-Pr

[Cu] "MgBr

/\\
Ve OMgBr \_(I:L/\ . |L'_| *MgBr
M -) nggBr M \/
i-Pr - Q\Ci
i-Pr

6.12. As usual, we number the heavy atoms.

30 2 MgCI 4
1
9\/7\/5\sz NEt  cat Ti(Oi-Pr), C é

8 6

Hold on! The product is missing O3. Where did it go? Also, what happens to the two equivalents of
CsHgMQgCI? It makes sense that O3 should be bound tdgLl ions at the end of the reaction. That
leaves two GHg groups to account for. Perhaps they are disproportionateddhtg@nd GHg. Make:
C2-C8, C2-C9, 03—-Mg11 (twice). Break: C2-03, C10-Mg11 (twice).
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H H 3 11,11
H O(MgCl),
1
4 NEt2
\/\/\3)(1 2 0 N1|§13C| 5 2 1
1
9\ 7 5 2 "NEt, cat. Ti(Oi-Pr)4 6 9
8 6 4 - 8H H H

The Grignard reagent is obviously a nucleophile. Although C2 is an electrophile, we do not make a C2—
C10 bond, so that is not the first step. The first step is substitution 6fRv@ groups on Ti with two

CsHg groups. 3-Hydride abstraction then occurs to giveHgg and a titanacyclopropane, which is a
resonance form of Ti(ll)—§Hg complex. Exchange of the;8g alkene ligand for the substrate alkene

gives a new Ti(ll)-alkene complex, which is a resonance form of a Ti(IV) titanacyclopropane. This ligand
exchange converts both C8 and C9 into nucleophiles. Insertion of the @23dd8 into the C8-Ti bond
gives a titanafuran with a new C8-C2 bond. This compound can also be described as an
O-titanahemiaminal. The lone pair can be used to cleave the C2—03 bond and give an iminium ion and a
Ti(IV) alkyl ate complex, which is nucleophilic at C9. Attack of C9 on C2 gives the desired product and a
Ti(IV) oxide, which undergoes ligand substitution with two equivalentssblg®IgCl to complete the

catalytic cycle.

i-Pro
i-PrO~ Ti- O4-Pr

|
i-Pro 2 MgCl O
o ()

I- PrOMgCI O| Pr Et2N

i-Pr—O\
i-Pr- O—T| I-Pr-Q I-Pr-Q " Ti—
(b) R A o
T| Tl—— i-Pr-O
i-Pr-& i-Pr-G
MgCl
NEt,
2 M OCI I
92 2 i Q
i-Pr-O__ v (d) i- Pr—OJV i- Pr—QIV _ /
T| A -
i-Pr-0” \ % i- Pr—d \\ i- Pr—d \
NEt2 <iNE,
(a) ligand substitution; NEt,

(b) B-hydride abstraction;
(c) insertion;
NEt, (d) ligand dissociation and nucleophilic addition.
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6.13. The question should read: NMO oxidizes one CO ligand of the alky{&cocomplex to CQ
and gives an alkyne—-G(&O)s complex. Write a mechanism for this transformation.

The mechanism begins with nucleophilic attack of the amine oxide O on a CO ligand to give a species that
looks something like an ester. The Co—C bond then cleaves, with the electrons being used by C to make a
mtbond to O and expel NR

e CQ CQo O
R o) -t R 0,0 + R o)
j}clo/—c,é/\é O—NRs _Clo/—C{%/\NBRfS . c’ & NRg
< A < !
Ca—CO Ca—CO Ca—co ©
I | |
R &0 R &0 R &0

6.14. This reaction can be viewed as an acid-catalyzed aldol reaction between an ester and an aldehyde,
where the carbonyl O of the ester is replaced with afCQjroup.

CQo o) CQo

OMe BF OMe
oc /C:r/ o h)J\ 3 OC—/C:r/:§_<H
oC cO 3 P H oC coO

H Ph

The mechanism proceeds byfatalyzed conversion of the Cr carbene complex to an “enol”, followed
by attack on the Bf-complexed aldehyde.

o O—BF;
BF:  cQ.o/ F.B CQ s .8 CQq3s P
N oggove PR LEGOwe PR [OGme 7w
TS Seny, T O 5E N T OS5 TSen
oc Lq 3 octo &, oC 2
BF + _BF
C + 3 C oo 3
S "o omed -+ FB " Sme Hg/
OC con”T pn H Cco Tpn H
H H
HO—BF,
C + C
PR /ixQ?O OMe H —BFs |/Q30 OMe H

S G o
oC oC

CO CO

L ph L ph

6.15. Make: C1-C5, C3-C7, C5-C6. Break: C3-Cr4, Cr4—C5.
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4 5 6 7
1\ Cr(CO) =—7Pr
N 23
Me OMe Me

The mechanism begins with a [2 + 2] cycloaddition between the Cr=C bond areQHmaxd to form the
C3-C7 bond and give a chromacyclobutene. Electrocyclic ring opening breaks the Cr4—C3 bond to give
an allylidenechromium compound. At this point, several pathways are possible; one is shown below.
Electrocyclic ring closing of the 1,3,5-triene system gives a chromacyclohexadiene, insertion of CO into
the Cr—C1 bond (or Cr—C6 bond) occurs, and reductive elimination gives the product.

Me Me electrocyclic
\ Cr(COy =—~Pr \Pr /Cr(CO)5 opening
[2 + 2]
N M N M
Me OMe Me OMe
(OCI\)/ISSK (OC)Cr
electrocyclic M P
N\ / Pr  closing " insertion
N N
Me OMe Me OMe
(CO)s
Cr
M \ reductive
o Pr elimination
N OMe

Me

An alternative end-game has the CO insert into the Cr=C bond of the allylidenechromium compound to
give a Cr complex of a ketene. Electrocyclic ring closing of the ketene would then give the product.

6.16. The purpose of the P compound is to coordinate to Ni(0) and keep it in solution throughout the
course of the reaction. Coordination of the diene to Ni(0) gives a complex that can also be drawn as a

Ni(ll) nickelacyclopentene complex. Coordination of the alkyne, insertion, and reductive elimination
complete the catalytic cycle.
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OAc

0 /\
[Nl]

M —

[N ]

(c)
(b)
[N|] Il
Me

(a) ligand coordination; (b) insertion; (c) reductive elimination.

OAcC

6.17. Coordination of the Rh(l) to the vinyl group and homoallylic rearrangement gives a
rhodacyclohexene. Insertion of the alkyne into a Rh—C bond and reductive elimination completes the
catalytic cycle.

RHII

\X A_? (a) Coordinati_on;
OTB% OTBS @v ?8 if;grgrct)iilllyhc rearrangement;

=S (d) reductive elimination.

OTBS Rh

OTBS

6.18. Make: C1-C9, C3-013, C5-C10, C7-C12, C10-C11. Break: C3-C5, C3-06.

o) 5
2 mol % [Rh(CO}CI]z,
o k

11 12

The C7-C12 and C10—C11 bonds can be made by a Diels—Alder reaction (cyclohexene product). This
observation simplifies the problem considerably.
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0 0
0 H o)
=10
—
\ 0\, o 0
Me Me

The mechanism for formation of the cycloheptenone is exactly the same as discussed in the book. After a
Diels—Alder reaction, the enol ether is hydrolyzed to the ketone by an acid-catalyzed mechanism.

6.19. As is almost always true when when the substrate in a Pd-catalyzed reactiof)+X Qs first

step is oxidative addition of Pd(0) to the C—I bond to give an arylpalladium(ll) intermediate. (Although the
Pd compound that is added to the reaction mixture is Pd(ll), it is reduced in situ to Pd(0) by the
mechanism outlined in the text.) Coordination of CO and insertion into the C—Pd bond gives an
acylpalladium(ll) intermediate. Deprotonation of the alcohol is followed by nucleophilic attack on the
carbonyl C. Expulsion of Pd(0) gives the product and completes the catalytic cycle.

[Pd]0
6 ©é @io

(a) oxidative addition(b) coordinationjc) insertion.

6.20. Make: C2—-C6. Break: C2—-Br. Also, note the loss of one H from CS8.

10 Pd(OAc), PhP
e Eth

The mechanism begins with oxidative addition of Pd(ll) to the C2—-Brl bond to give an arylpalladium(ll)
compound. (Although the Pd compound that is added to the reaction mixture is Pd(ll), it is reduced in situ
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to Pd(0) by the mechanism outlined in the text.) Insertion into the CA$0wd is followed bys-
hydride elimination, with the H coming from C8, to give the product and H—Pd(ll)-Br. Deprotonation of
the Pd complex regenerates Pd(0) to complete the catalytic cycle.

