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Preface

How does an organic chemist go about synthesizing a desired molecule? The goal
of this Solutions Manual is not only to provide you with the “correct” answers to end-of-
chapter problems, but also to give you the opportunity to develop a methodical approach
to synthesizing a given target molecule using the tools and concepts covered in Modern
Organic Synthesis: An Introduction.

We assume that the student is well acquainted with the basic concepts of organic
chemistry taught at the sophomore level. The introductory chapters provide step-by-step
solutions to illustrate how a problem is broken down to smaller problems and solved.
Later chapters assume the student is well versed in the concepts covered in the previous
chapters; however, the key steps involved in the solutions are highlighted. Throughout
the manual, literature references are provided for problems that have been inspired by
‘real’ world examples.

To assimilate synthetic methodologies and to integrate them into a synthetic
design requires actual problem solving and not merely looking at the text. Only by
writing the answer do we pay attention to details such as proper choice of reagents,
reaction conditions, mechanistic implications, and so forth. Thus, it is important that you
refer to the Solutions Manual only after you have made a real effort to solve the problem,
or simply to verify that your approach is the same as or even better than the one
presented in the manual.

We are grateful to the Chemistry 131 students at UC Davis and especially to the

teaching assistants of the course for their suggestions and contributions to the
development of the problem sets.

Michael Nantz, Hasan Palandoken and George Zweifel
June 2006
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- ABBREVIATIONS

ACuiiiiinnen. acetyl, acetate

ACAC cveeerreennee acetylacetonate
AIBN......coueve. 2,2"-azobisisobutyronitrile
anhydr ............ anhydrous

APA....cune. 3-aminopropylamine

F1To (ORI aqueous

atm......... ..atmosphere
9-BBN.......... 9-borabicyclo[3.3.1]nonane
Bno.oon. benzyl

BOC e tert-butoxycarbonyl

3] SO boiling point

BPS e tert-butyldiphenylsily!

n-butyl
..sec-butyl
tert-butyl

BZooorreirinenn benzoyl

(1) FOUR catalytic
CBS.ooeres 2,5-oxazoborolidine
Cbz e benzyloxycarbonyl

carbonyldiimidazole
cyclohexyl
cyclopentadienyl
10-camphorsulfonic acid
1,4-diazabicyclo[2.2.2Joctane

DBN ..o, 1,5-diazabicyclo[4.3.0]
non-5-ene
DBU...coveeenn 1,8-diazabicyclo[5.4.0]
undec-7-ene
DCC.....ovvuvae. 1,3-dicyclohexylcarbodiimide
DDQ...ocovee 2,3-dichloro-5,6-dicyano-
1,4-benzoquinone
derrrerieene diastereomeric excess
DEAD ............ diethyl azodicarboxylate
DET....... ..diethyl tartrate
DHP....... ..3,4-dihydro-2H-pyran

DIAD ..............diisopropyl azodicarboxylate
DIBAL-H ....... diisobutylaluminum hydride
diisopropyl tartrate
4-dimethylaminopyridine
dimethyldioxirane
1,2-dimethoxyethane
N,N-dimethylformamide
Dess-Martin periodinane
N,N'-dimethylpropyleneurea

DMS ... dimethyl sulfide
DMSO......c.o. dimethyl sulfoxide

| DI S diastereofacial selectivity
[T T enantiomeric excess

(70 JOUORRN equivalents

&1 IO n......ethyl

..electron-withdrawing group

FG .o functional group

| RO hour

HMDS.......... hexamethyldisilazane
HMPA ............ hexamethylphosphoramide
HQucoovrere hydroquinone

light
o-iodoxybenzoic acid
imidazole
.isopinocampheyl
potassium
3-aminopiopylamide
KHMDS......... potassium
hexamethyldisilazide
L-Selectride....lithium
tri-sec-butylborohydride
lithium aluminum hydride
lithium diisopropylamide
lithium
hexamethyldisilazide
m-chloroperoxybenzoic acid

methyl
MEM....coounid 2-methoxyethoxymethyl
11510] AU mole
MOM.....ccoeuees methoxymethyl
1207 SRR melting point
MS s mesyl (methanesulfonyl)
MS.oriienns molecular sieves
MVK ..o methyl vinyl ketone
NBS..... ....N-bromosuccinimide
NCS..... ....N-chlorosuccinimide
NMO ..covvvrinns N-methyimorpholine