[Pd}— Br
° [Pd] o "
(a) oxidative addition;

salt (d) (b)‘ (b) coordination, insertion;
base H (c) B-hydride elimination;

(d) deprotonation, dissociation.
‘\{ S

6.21. It proceeds by the standard mechanism for cross-coupling reactions: oxidative addition of Pd(0) to
the C—I bond, transmetallation to give the C—Pd(II)-C compound, and reductive elimination.

\—/oxid. addn.

[Pd]®

Tf Tf Ared. elim.

I Iz
v,
s,
',

6.22. Again, it proceeds by the standard mechanism for cross-coupling reactions: oxidative addition of
Pd(0) to the C-Cl bond, transmetallation (can also be viewed as ligand substitution) to give the N—Pd(Il)—
C compound, and reductive elimination.
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: . : "[Pd}—-Br

OXId addn. ‘ C (MegSi),NLi
0
[Pd] Y LiBr

NsiMeg, " ™ [PAI-N(SiMey,

Me Me

6.23. The mechanism is the same as a regular Stille coupling, except that coordination of CO and insertion
into the Pd—C bond intervenes between the oxidative addition and transmetallation steps. At some point
the TfO- group on Pd is exchanged for a Gfoup.

"IPd-oT1f CO ”[P\d]—X
co
O O

\‘/((a) \ ()

[Pd]°
A(e) Il N SiMe Il
[Pa] """ (d) [Pd}-X
SiMe; Bu,ShX
¥ SiMe,
BuSIT N~

(a) oxidative addition; (b) coordination;
(c) insertion; (d) transmetallation; (e) reductive elimination.

6.24. Protonation of the epoxide by AcOH is followed by nucleophilic ring-opening with P®) (S
type reaction) to give an allylpalladium(ll) complex. The Ad¢en attacks the allyl ligand, regenerating
Pd(0) and affording the product.

Oy =
+
O H

(a) oxidative addition;
[Pd]° N (a) (b) nucleophilic displacement (}3").

H ( HO S OAcC
11
G b [Pd]
©) \/
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6.25(a). Coordination of Pd(ll) to the alkene converts the alkene into an electrophile, which is attacked by
the OH lone pair to give an alkylpalladium(ll) complg¢Hydride elimination, insertion, and a secdhd
hydride elimination afford the product and a Pd(Il) hydride, which is deprotonated to Pd(0). Oxidation of
Pd(0) back to Pd(ll) is carried out by Cu(OA@nd the Cu is then reoxidized by.O

SUENS L I
a n—H
[Pd]” — H
X L [Pd]"

I
Pdl” @) H H
[Pd]°
- l(b)
H—[Pd]
CH 9 3 —LHH
/ 3 (b) h \y

[ ] [Pd—H

H H

(a) ligand association; (8-hydride elimination; (c) insertion; (d) oxidation.

(b) The mechanism is exactly the same as described in (a), except that the nucleogbilend the last
-hydride elimination removes H from O, not C.

HQ H H
CXA CX/ Pt =2 e
[Pd]"

(d)

OHC H H
[Pd]O |
(b)
[Pd]” Y v H
CHj L M B —\—LH
[Pd]" [Pd—H
OHC H H OHC H H OHC H H

(a) ligand association; (I-hydride elimination; (c) insertion; (d) oxidation.

6.26. The mechanism begins witthydride elimination to give a benzylidenetitanium complex. A [2 +
2] cycloaddition gives the titanaoxetane, and [2 + 2] retrocycloaddition affords the product and the by-
product.
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~NMe, Me,
w  pw @

H%
Cp,Ti 7 CpTi=X

— TiC
A;H Ph CpoTi—\ P2
P ! Ph Ph

(a) a-hydride elimination; (b) [2 + 2] cycloaddition; (c) [2 + 2] retrocycloaddition.

6.27. The Mo=Qtbond of the catalyst (Rt=Bu in the first catalytic cycle, R = h subsequently)
undergoes a [2 + 2] cycloaddition to the substrate to give a molybdacyclobutane. A [2 + 2]
retrocycloaddition affords a new Mo=i€bond, which undergoes intramolecular [2 + 2] cycloaddition
with the other C=Gtbond in the molecule. A [2 + 2] retrocycloaddition affords the product and
regenerates the catalyst.

“Et Et '°—Et
(@) [2 + 2] cycloaddition; (b) [2 + 2] retrocycloaddition.

6.28. The mechanism again consists of a series of [2 + 2] cycloadditions and retrocycloadditions.

TiCp, —TiCp,
C Z? . —

n \(_b)/ _—
(a) [2 + 2] cycloaddition; (n=n+1) n
(b) [2 + 2] retrocycloaddition.

TiCp,
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Answers To Chapter 6 End-of-Chapter Problems.

1. (a) A new C—C bond is formed between a nucleophilic C—Zn and an electrophilic C—Br. This Pd-cata-
lyzed reaction proceeds through the standard oxidative addition, transmetallation, reductive elimination
process characteristic of Pd-catalyzed cross-couplings. The oxidative addition requires Pd(0). The role of
the DIBAL is to reduce the Pd(ll) to Pd(0) by two transmetallations and reductive eliminatign of H

Cl.B PP 2 iBLAI—H  PRRJ H - PRRD
PhP Cl (a) PhP™ "H (b))  PhP”
PhgR._ 0
@ oh, P/Pd Q m BanCI
gy | BCH
SO,Ph
N—
e ®)  Php Y/
NG SO,Ph

(a) transmetallation(b) reductive elimination{c) oxidative addition.

(b) An allylic leaving group is replaced by a nucleophile. This reaction proceeds through the standard
sequence for allylic substitutions catalyzed by Pd, i.e. two sequential backside displacements. The chiral
ligand causes the nucleophile to attack only one of the two prochiral termininédoe allyl inter-

mediate. The N may be deprotonated before or after it attacksatlycomplex.

O(Ph)P N o Al
. owe TN
CO(Ph)ZP /@ /\JL/\ o P(Ph)zo> A

OMe > P(PhyO
—  ° _
P(Ph)zo O(Ph)zP\ o (j + J/ (j J/
” P(Ph)zo ) C O(PhyP” NTs

(c) A new C—C bond is formed between a nucleophilic terminal alkyne@®H@nd an electrophilic C—I.

This Sonogashira reaction proceeds through the standard oxidative addition, transmetallation, reductive

elimination process characteristic of Pd-catalyzed cross-couplings. The terminal alkyne is converted to a
Cu(l) acetylide before transmetallation to Pd occurs. The mechanism was discussed in the text (Section
6.3.4).
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(d) A new C-C bond is formed between a nucleophilic C—B and an electrophilic C—I. This Suzuki
coupling proceeds through the standard oxidative addition, transmetallation, reductive elimination process
characteristic of Pd-catalyzed cross-couplings. The mechanism was discussed in the text (Section 6.3.4).

(e) There is no nucleophile in this Heck reaction. The first step must be oxidative addition of Pd(0) to the
Ar—I bond to give a Pd(ll) complex. (Before this can occur, the Pd(Il) complex that is added to the reac-
tion mixture must be reduced to Pd(0). In this system, it is not clear how it happens. Either the B

in a small amount of heterocycle might act as a reducing agent.) The crucial C—C bond is then formed by
coordination of thetbond of acrylate to the Pd(ll) complex and migratory inserthlydride elimina-

tion gives the organic product and I-Pd(l)-H. Deprotonation and dissociatioregeherates the

Pd(0).

Ph Ph

C[ “roos AL L
N \— CO,Et

=l P P

Ed—l (b) J )

n

Ph H ~
COzEt CO,Et H : NEt, 0
\ |2 — LPd
/ | "PdL,  (e) n
s H D

(a) oxidative addition(b) coordinationyc) insertion;(d) B-hydride elimination{e) deprotonatio

(H An allylic C with a leaving group is being epimerized by the Pd(0) complex. One possible mechanism
is simple displacement of N by Pd(0) to form thallyl complex, then displacement of Pd(0) by N to

reform the ring. The problem with this mechanism is that allylic substitution reactions catalyzed by Pd
proceed withretentionof configuration (two {2-type displacements), whereas this reaction proceeds with
inversionof configuration. In this particular molecule, the anionic N can coordinate to thalRt
intermediate in an intramolecular fashion; reductive elimination from this chelate would give the product
with overallinversionof configuration.

PhyP PhgP
R — _ 0_PPh PhsFLPd B |_F|>h3,FlPd
% Pdl > PPh a S </'ﬁ . ArOZSNu.). </’ﬁ —
H QSAFI oxidative H H R H
addition ~NSGAr
PR PPh | SOAr

H
Pd — N~/ PhP_ 0
ArO,SN-N"__ - + s > pd
reductive PhP”

R H elimination R H
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(g) Make: C4-C5, C1-H. Break: C5-H.

CHj
. 2 CHs ScozEt 1 mol% Pd(dbay-CHCl, 1_2 CO,Et
— 3 . + H CN 5 mol% dppf 3 45 CN
Ph Ph

C5 is extremely acidic, and once deprotonated it is nucleophilic. C4, though, is not electrophilic, so we
need to convert it to an electrophilic C. Looking at the product, one sees that the new C—C bond is allylic.
This suggests attack of C5 omallyl complex. This complex could be made by insertion of the(21

mtbond into a Pd—H bond. This last could be made by protonation of Pd(0) by C5.

CH, CHs CH,
COEt _ :._< H _§

allylic CN R N
A L L,Pd H— PdLn

Protonation of Pd(0) gives [Pd(II)—H] Coordination and insertion of the €12 rtbond gives the Pa
allyl complex. Attack of the nucleophile on the less hindered terminus gives the observed product.

CH,
) /\ COZEt :—< CH3
N +
L,Pd: H+CN — H—Pd ) < A
n T bn coordination, +d
Ph insertion. P di
CO,Et s
Hy 2 CO,Et 0

}<J CN — cN T LaPd:

A

LnPd, Ph

(h) This reaction is simply a Wacker oxidation. Its mechanism was discussed in the text (Section 6.3.6).
The key steps are attack 0of® on an electrophilic Pd—alkene complex, tRerydride elimination to give
the enol.

() Make: C1-C5, N4-C5, C3-06. Break: C1-Br.

o EtQ® O
3d> 2 3 ]
2 A
N2 2% (PhP)PdCh, 8% PPl N3
CO, 1.3 Ef{N, EtOH 1
1 Br S 6 o)
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Incorporation of CO into an organic substrate usually occurs by insertion of CO into a C—metal bond. The
requisite C1-metal bond is formed by oxidative addition of a Pd(0) species into the C1-Br bond, the
normal first step upon combining a Pd(0) compound and an aryl halide. Coordination and insertion of CO
follows. Addition of N to the carbonyl and loss of Pd(0) gives an iminium ion, which is trapped by EtOH
to give the product.

O o+
’> p}«bp\ d> ( I
p/ SN ¢ T
P —
hs SLS1o N P T —
oxidative |||:> Br  coordination I insertion

addition Ld Br
n
O/> o
=
N j ‘ﬁf\ L)
F}. C ON: - HOEt
llsrc]j” X = @1l Br %d
Br - Pd +
o} O L, O o
Et— Et— O
( _H* :I
@)

() This is another Heck reaction. After the insertion to givestbeund Pd(Il) 3-hydride elimination
occurs in the direction of the OH to give an enol. The enol tautomerizes to the aldehyde.

(k) Make: C1-Cl, C2-C3. Break: none.

4
2 come S > cHo Con‘i
2 4 LiCl, AcOH Cll A3
2 mol% Pd(OAC) 2 CHO

In fact, a mechanism for this reaction can be drawn that does not involve Pd at all, but let's assume that Pd
is required for it to proceed. Qust be nucleophilic. It can add to C1 of the alkyne if the alkyne is

activated by coordination to Pd(ll). (Compare Hg-catalyzed addition of water to alkynes.) Addition of
Cl-to an alkyne—Pd(ll) complex givesseébound Pd(Il) complex. Coordination and insertion of acrolein

into the C2—Pd bond gives a newbound Pd(ll) complex. In the Heck reaction, this complex would
undergd3-hydride elimination, but in this case the Pd enolate simply is protonated to give the enol of the
saturated aldehyde.
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CO,Me COZMe MeO. I bg
‘ _ Lpd ’ | " oo
‘ ‘ coordlnatlon LnP ‘ coordination,

insertion

Meozcj/I PdL, Meo2 MeO,
I L UA/L PN

Cl H O

() A new C—C bond is formed between a nucleophilic C—Sn and an electrophilic C-Br. This Stille
coupling proceeds through the standard oxidative addition, transmetallation, reductive elimination process
characteristic of Pd-catalyzed cross-couplings. The mechanism was discussed in the text (Section 6.3.4).

(m) Make: C1-C10', C2-C10, C3-C7, C8-C10, C10'-O11. Break: C1-009.

7 8 6 7 8
S cat. PA(PPY), & o
5 3., 14 CO, MeOH
AN 10 1 10'11

OAC CO,Me

1

The first step is oxidative addition to the C1-09 bond to makereaitd complex. Both C1 and C3 are
rendered reactive by this step. At this point, we can either make the C1-C10' bond by CO insertion, or
we can make the C3—C7 bond by insertion of the C7=@@&nd into the C3—Pd bond. The first

alternative would be followed by displacement of Pd from C10', requiring a new activation step to
incorporate Pd into the substrate and allow the formation of the other bonds. After insertion of the C7=C8
mtbond into the C3—-Pd bond, though, we get a C8—Pd bond. This can insert CO to give the C8-C10
bond. The C1=C2rbond can now insert into the C10-Pd bond, giving a C1-Pd bond. A second
equivalent of CO then inserts. Finally, displacement of Pd from C10' by MeOH gives the product. The
mechanism by which the Pd displacement proceeds is written as acid-promoted because the by-product of
the reaction is AcOH.
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o H 0 o -—H
+
PdL, PdL, HOMe PdL,
~_ 7 6/H
0: C+on 1

HO Me
=+
- I;’rdLn o (a) coordination, insertion.
SYMELL OMe

(n) Make: C1-C7, C2-C5, C6—-C7. Break: C1-B, O3-C4. C1, with its bond to a negatively charged B,
is nucleophilic.

2 3

_ OCO,Me cat. (PhP),PdC
M Bt + (PRPRPACY
N . 5%6 7CO
Me L|+ Me

A simple Suzuki-type coupling would form a bond between C1 and either C4 or C6. Obviously that isn’t
happening here. The O3—-C4 bond is propargylic, so Pd(0) can undergo oxidative addition here to make a
propargyl—Pd(Il) complex. No new bonds are formed to C4, but the propargyl complex is in equilibrium
with an allenyl complex with a C6—Pd bond. Insertion of CO into this bond gives the C7—C6 bond. Now
transmetallation with the C1-B bond and reductive elimination gives the C1-C7 bond. At this point, the
C2-C5 bond still needs to be formed. An electrocyclic ring-closing forms this bond and gives a zwitter-
ionic oxyallyl. Proton transfer from C2 to C6 reestablishes indole aromaticity and completes the sequence.

OCOM 0_PP + PR
Q&%:Pdipphg 2 PdR, o
<~ AU = (O, @
Me Me Me
PPd ] ®65t3 PdR
O S
Me (b) ()

Me

%ZE;
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(a) coordination, insertior(p) transmetallation{c) reductive elimination.

(0) The simplest mechanism that can be drawn for this reaction is as follows. First the Pt(IV) precatalyst
needs to be reduced to Pt(ll). This can be accomplishedbyd metathesis of two Pt—CI bonds with
Cl3Si—H to give a Pt(IV) dihydride, which can undergo reductive elimination to give a Pt(Il) species. (The
Pt species are shown as Rt&@hd PtC}, but of course other ligands may be present.) The catalytic cycle
then proceeds by oxidative addition og&i-H to Pt(ll), coordination and insertion of the alkene into the
Pt—H bond, and reductive elimination of the product, just like a Pd-catalyzed hydrogenation.

CI\I;t/CI m Cl \gt/H (a) o bond metathesis;
cl” ~cl (a) Cl” "H (b) reductive elimination;
L (b) (c) oxidative addition;
(d) coordination, insertion.

Cl! HSiICl; Cl_Iv_H

pt —= t
cl” (©) Cl” " SiCl
clsi” > siMe, j‘ (b) @ L N sive,
_ Cl N\
o Pt\/_\l/\ SiMe,
ICl3

Experiments show that the actual mechanism of this reaction is considerably more complex than the one
shown [radicals may be involved, especially in the reduction of Pt(IV) to Pt(Il)], but the simple mecha-
nism above provides a starting point for further investigation.

(p) The reaction is a carbonylative Stille coupling. The mechanism was discussed in the text (Section
6.3.4).