N-oxide

NMP.....ceuen. N-methyl-pyrrolidinone
PCC...ccooinns pyridinium chlorochromate
PDC..ccccvvvnnan pyridinium dichromate
PG . protecting group
Phooins phenyl

pivaloyl
....4-methoxybenzyl
pyridinium
p-toluenesulfonate
iso-propy!
B-Plocnn n-propyl
o2 DO pounds per square inch
1-phenyl-1H-tetrazol-5-yl
....pyridine
Raney-nickel (usually
W-TT type)
RCM....ccvinn ring-closing olefin
metathesis
Red-Al...........sodium bis
(2-methoxyethoxy)
aluminum hydride

| £ SO, room temperature
Sharpless asymmetric

expoxidation

SE v synthetic equivalent

SEM ...ccvvvvinnn 2-(trimethylsilylethoxy-
methyl

) IR disiamyl

TBAF .....cco... tetra-n-butylammonium
fluoride

TBS oo tert-butyldimethylsilyl

.triethylsilyl
..trifluoromethanesulfonyl
....trifluoroacetic acid
trifluoroacetic anhydride

tetrahydrofuran
THP ..o tetrahydropyrany!l
ThX e thexyl (Me,CHMe,C-)
TIPS oo, triisopropylsilyl
TMEDA ......... N,N,N' ,N'-tetramethylethyl-
enediamine
trimethylsilyl
trimethylsilyl
trifluoromethanesulfonate
TPAP ..cceu. tetra-n-propylammonium
perruthenate
Troien trityl (triphenylmethyl)
TSeirivevrvrinnne tosyl ( p-toluenesulfonyl)
FA ST heat






CHAPTER 1

Synthetic Design

Overview

Chapter 1 focuses on how to design and execute the synthesis of a variety
of target molecules (TM) using the tools and strategies you encountered in
Modern Organic Synthesis: An Introduction.

Problem 1 (Functional Group Interconversions) introduces how to
recognize precursors of key functional groups present in a target molecule.
Problem 2 (Umpolung) highlights the use of carbonyl group polarity reversal, an
important synthetic tool. Problem 3 (Retrosynthetic Analysis) stresses approaches
to disassembling a target molecule into simpler fragments and ultimately into
starting materials. Problem 4 (Synthesis) provides the opportunity to put into
practice these concepts by designing protocols for the syntheses of various target
molecules.

Key Concepts

Retrosynthetic analysis

Synthetic equivalent (SE)

Functional group interconversion (FGI)
Carbonyl group polarity reversal (Umpolung)

¢ © o o



2 * Chapter 1 Synthetic Design
SOLUTIONS TO CHAPTER 1 PROBLEMS
The more challenging problems are identified by an asterisk (*).
1. Functional Group Interconversion. Show how each of the following
compounds can be prepared frqm the given starting material.
CI(CHp)gOH ——3= EtO,C(CHy)sCN

Solution:

FGls in this problem:
1. Primary (1°) alkyl chloride to ethyl ester
2. 19 alcohol to nitrile

)

(0] 4. TsCl,
CI(CH»)gOH 1. DAF . cal TSOR EtO,C(CHo)gOH — > EtO,C(CH,)sCN
(CHa2)e 22 Mg, ELO - 2C(CHop)g 5.KCN. 2C(CHo)g
2b. CO, DMSO

3. EtOH, cat. H,SO4

Step 1  The 1° alcohol is protected with dihydropyran (DHP).

Step 2a Reaction of an alkyl chloride with magnesium (Mg) provides the
corresponding Grignard reagent (conversion of an electrophilic carbon
to a nucleophilic carbon).

Step 2b Reaction of a Grignard reagent with carbon dioxide affords the
carboxylic acid.

Step 3  Fischer esterification (reaction of a carboxylic acid with excess alcohol
and a strong acid catalyst).

Step4  The 1° alcohol is converted to a good leaving group (tosylate) for the
ensuing displacement reaction (Step 5).

Step 5 Sn2 displacement of the tosylate group with cyanide anion provides the
™. :

b.

CO,H CHoNH,
g — O

Solution:

Carboxylic acid to 1° amine

FGl in this problem: ]




Solutions to Chapter 1 Problems ¢ 3

COH 1. 500, COCl 5 N, CHoNH;
—_— o
O or (CO),Cl, O/ 3a. LiAlHy, THF O/

3b. HT, H,0
3c. NaOH, HxO
Step 1 Carboxylic "acid is converted to an acyl chloride with thionyl
chloride (SOCI,) or oxalyl chloride [(CO),Cl,].
Step 2 Reaction of the acyl chloride with ammonia (NH3) affords the amide.
Step 3a Reduction of the amide with lithium aluminum hydride (LiAlH,)

provides the TM.
Steps 3b+c  Workup protocol.

C.
O — T
Eanr
v, — ~CHg
H H

Solution:

FGls in this problem:
1. Alkene to acetate
2. Alkene to a higher carbon homolog (2)-alkene
(Note: Acetate and propeny! functionalities need to be trans to each other.)