(q) Addition of a nucleophile to an alkene is catalyzed by Pd(ll) salts. The Pd(ll) coordinates to the
alkene and makes it electrophilic, and the nucleophile attacks to give a C—Pd bond. In this case, because
the substrate is a diene, the product is an allylpalladium(ll) complex, a good electrophile. It is attacked by
AcO-to give the organic product plus Pd(0), t@en oxidizes the Pd(0) back to Pd(ll).
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Pd(i) m\z A .
SO,Ph T ON SOZPh “oN" > soph

"Pd \/ ~OAC Pd!
H H
Aco- N AcO Oy +2 H
h + Pd(0) %, Pd(Il)
H SOPh H SOPh
2 ON S ON % 2 0

(r) Addition of a nucleophile to an alkene is catalyzed by Pd(ll) salts. The product, an alkylpalladium(ll)
compound, usually undergopshydride elimination, but in this case insertion of CO occurs to give an
acylpalladium(ll) complex. Displacement of Pd(0) by MeOH gives the product. Pd(0) is reoxidized to
Pd(ll) by CuCj.

Me
(a) R
Pd”
(b)
dll dll
w OH = prod. + pd SUCk py!

(a) coordlnatlon;(b) coordination, insertion(c) B-hydride elimination.

(s) This reaction is a neat twist on allylic substitution. Pd(0) (generated in situ, perhaps by oxidation of
CO to CQ) reacts with the allylic epoxide by backside displacement to give a zwittensailyljPd(11)
complex. MeOH protonates the alkoxide, and Mé#&n coordinates to Pd. Tiwallyl group is in

equilibrium with ac-allyl group, and coordination and insertion of CO into the Pa+0nd provides an
acylpalladium(ll) complex. Reductive elimination of the ester regenerates Pd(0).
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"Par* " [Pd}-OMe . [PdI-OMe

O_ 020
H
[Pd] (b) f CO
d

()
' [Pd} OMe
[Pd] ) SN
-~ co
p p fe > )
H

(a) §y2-type oxidative addition; (b) ligand association; (c) insertion; (d) reductive elimination.

(t) Pd-catalyzed substitutions of aryl halides proceed by an oxidative addition—ligand substitution—
reductive elimination mechanism.

Cs,COs
o

[Pd] —

M [PdC cl

(C)
Sen
M M [Pd}- O

(a) oxidative addition; (b) ligand substitution; (c) reductive elimination.

(u) Make: C2-C7, N5-C6. Break: [1-C2.

3 4.5 6 7 3 5
CE\NHAC PhC=CCOLEt 2 NAC
LiCl, KOAc, P
2] cat. Pd(OAC) 2 Y7 Ph
CO,Et

The first step, as usual with aryl halides, is oxidative addition of Pd(0) to the C—I bond. This step makes
C2 reactive. Coordination of the alkyne to Pd(Il) and insertion makes the C2—C7 bond and gives an
alkenylpalladium(ll) complex. Finally, coordination of N to Pd(Il), removal of HI by the base, and
reductive elimination provides the product and regenerates Pd(0).
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Oi\NHAC ©i\NHAC (b) NHAC
[Pd—I [IIIDd]—I

EtO,C—=
[Pd]° © \
d (€) NHAC
_ YPd}-I
”[Pd] -— ”[Pd]—l
CO,Et EtO,C Ph EtO,C Ph

(a) oxidative addition; (b) ligand association; (c) insertion; (d) reductive elimination.

2. (a) Make: C2-C6, 0O8-Si9. We also remove one H from Si9 and add one to C7. Tiis in the (ll)
oxidation state. Low-valent Ti compounds are commonly used for reductive coupling reactions. We can
form the C6—C2 bond by such a reductive coupling.

1CH

9
8 9 i
0 Ph,SiH, 3 ?SlHPq
1 : -
H,C™ 2 28 oY  cat CpTi(PMey), 7

CHj

Dissociation of MgP from the 18-electron complex gives a 16-electron complex. Association of the
carbonyl group gives a Ti(lflx complex that can also be described as a Ti(IV) metallaoxirane. Dissoci-
ation of the second MP, association of the alkene, and migratory insertion into the C2—Ti bond gives a
five-membered metallacycle.

c)k/%’x ™ 3 "
_PMe; dissociation ! H I N/ |\_/A/?é
CpZTl < % diSsociaer Cp,Ti-PMeg 3 > Cp,Ti 5 - Cp2T||\ o

PMe; association I
PMe; PMe;

\%
CH = CH Cp,Ti
v ° ligand substitution )| * insertion P2 \/tli>
Cp2T||\O > Cp,Ti( —_— o

v O CHg
PMe;
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We still need to form the O8-Si9 bond, break the C7-Ti bond, and regenerate Tglhordl metathesis
between the Si9—H and Ti—O8 bonds can occur to give a very strong Si9—08 bond and a Ti—-H bond. No
change in the Ti(IV) oxidation state occurs. Reductive elimination from Ti(IV) gives the product and
regenerates Ti(ll).

\Y;
v Cp,Ti .

cpyTil P2 \ : PMe;

H O o bond H o association

\Sinph CHs metathesis PhHZSi/ CH4
PMe;
szl\-l/-|| redUCtlve I H3C
\/tp elimination Cp,Ti-PMe, j’i>
H o 0
PhHSI  CHy PhH,SI”  CH;

(b) Make: C4=C5' and C4'=C5 (x' indicates that atom in another molecule). Break: C4=C5. Mo is in the
(VI) oxidation state, so it is&d The complex is a 14-electron complex. (The ArN= group uses the N lone
pair to contribute another pair of electrons.) This is a ROMP reaction, i.e. ring-opening metathesis
polymerization (Section 6.4.2).

. cat. wAr
: 6 1 CF; t-BuO-Iylo\ t-Bu
74 t-BuO _
4 3 2

Compounds containing M=C bonds can undergo [2+2] cycloadditions, and this reaction allows olefin
metathesis to occur. The Mo=C bond [2+2] cycloadds to the C4=C5 bond to give a metallacyclobutane.
A retro [2+2] cycloaddition cleaves the C4=C5 bond and makes a Mo=C4 bond. This new bond cyclo-
adds across another C4'=C5' bond to make a new C4-C5' bond; retro [2+2] cycloaddition cleaves the
C4=C5 bond and completes the formation of the C4=C5' bond. The process repeats itself many times
over to make the polymer. No change in Mo’s oxidation state or d electron count occurs in any step.

t-Bu retro
Ck; [2+2] F3 [2+2]
Mo/> h >
Ck;
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t-Bu

N\ CFs 247] CFs [SHS]

FoC 12*2] ke Aerel
A 4 CF, ) CF,
F3C LnMO F3C n
CF,
retro F.C
[2+2] [2+2] '3 Y
o o 3

F3 CFs

LnMO\

Ck;

(c) Make: C1-C5, C2—-H. Break: C5-H. Rhis in the (I) oxidation state, hencé;ithe dwo acetone
molecules are counted as two-electron donors, so it is a 16-electron complex.

t-Bu ) )
6 5 mol% (BINAP)Rh(acetong PR, BU >_ 0
1 3 5_0O -
’ e 3 4

Essentially the C1=C2 bond is inserted into the C5—H bond. This suggests that the Rh oxidatively adds
across the C5-H bond. Rh can do this with aldehydes. After oxidative addition to the C5-H bond to give
a Rh(lll) complex, insertion and reductive elimination give the product and regenerate Rh(l). Solvent
molecules may be associating or dissociating at any point in the sequence.

@) e )
/U L,Rh /C( association,
- £ ittt
t-Bu H' " oxidative addition t-Bu Eh_H insertion

n

i

+

LnRth} O - L:Rf!l H>(>: @)
t-Bu reductive elimination t-Bu

(d) Alkene isomerization can proceed by an oxidative addition (to the allylic C—H bond)/ reductive
elimination sequence or by an insertiffitydride elimination sequence. Wilkinson’s catalyst normally
isomerizes alkenes by the first mechanism. However, in this case BuLi is added to the catalyst first. This
will give a Rh—alkyl bond, which can decompose3dyydride elimination (as many metal alkyls do) to a

Rh—H bond. Now the catalyst can carry out the inseffidrydride elimination sequence to isomerize the
alkene to a thermodynamic mixture of isomers. The most conjugated alkene is the lowest in energy and is
obtained in greatest proportion.
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PPRy PPh PP
n-BuLi
Pth—Rh Cl ~ Phy P—Rhw - Ph3P—Rh—
| hydride elimination |
PPh, transmetallation PPh B-hy PPh
Sugar— Sugar—
=z
CH/\ CHs CH/%CHf*
CHs (@) Sugar— | /PPh‘ (b) CH,
(b) ' () ||
Ph3P—Rh— CH; PPh PhP—Rh—H
PP@ _ PPh

(a) coordination, insertior(p) B-hydride elimination.

(e) The product is missing C1 and C8. They are lost@s8H, . Make: C2=C7, C1=C8. Break:
C1=C2, C7=C8. The Ru complex is 16-electrahh,RL(IV). This is another olefin metathesis reaction,
except this time it is ringlosingmetathesis. The mechanism proceeds by a series of [2+2] and retro
[2+2] cycloadditions. The R group starts off as CH=&Pht after one cycle R= H.

Cl — CPh,
Fcm 4 /'\/ 5 mol% Cng: Ru=/_ chflr\l 3

Bn

ey — ‘|
8 8
7N O 7
Bn R Bn R
R retro /'\
Fcm Fcm
J\/ e \NJ\(\‘ 2+ NN i)
POCE B OCE Ot
X O \n O X
Bn Bn
retro
F
ch\N [2+2] cm\N RuL,
RuL, — | I
O O

() See answer to in-chapter problem 6.6.

(9) Make: C3—C7 (x2), C4—C6 (x2), C6—C7. Niis in the (0) oxidation state. Nj(t=odh 18-electron
complex. (PBP)Ni(cod) is also an 18-electron complex. The fact that we are making six-membered
rings from isolatedt bonds suggests a cyclotrimerization.
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Coordination of Ni(0) to the alkyne givestaomplex, which can be written in its Ni(ll) resonance form.
Coordination and insertion of another alkyne forms the new C6—C7 bond and gives a nickelacyclopenta-
diene. Maleimide may react with the metallacycle by coordination, insertion, and reductive elimination to
give a cyclohexadiene. Alternatively, [4+2] cycloaddition to the metallacycle followed by retro [4+1]
cycloaddtion to expel Ni(0) gives the same cyclohexadiene. The cyclohexadiene can undergo Diels—Alder
reaction with another equivalent of maleimide to give the observed product.

Hx Hx
PhhP. 0 HX—=—HX PhP_0 Ph,P_ i HX—=—HXx
i —— rg\Ni—|| SISV -
PhP” coordination Ph,P” PhsP” coordination
Hx HXx

Per\ PRI
msertlon Ph3P’ / [4+2]
PhP_ 11 PPR Ph3P\ 0
Hx NR
7/ ') " retro [4+2] RN
Hx [4+2]

HXx NR
O

(h) Make: C1-Si7, C6-C2, C5-H. Break: Si7—H. Y is in the (lll) oxidation state iPtid alectron
complex.

1

2 4 7 6 o
1 /WS PhSiH; 5 <:|\2 SiH,Ph
> 7
: 5 mol% Cp*»YMe
OSiRs ? 2 3 OSiR,

The overall transformation involves insertion of the C5=C6 and the C&40hds into the Si7—H bond.
An oxidative addition of Si—H to Y, insertion, insertion, reductive elimination sequence might occur. The
problem with this is that thé®dY complex can’t do oxidative addition. The alternative by which the Si—H
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bond is activated is @ bond metathesis process. Gp*Me undergoes bond metathesis with the Si—H
bond to give Cp3Y—H. Coordination and insertion of the C5=@6ond into the Y—H bond gives the
C5-H bond and a C6-Y bond. Coordination and insertion of the Cip6@d into the C6-Y bond
gives the key C6—C2 bond and a C1-Y bond. Finallypnd metathesis occurs once more to make the
C1-Si bond and regenerate Gjg*H.

H=SiHPh MeSIHZPh (Cp*),Y— )\/ (Cp*)ZY\kj\
(Cp*),Y—Me (a) (b) (b)
Z > 0siR, OSiR

PhH,SI

YCp*, SiH,Ph
—  (Cp*Y—H +
OSiR, (a) OSiR,

(a) o bond metathesigb) coordination, insertion.

() Make: C6-C1. Break: C6-B7.

6
04 Bulb 7 Me O4
;\Z)b \/\B(OH)z; Wb
Me Me cat.Rh(acac)(CQ) By~ X - Me
PhP(CH,),PPh,
MeOH, H,0

The reaction looks like a conjugate addition. A C6—Rh bond could insert into the @b<@d. The
C6—Rh bond could be made by transmetallation.

@)
BU\/\ /\)I\
Rh u\/\ Rh .
transmetallatlon coordlnatlon
Bu X Rh! Me
N o LK J
Bu/\ F Me — BuT X Me insertion
Me Me H+<) Rh

() Make: C1-C12, C2—-C6, C7-C11.
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= 8
3 5 4 9
2 ~4 6 12 cat Ch(CysPRRU=CHPh @ N1/ ©
1 o) 7 9 11 : 3 >
/\ X s O.10 A 3 —10
1 12

The overall reaction is a cyclotrimerization. Cyclotrimerizations are usually catalyzed by low-valent Co or
Ni complexes by a reductive coupling mechanism, but the Ru=C complex lives to do [2+2] cycloaddi-
tions, so letit. Cycloaddition to the C1=C2 bond gives a ruthenacyclobutene, which can undergo electro-
cyclic ring opening to give a Ru=G2bond. Thistbond can do a [2+2] cycloaddition to the C63C7

bond. Another ring opening, another [2+2] cycloaddition, another ring opening, another [2+2] cyclo-
addition, and a [2+2] retrocycloaddition give the product and regenerate the catalyst.

O O
N N
. 2 e
Ph A ) Ph™ \ )
Ru Ru

(k) The mechanism of this intramolecular Rh-catalyzed [5 + 2] cycloaddition proceeds by the mechanism
shown in Section 6.2.12 (with the alkyne in the text replaced by the vinyl group in the substrate in this
problem) or by the one shown in the answer to Problem 6.17.

() This reaction is a variation of the hydroformylation reaction. Transmetallation of Rh(l)(acac) with the
alkylmercury(l) compound gives CIHg(acac) and an alkylrhodium(l) compound. Oxidative additign of H
gives a Rh(lll) compound, and coordination and insertion of CO gives the acylrhodium(lll) compound.
Reductive elimination then gives the product and regenerates Rh(I) — but as a Rh—H, not as Rh(acac).
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I
CIHg—acac

b
gs LIt [M
[Rh]—acac(a) [th]—H w\)

o
) H H
S e
H H co

Once Rh()-H is generated, the transmetallation between it and R—HgCl gives Rh(I)-R and H-HgCI. The
latter compound decomposes to Hg(0) and HCI.

HCl + H® ~— ClHg—H

H

I &/[Rh] —» [Rh]
HgCl s/ ||_| (a) transmetallation;
Eb} oxidative addition;

Rh—+ @ (g coordnaton

/\(e) é\)ok H (e) reductive elimination.
&)OL [Rh] g\/[RHi—H
H CO

3. (a) Make: C1-C11, C8-C10. Break: C1-OAc, C8-C9(@Dd)s—alkyne complexes are prone to

form cations at the propargylic position because the C—Co bonds hyperconjugatively stabilize the cation.
The C10=C1litbond can add to a C1 cation. Pinacol rearrangement (1,2-shift) then breaks the C8—C9
bond. Loss of Hfrom O completes the sequence.

(CO), (CO),
Co Co

AcO
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— 0+
XAl —Q

OMe OMe OMe

(b) Addition of Cg(CO)g to an alkyne forms the GECO)s—alkyne complex. Propargyl cation formation

is thereby enhanced. The Lewis acid coordinates to the less hindered OEt group, converting it into a good
leaving group. It leaves to give the propargyl cation, which is attacked by the alkene to form the eight-
membered ring. Loss of M8i* gives the product. Because of ring strain, the eight-membered ring could
not form if the alkyne were not coordinated to,(@0)s. The Cg(CO)g both reduces the bond angles

around the “alkyne” C’andreduces the entropic barrier to eight-membered ring formation by holding the
two “alkyne” substituents near one another.

(CO), (CO)s
W Co Me H Co
N b ColCO)
—_2CO
OEt
(CO);
Me co Me 4 ). H ).
> Co(CO) > Co(CO) = Co(CO)
orR OR OR
H

Me;Si Me;Si

(c) Make: C1-C8, C2-C6, C7—C8. Break: Co—C1, Co-C2, Co—C8.
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Conversion of a C4CO)gz—alkyne complex into a cyclopentenone is the Pauson—Khand reaction. It
proceeds by loss of CO from one Co to make a 16-electron complex, coordination and insertion of the
C6=C7mtbond into the C2—-Co bond to make the C2—C6 bond and a C7—Co bond, migratory insertion of
CO into the C7—Co bond to make the C7—C8 bond, reductive elimination of the C1-C8 bond from Co,
and decomplexation of the other Co from the C1a®®nd. The mechanism is discussed in the text
(Section B.1.1).