3. Lindlar's cat.,

1. mCPBA OH Hyp, EtOH, OAc
@ CH,Cly, 0 °C Cr quinoline Ol
= P “, ... -GHa3
2a. CHyC==CMgBr ‘X 4CHsc(0)CI <
THF CHz  py H H
2b. aqg NaHCO3

Step 1  Conversion of the alkene to the epoxide.

Step 2a Epoxide opening proceeds via Sn2 displacement to give the trans-
adduct.

Step 2b  Workup protocol.

Step 3 Semi-hydrogenation of the triple bond with Lindlar’s catalyst gives the
(2)-alkene.

Step4 Conversion of the alcohol to the acetate with acetyl chloride
(CH;C(0)Cl or AcCl) provides the TM.

Ow\——»owo

D



4 ¢ Chapter 1 Synthetic Design

Solution:
FGl in this problem:
One-carbon homologation of a terminal double bond to a terminally
deuterated carbon
1a. BHg THF -
E>—_\ 1b. NaOH, HQOQ‘ O__\ 3. Ph3P=CD» _ b
N\  2.PCC,CHxCl, CHO toluene O_—\=<

D

Step |  Hydroboration-oxidation yields the 1° alcohol.

Step2  Oxidation with pyridinium chlorochromate (PCC) affords the aldehyde.

Step3  Wittig reaction provides the TM. (Note: The ylide reagent is prepared
by treating PhsP with CDsl to obtain Ph3P+CD3-I_ and followed by
deprotonation with »-BuLi.)

*e.
O O
R
HOJ\(l)/\OH —— Ph/\O/\(SlyJ\OH
Solution:
FGls in this problem:
1. Carboxylic acid to benzyl ether
2. 1° alcohol to carboxylic acid
0] 3a. KH, THF, 0 °C
3 1. DHP, cat. H+ 2 3. PhCHnBr
HO™t ™ "OM o i, THF HO/Y\OTHP 4 HYHO  55%
2b. NaOH, H,0O 5. Jones oxidation

Step 1  1° alcohol at C(3) is protected as its tetrahydropyranyl (THP) ether.

Step 2a Reduction of the carboxylic acid with lithium aluminum hydride
(LiAlH,4) affords the alcohol.

Step 2b  Workup protocol.

Step3  Williamson ether synthesis provides the C(1) benzyl ether.

Step4 THP hydrolysis at C(3).

Step 5  Jones oxidation produces the TM in 55% overall yield.

Reference: McGuirk, P. R.; Collum, D. B. J. Org. Chem. 1984, 49, 843.



Solutions to Chapter 1 Problems ° 5

*f.

THPO™ "™ 7 0*\\/)/\/
o o)

O

Solution:

1. Tetrahydropyran-2-yloxymethyl (THPOCH,-) to carbonyl (C=0)
2. Carbonyl (C=0) to methylene (-CHy-)

a2 1a. LiAlH4, THF 1o 3. NalOy4
THPO™ ™ == 1{pb.NaOH, H,0 HO" % = MeOH, H,0
o= 2. HCl MeOH HO < >
0 . , MeOH OH
4. CrOg, HoSO4
H3 == acetone, Hy,0 HO\(W OW
4 - o  — o)

Jones oxidation
OH

FGls in this problem: ]

Lactol
(hemiacetal)

Step la Reduction of the lactone with lithium aluminum hydride LiAlH,
provides the diol.

Step 1b Workup protocol.

Step2 THP hydrolysis affords the triol with C(1), C(2) and C(4) bearing the
hydroxyl groups. ~

Step 3  Oxidative cleavage of the 1,2-diol [C(1)-C(2)] with sodium periodate
(NalOy) gives the aldehyde at C(2).

Step4  Acidic media of Jones oxidation allows the in-situ formation of the
lactol (a hemiacetal), which is then oxidized to the lactone (TM).

Reference: For a similar synthesis, see Takano, S.; Tamura, N.; Ogasawar, K. J.

Chem. Soc., Chem. Commun. 1981, 1155.

2. Umpolung. Show how each of the following compounds can be prepared
from the given starting material using either a formyl or an acyl anion
equivalent in the synthetic scheme.

I(CHp)5Cl  ——= <:>= 0]
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Solution:
>< } fa. BuLi, THE \/\/\H)<S:> 2. n-BuLi, THF_
1b. I(CH,)sCl s -78°C
1,3-dithiane
pK, =31

Of) Hmsm (O
s MeOH, HoO
Step 1b  Selective Sn2 displacement of the iodide (better leaving group than

chloride).
Step2 Intramolecular displacement of the chloride.

b.
(0]
0]
/\/U\/\ 4
xn —
n-Pr
(@]
Solution:
O,N
O
AN~ 1. CHgNO,, NaOMe 2.TiCly, H0
MeOH Nef-type reactionr

nitromethane pK, = 10 o

Note that the deprotonation of the strong acid nitromethane (pK, = 10) is
accomplished using the relatively weak base sodium methoxide (NaOMe).