(d) Make: C1-C11, C4-C8. Break: C8—C9. Tiis in the (IV) oxidation state, sdit Bimce we are

forming new bonds from C4 to C8 and C1 to C11, and both C8 and C11 are electrophiles, both C1 and
C4 must act as nucleophiles Normally in a diene one terminus acts as a nucleophile and one terminus acts
as an electrophile. The role of the Ti, then, is to supply the necessary electrons. But Ti(IV) is not a
reducing agent, so the role of the Grignard reagent must be to reduce the Ti.

4 Ti(O-i-Pr),/ 2i-PrMgCl;
. 2 3 s 6 7)1\9 i(O-i-Pr)y/ 2i-PrMgCl; 1 2
/\/\/\O s> OFt Etg:ch:{Z Et 5 6 07

Addition of the Grignard to Ti(@-Pr), will displace twa-PrO- groups and giva-PrO)Ti(i-Pr). B-

Hydride abstraction (d8-hydride elimination followed by reductive elimination) then gives a Ti(ll)-alkene
complex  titanacyclopropane. Coordination of the C3=Q04ond and loss of propene gives a new
titanacyclopropane; coordination of O10 promotes the formation of this particular titanacyclopropane.
Insertion of the C8=C10 bond into the Ti—-C4 bond forms the crucial C4—C8 bond. Expulsior of EtO
from C8 gives the lactone; the Et@an coordinate to Ti(IV). There is still a Ti-C3 bond, so C3 is
nucleophilic, as is C1 by vinylology. Nucleophilic addition of C1 to C11 and agueous workup gives the
product.

HaG CH,

. . . . CH;
I-PFQ |V/O-Pr 2 I-PI’—MgCl I-PFQ|Y \/>|C_|:H3 I-PFQ |-\/<( I-PFQ |! (

Ti Ti —_ Ti
-p “a-pr @ i-Prgf >‘:’7H ®) iprg

H3C H

Ti T
i-PrO/
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OEt OEt OEt

Of:l\o i-PrQ (CH?) \Y; /A
L/\) + i_pdl o (%\) - (RO)2T| 6)»

/\OEt III)PQr ?OE
OEt i-Pr
(RO)ZI\'I/'i/\/ o _ (RO)I;/Ti' o Et" No Et\;wn v,/ 0
(€) 0 )
~ ~ <
0
OH

(a) transmetallation{b) B-hydride abstractior(c) ligand substitution{d) insertion;
(e) B-alkoxy eliminationj(f) coordination.

(e) Make: C2—I, C3—C4. Break: C2-Br. Since C4 is electrophilic, C3 must be made nucleophilic. This
would be the role of the Zr complex.

1 -OCH, BuLi CHCN.A 1, HsC 2 M4
- . 1
, N-BULL; . LN, 8 2 3 AN 3 CH,
Cp,Zr(Me)Cl
Br P

3

Addition of BuLi to ArBr results in halogen—metal exchange to give ArLi. Addition gZ&Me)Cl to

ArLi gives transmetallation to give Gor(Me)Ar and LiCl. We need to make a Zr—C3 bond in order to
render C3 nucleophilic. This can be done Iyhgydride abstraction reaction to give a zirconacyclo-
propane. Insertion of the €M bond into the C3—Zr bond gives the crucial C3—C4 bond. We still need
to form the C2—-1 bond. Addition 0% tleaves the C2—-Zr bond and gives the C2—I bond. Aqueous
workup cleaves the N-Zr bond to give the observed product.

_Me H3C
OCH;
©i Li—n-Bu ©i szzr\m A
transmetallatlon CRlr'e~J B-hydride
\
I\D 4 abstraction
Cp,
I\I/Zr OCH;
CHiC=N \ —I
Cp,Zr —_—
msertlon HyC o bond

metathesis
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sz;r I OCH, I OCH;,;
N - H
\ work-up
H,C H,C

(N This reaction proceeds via mechanisms similar to the previous two problems. The Grignard reagent
reduces Ti(IV) to a Ti(ll)—propene complex. Exchange of propene with the imine gives a titanaaziridine
complex. Insertion of the alkyne into the C—Ti bond gives a titanapyrrolidine. Additigclebizes the

C-Ti bond in favor of a C—I bond. Aqueous workup then gives the product.

(g) Make: C2—-C3. C3is electrophilic, so C2 must be made nucleophilic.

O
O
3
Me/\éQL N/«O

Cp,Zr(H)Cl  CuBr-SMe Ph_..v

Bu/\

Addition of an alkene to a compound containing a metal-H bond usually results in insertion, and it does in
this case, too, to give the stabléralkylmetal. Addition of CuBr to this complex might result in
transmetallation, to give a C2—Cu bond. Addition of the copper compound to the unsaturated imide gives
conjugate addition, perhaps by coordination of the C3r6dnd and insertion into the C2—Cu bond.

Workup gives the observed product.

O
c Z/H Bu/\ . CuBr-SMe Lc Y /\)%
r r e
P2 ¢l insertion P2 \/CI\ : U/\ =
Bu Bu
O
/\)‘ﬁ; Me ? o
Me } //<
(\Cu insertion B "o =
insertion
I—n LnCU \\“"\\/
Bu Bn
Me  OCulL, O Me O o)

Bu/\)\)\ I\E’/</O work-up Bu/\)\)l\ I\E’/</O

Bn" Bn"

(h) Hg(ll) salts coordinate to alkenes and make them more electrophilic. In this case, the N can attack the
alkene—Hg complex, giving an alkylmercury intermediate.
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Hg2+
2+Hg\\ Iy H CRCO,
BnO —» BnO BnO
Bn& % BH&S

The NaBH, replaces the Hg+4ZCF; bond with a Hg—H bond.

/\H

)
CF3COZ— Hg ﬁn I H- Hg %n
BnO — BnO
Bn& H- E|3 H Bn&

OBn H OBn

Free-radical decomposition of the alkylmercury hydride then occurs to replace the C—Hg bond with a C-O
bond, with the O coming from- The free-radical reaction gives a hydroperoxide C—-OOH.

Initiation: / N\ H- Hg «Hg
"0-0 Bpo —  BnoO
BnO BnO

Propagation

‘H .
Bnog&ﬁn o) Bnoﬁin 00 Bno&
BnO BnO BnO
OBn
HZ Mg BnQ +Hg
wOBnr/BnO %
Oo— @)

O%rl]?)n + Bn(?]
Finally, the hydroperoxide is reduced to the alcohol C-OH by excess NaBH
HO o’/\'ﬁ HO BN
BnO —  BnO N
Bn& H= IT% H " Bn&

OBn H OBnN

— OH

(i) Make: C1-C3, C1-C10, C3-C4, C5-C9. Break: C1-Cr2, C3-Cr2.
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The first step is cycloaddition of the Cr=C3 bond to the alkyne to make the C3—-C4 bond. The
chromacyclobutene undergoes electrocyclic ring opening to give a new Cr=C3 bond, which undergoes
intramolecular [2 + 2] cycloaddition with the other alkyne to form the C5—C9 bond. The new
chromacyclobutene undergoes electrocyclic ring opening to give a new Cr=C10 bond. Insertion of CO
into the Cr=C10 bond gives the ketene, which undergoes electrocyclic ring closing to give the product.

OMe
oMe  ~Z N (COXCI—3—Me
(CO)SCr:< - - 2,
Me [2+2] T 5
M 3
(OCKCr_ insertion

10 9 10
M& 3 M
N M
D0 -0
/‘
1 10

() Going from starting material to product, an O is replaced by agtétip. The CHgroup must come

from Cp,TiMe,. The missing O must go to Ti. The question is, which O is the missing one: O8 or O9.
Even though the product has a carbonyl, that does not mean that the carbonyl O in the product is O9, as in
the starting material. In fact, because O9 in the starting material is more reactive, it in fact is the one that
reacts with Ti and ends up excised from the starting material. Make: C1-C10, C7—C10, O9-Ti. Break:
C3-08, C7-09, Ti-C10, Ti-C11.

3 : OBn L
1/\_/\‘5/\/ CpZTI\NIell
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The first step isi-hydride abstraction in GpiMe,, to cleave the C11-Ti bond and give,Cg-CH,. This
compound undergoes [2 + 2] cycloaddition with the C7=09 bond to give new C7—-C10 and O9-Ti bonds,
and [2 + 2] retrocycloaddition cleaves the Ti—C10 bond. Finally, the diene undergoes a Claisen
rearrangement to give the product.

C T'/NIe 4 Cp,Ti=CH
PTIN e~ CReT 2

O, —_— @) (@) S
T [2 + 2] retro [2 + 2]
@)

OBn ; OBn

4. Oxidative addition of Pd(0) tocs-dihaloethylene gives an intermediate that can und&twgide

elimination. The C-Br or C—I bond is more prone to und@rgtimination than the much stronger C—ClI

bond. The transmetallation and reductive elimination steps of the Sonogashira coupling have more time to
occur when a C—Cl bond [sto Pd than when a C—Br or C—I bon@it Pd.

I / m + IF|>d><;2 faster when X=Br or |
X

X Pd-
[ _Pd(©) [ R
Z

1l
X X Pb——R

\ [ — | faster when X= CI
X



Answers To Chapter 7 Problems.

1. Most of the Chapter 1 problems appear as end-of-chapter problems in later chapters.

2. The first reaction is an ene reaction. When light shines,am tBe presence of light and Rose Bengal,
singlet oxygen is obtained. This compound can do cycloadditions or ene reactions. If the reaction were a
free-radical autoxidation, neither light nor Rose Bengal would be required.

hv

-0—O- 0=0

Rose Bengal

Second reaction. Air is not required for formation of the keto-enol. The C1-C6 and O7—-08 bonds are
broken, and a new C1-0O bond is made. It makes sense that the driving force for breaking the C1-C6
bond should be provided by migrating C1 from C6 to O7 (note: a 1,2-shift) and expelling O8. Then O8
can add back to C6 to give a hemiketal which can open up to the ketone.
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HC > COH

Air is required for conversion of the keto-enol to the endoperoxide. The most likely reaction is autoxida-
tion. The @ makes bonds to C2 and C6, neither of which has an H atom attached for abstraction. But
abstraction of H- from O7 gives a radicalthat is delocalized over O7 and C2. Addition oft® C2

gives a hydroperoxy radical, which abstracts H- from O7 of the starting material to give a hydroperoxide

andA again. The hydroperoxide thus obtained can then add to the C6 ketone in a polar fashion to give the
observed hemiketal.
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O ——
H4C

Polar reaction (acid is still present):

o YHY

H 3C““h

The fourth reaction is transformation of the aldehyde into an acetal. This proceeds by acid-catalyzed
addition of an alcohol to the carbonyl, loss o and then addition of the acid O to the carbocation.
Other perfectly correct sequences of steps could be written here.

CH,
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O~H

3. (&) Compound is obviously made by a Diels—Alder reaction between cyclopentadiene and methyl
acrylate. Cyclopentadiene is made from the starting material by a retro-Diels—Alder reaction. The product
is obtained stereoselectively becauserafoselectivity in the Diels—Alder reaction.

(\‘Cl? A
/\) e @/(Lcone—» @""COZMe

The starting material is called “dicyclopentadiene”. Cyclopentadiene itself is not stable: it dimerizes to
dicyclopentadiene slowly at room temperature by a Diels—Alder reaction. It does this even though it is not
an electron-deficient dienophile, demonstrating the enormous reactivity of cyclopentadiene as a diene in the
Diels—Alder reaction.

(b) LDA is a strong base. Compoulds obtained from the enolate bby a simple §2 substitution

reaction.
J HP T NGP g 15" omom ,
I X oc
07 ™ OCH; O

Now DMSO is treated with NaH, then wighthen with Zn and NaOH, to give overall substitution of

CHs for CHzO. The CH group must come from DMSO, so we need to make a new bond between the
DMSO C and the C=0 carbon. NaH is a good base; it deprotonates DMSO to givedfi@anion. This
adds to the carbonyl C, and then loss of Me€rurs to give th@-ketosulfoxide. This is a very good

acid (like a 1,3-dicarbonyl), so it is deprotonated under the reaction conditions to give the enolate.
Workup gives back thp-ketosulfoxide. This part of the mechanism is directly analogous to a Claisen
condensation.
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0* S .
- + OCH,
HaC™ S\CHS S\CHZ o3> 0cH, | HC™ oo
on on on
| NaH | work-up |
+ —_— + - _— +
H,C™ o) H,C™ on H,C™ o)
H H H H H

To get to3, we need to cleave the S—C bond. Zn is an electron donor, like Na or Li. Electron transfer to
the ketone gives a ketyl, which undergoes fragmentation to give the enolate. The second electron from the
Zn goes to the S leaving group to give MeS@®/orkup gives the methyl ketone.

. H L
HC&I HC,QT t ks
Ho - Workup ;E“
H

(c) The conversion @ to4 is a [2+2] cycloaddition, the Paterno—Buchi reaction. This four-electron
reaction proceeds photochemically.

(d) The conversion gfto5is an E2 elimination.

R/—No Pry R

O C
‘)H OH

The conversion 06 to 6 is a Swern oxidation. The O of DMSO is nucleophilic, and it reacts with oxalyl
chloride. Ctthen comes back and displaces O from S to give a S electrophile. Theb@i-lwgn
deprotonated, whereupon it attacks S, displacing Then deprotonation of a Me group and a retro-
hetero-ene reaction occur to give the ketone.
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0 Cl o)
0
o ¢ ¢l R N
+ + O _
H3C/S\CH3 O ch/S\CHg, ch/@ Cl
Cl cr
+ + CO, + CO
H,C™ S\CHg
EtsN:~ H R H R ¢l
—_— /S\ —
on H3C CH3
H/g
EtsN: H R (\ H
cH:2 o) H c\ ©
s 2
H 37 g
CHs CH

The conversion 06 to 7 is a dissolving metal reduction. Number the atoms. The key atoms are O1, C2,
C6, C10, and C9. Make: none. Break: C3—CA4.

R
H3Cyp

The first step is formation of the ketyl @f This species can undergo fragmentation to form the C2-C3
enolate and a radical at C4. A second electron transfer gives a carbanion at C4, which deprotgnates NH
Upon workup, C10 is protonated to give

O

|
|
|
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O 0]

H NH work- work-up.
R H4C R
The conversion of to 8 is a simple hydrolysis of an acetal. Acetals are functionally equivalent to

alcohols + carbonyls and can be interconverted with them under acidic conditions. Several reasonable
mechanisms can be drawn for this transformation, but all must procegglveuSstitutions.

T
0~ > OMe

The conversion 08 to 9 uses PPhand b. The former is a nucleophile, the latter is an electrophile, so
+

they react to give BR-I. The P is attacked by the alcohol to give an O—P bond, andtttenidisplaces

PhsPO from C to give the alkyl iodide.

pre” 1T '_T@/;.d/JWW —
Ph;rp\a/\/jww ﬁ: P%P\Q@|_, I/\/jwwg

|
H

8
OMe (l)
H

I—O+

The next reaction is obviously a free-radical chain reaction.

Initiation: AIBN —= Y H—SnBy — Y « SnBy,
_
CN o CN

Propagation:
O

Q H
«SnBy, —> + |—SnBuw;
2\ |
HoC , H4C
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H—SnBy —» 10 + .SnBy

Finally, conversion o10to 11involves addition of the very nucleophilic MeLi to the ketone; workup
gives the alcohol. Then E1 elimination promoted by the acid TsOH gives the alkene.

QO H

\
v
N
K3

4. (a) The transformation @fto 2 (not shown) is a simple deprotonation with LDA, followed RS
substitution on Se, displacin&ePh.

The conversion a2 to 3 requires making C3—-C6 and C4—C6, and breaking C6-S. The BuLi deproto-
nates C6 to give a sulfur ylide. This makes C6 nucleophilic. It adds to C4, making an enolate and making
C3 nucleophilic. The enolate at C3 then attacks C6, displacip§ Megive the product.

1 Q  seph CH 1 Q  seph
2 + -
6 s |
~
3\ HsC CH3'
BuLi
H3C5 AN
FHS /\ FHS
*s. _H _BuY TS .
HC™ ~C% HyC” " CH,

H3C X
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The conversion a8 to 4 is a free-radical chain process. Note two equivalents ¢ are required.

Make: C7-C11, Sn—-Se8. Break: Se8—C7, C3—C4. Let’s deal with the Se first. After initiag®n; Bu
abstracts SePh from C7. The C7 radical then adds to C11, giving a radical at C12 which abstracts H from
BusSnH to regenerate -SnguThe C3-C4 bond still needs to be broken, and C3 and C4 both need to
have H attached to them. We know that a cyclopropane ring cleaves very easily if a radical is generated at
a C attached to it, e.g. at C2. We can generate a radical at C2 by hayimg &dd to O1. Then the C3—

C4 bond cleaves, making a C4 radical and a tin enolate at C3—C2—-01. The C4 radical abstracts H from
BusSnH to propagate the chain. The tin enolate is protonated upon workup 4o give

10 8gopp 10 HWw1 CH3
2 BuySnH
cat. AIBN >
3C CH 9

Initiation: AIBN —= Y H—SnBuy, —> Y - SnBy
_
CN u CN

Propagation:
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work-up >

(b) LiAlH 4 is a source of very nucleophilicHIt must add to an electrophilic C. If you obey Gross-

man’s Rule, you will see that C4 and C6 in the product have extra H's. Of these two only C6 is electro-
philic, because whent+adds to C6, a very stable (aromatic) cyclopentadienyl anion is obtained. This
anion is protonated at C4 upon workup to give the alcohol. (Actually, the anion can be protonated on C3,
C4, or C5, but all three isomers are in equilibrium with one another, and only the isomer protonated on C4
is able to undergo the subsequent Diels—Alder reaction.) When the alcohol is oxidized to the ketone, the
C9=C10mbond becomes electron-deficient and electronically suitable to undergo an intramolecular Diels—
Alder reaction with the cyclopentadiene to géve

CH; 1) LiAlH,

2) Al(O-i-Pr),,
CH, acetone

y ) Cra Oppenaver |7 )/ ~)— b

H
HoH CH, \iﬂ/// CH,
0
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(c) Make: C4-C11. Break: C3—C4. The first step is electron transfer to form the ketyl. Fragmentation of
the C3—C4 bond occurs to give a radical at C4, which can add to C11 to make the C4—C11 bond and put
the radical on C12. A second electron transfer gives a carbanion at C12. Upon workup it is protonated,
as is C14, to givé.

CH, work-up

_—

5. First step. Make: C3—-08, C2—-C5. Break: C7-08.

8 OH

4 5
? \6/'\7
1':)‘\’3‘,/ COMe CH3
2

cat. RB(OAC),

The product is g d-unsaturated carbonyl compound (a 1,5-diene), hinting that the last step is a Claisen

rearrangement.
HO i
CH3
H3C)§7

MeO,C

The diazo compound combined with the Rh(ll) salt tells you that a carbenoid is involved. The carbenoid
can be drawn in the Rh=C form or as its synthetic equivalent, a singlet carbene. In either case, C3 can
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undergo one of the typical reactions of carbenes, addition of a nucleophile, to form the C3—08 bond.
After proton transfer to O4 and loss of [Rh], a Claisen rearrangement can occur to give the product.

0

0O
Rh
T :C8)H [ ]Cone
HC)‘\”/COZMe Rh(II) HC)‘\;/COZM __H oy
3 3 +OH
< CH
[ | ° \_<

Third step. Standard ozonolysis with pBeworkup.

@) @)
| . |
CO,Me O3; MexS CO,Me
HC” — - My
HO *—\ HO "—y

— CH3 O
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The Criegee mechanism should be drawn. The initially formed 1,2,3-trioxolane can be split up in two
ways, one of which gives the desired aldehyde, but the mechanism can't stop there.

(N
o=0 ..
D R L
% \\—CH3 glo Ka%\CHS
HaC
§_<?jo'/\ : SMe, %_g) OSJéMeZ L P o~ SMe;
OJ\CHg E/kcm

Fourth step. Itis not clear whether the ring O is O6 or O7. If the ring O is O6, then make: C2-OMe, C2—
06, C5-OMe, and break: C2—-07. If the ring O is O7, then make: C2—-OMe, C5-07, C5-OMe, and break:
C5-06.

o7 MeO 6or7
O
1 3 _COMe MeOH 1 HaCrres 5~ OMe
H3C™ 2 2 —_— 2 3
nd 5 cat. TsOH MeO S/,
S C—
4 \O 5 OH

First step is protonation of one of the carbonyl O’s. An intramolecular addition is likely to occur faster
than an intermolecular one. Because a better carbocation can be formed at C2 than at C5, addition of O7 tc
OS5 is more likely than addition of O6 to C2.
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OMe

HO COMe HO COMe

It should be stressed that this mechanism is not the only reasonable one for this reaction. Any reasonable
mechanism should avoid ag&substitution, however.

6. Make: C1-C4, C3-C8. Break: C1-02, C8-Br. The light suggests a free-radical or pericyclic reaction
is operative Iin at least part of the mechanism.

6 O
2
O , 4
h)]\g + 5 "CHg
Naphi 1 ~ CH
8 Br

The base may deprotonate either C3 or C4. Deprotonation of C3 makes it nucleophilic. We need to form
a new bond from C3 to C8 via substitution. The mechanism of this aromatic substitution reaction could be
addition—elimination or §\1. The requirement of light strongly suggestg® See Chap. 2, section

C.2, for the details of drawing aGl reaction mechanism.

h/U\_ CHy, _ RNE CH
Napt”™ ~cCH 7 hv, lig. NH, Naph

Br

After the substitution is complete, all that is required is an aldol reaction, dehydration by Elcb, and
deprotonation. Workup then gives the product.
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O
CHs aldol Elcb
ap Naph
o OH
O o OH
Z
(14 OOWR-_20®
> Naph Naph Naph
H H H H

Alternatively, deprotonation of C4 makes it nucleophilic, and an aldol reaction and dehydration by Elcb
gives an enone.

CHj
O

h)l\ + 6H2 ME& Z Naph
Nap CH

Br Br

We still need to form C3—C8. Deprotonation of C3 gives a dienolate. The more &pisiemer will
form. Light causes this isomer to isomerize to #)agomer. An electrocyclic ring closing, which may
also require light because it destroys aromaticity, gives the C3—C8 bond. ExpulsiorandBr
deprotonation gives the conjugate base of the product.

O CH, o
# > Naph t-BuOK ~ Naph "V
Br Br

O O‘) (O o
PRSI C
Naph Naph Naph Naph
Br P Bro P H;? P P
H

7. Make: C3—C11, N6—C11, C7—C9. Break: C11-012.
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4 5
10
3 Me 9 11 12
6 I;IHBI’I \/\CHO . 1(%
1 PhCOH
H g COMe <

The combination of an amine and an aldehyde under weakly acidic conditions almost always gives an
iminium ion very rapidly. Such a reaction forms the N6—C11 bond. Nucleophilic C3 can then attack this
iminium ion to give a new iminium ion. We still need to make C7—C9. Deprotonation of C7 gives a

neutral enamine and a 1,5-diene. Cope rearrangement of the diene gives the C7—C9 bond, but it breaks th
C3-C11 bond that was just formed! However, C11 can be made electrophilic again by protonation of

C10. Attack of nucleophilic C3 on C11 gives an iminium ion again, and deprotonation of C7 gives the
product.

H OH
6 +
NHBnN 11 _OH *N
oo MGW \ Bn /\ Me "‘H+
v —_—
N N
N CO:Me N CO:Me
+ OH, NBN
\ % 3 r"L lll
N
N\ Bn 7 Me —H* (\\ A Me
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NBn H NBn H
AR PR
2N
+N Me N Me
H H

H ‘coMe CO,Me

8. First reaction. Make: N1-C8, C7—C8. Break: C5-Si6, C8-009.

6:SiMe2Ph (\ Br
3 4 i5 | 8
2( N._A_CH
HN

T Dbs Znl,, EtOH

Qo

The combination of an amine and an aldehyde under weakly acidic conditions almost always gives an
iminium ion very rapidly. Such a reaction forms the N1-C8 bond. Nucleophilic C7 can then attack this
iminium ion to give a carbocation. Fragmentation of the C5-Si6 bond gives the product.

|ZZ_|']\+O Br _ IZZh\OBr s |
< AN
| AN N H "'H+

—_—

SiMe,Ph SiMe,Ph

1,Zn Br
’ \6H Z N +
N ~ N | |j>
R N SiMe,Ph
E —_— H —_—
SiMe,Ph Br
N N
DbsN = DbsN
A\ SiMe,Ph N
H H

Second step. Make: C5-C10. Break: C5-Br.
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cat. (PRP)LPd(OQ,CCR);
11 i-PrpNEt

The catalytic Pd complex and the aryl bromide together suggest the first step is oxidative addition of Pd(0)
to the C5-Br bond. (The reduction of Pd(ll) to Pd(0) can occur by coordination to the Btmyaeide
elimination to give a Pd(Il)-H complex and an iminium ion, and deprotonation of Pd(l)-H to give Pd(0).)
The C10—-Clitbond can then insert into the C5—Pd bond to give the C5-C10 Bdndride elimina-

tion then gives the C11-Cifbond and a Pd(ll)-H, which is deprotonated by the base to regenerate
Pd(0). The overall reaction is a Heck reaction.

0
L,Pd coordination,
insertion insertion

N

7

= N1 {INR 0
— + Br—Pd-H —> L,Pd
B-hydride e H | L,

elimination ppsg
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