0]

]
ClCHg(CHQ)z"'CEC"'(CHQ)4CH3 — CHa(CHz)gC(CH2)30H=CH(CH2)4CH3
cis

Solution:

R = CH3(CHy)g-



Solutions to Chapter 1 Problems ¢ 7

2. HgClp, HgO
acetone, H,0O _ j\/\/\)/\/\
3. Hp, cat. Pd/BaSO4  CHg(CHy)g Z

EtOH, quinoline cs

Reference: For an analogous synthesis, see Smith, R. G.; Daves, Jr., G. D,
Daterman, G. E. J. Org. Chem. 1975, 40, 1593.

g@~@“
.

*d.

Solution:

Hg~

S .
Li S ‘
<: ><Me S 2ngo O ‘\
S HgCl, H”
e
THF MeOH
H20 OMe OMe

(1,2-addition prevails
in the absence of HMPA) - _

methanolysus of
the 3° allylic alcohol

*e,
(0] o] :
/\/U\/:\
/\/U\H > A CO,Me
Solution:
1a. TMSCN, Znl,
o CHClo OR! 3a.LDA OR! :
/\/u\ ib. INHCI /\/{\ THF,0°C /{\/\
X7 H 2 T IXTH B, ~ R2 CO,Me
2 A 0t CN 3bl : CN 2
CH,CI ’ N~
cat H+  R'=CH(OEt(Ve) COpMe
R? = CH3C(H)=CH
OH : 4b. NaHCO3 o
. PPTS, H : H /\/u\/-\
4a. PPTS, MeOH _ /\/I\/\Cone 0 COMe
acetal CN
hydrolysis

cyanohydrin, unstable to base
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Step 3b The resonance-stabilized enolate anion reacts both chemo- and regio-
selectively: iodide displacement occurs in preference to 1,2-addition;
alkylation occurs o to the nitrile moiety.

Reference: For an analogous synthesis, see Kang, S. H.; Lee, H. S. Tetrahedron
Lertt. 1995, 36, 6713.

3. Retrosynthetic Analysis — One-Step Disconnections. For each of the
following compounds, suggest a one-step disconnection. Use FGIs as needed.
Show charge patterns, the synthons, and the corresponding synthetic
equivalents.

multrstrlatln

Retrosynthetic analysis:

%0 -0 =
0-% 0O + O

synthetic equivalent

)-multistriatin
(an acetal) (SE)
Synthesis:
0] toluene . -SnCI4 A
O
; mixture of
6-23“4, diastereomers

Lewis acid-catalyzed (SnCls) ring opening of the epoxide is regioselective,
placing the nucleophile at the more substituted carbon.

Reference: Pearce, G. T.; Gore, W. E.; Silverstein, R. M. J. Org. Chem. 1976,
41,2797.



Solutions to Chapter 1 Problems ¢ 9

e 5

0

Retrosynthetic analysis:

SNSRI S

A B
SEs
Synthesis:
a. LDA

o THF, =78 °C
A b-SEB /

A c. HF, Hy0 (workup) o
C.

Me
Me' MeOH

(x)-terpineol

Retrosynthetic analysis:

Me Me

— X

(+)-terpineol (‘\r'r" - (\
Sor +

H > + 2 MeMgBr
Me © ;!“l" OH MeO,C

Me Me
Me
cyclohexene = Diels-Alder transform

The 3° allylic alcohol is not well suited as a dienophile (bulky, acid-sensitive). A
better choice is methyl acrylate (electron-deficient alkene). Addition of MeMgBr
to the ester after cycloaddition furnishes the 3° alcohol moiety.



10  Chapter 1 Synthetic Design

Synthesis:
Me Me
Me Z 2. MeMgBr
N 1. MeO,C , heat (2 eq)
I Diels-Alder reaction (x)-terpineol
" CO-Me
2 Me” | ~OH
Me
d.
O OH
HO gingerol
OMe
Retrosynthetic analysis:
O OH 0 OH
MGOD/\)‘\%‘J\"'%HH = Mer@/\)l\— + +kn-CsHu
HO HO Il l
gingerol
O O
MeoD/\/“\ + HJ\n-Cg,Hn
HO A SEs B
Synthesis:
0 *TOR-78ec 1 1
Meon\/U\ b. SE B 5 MGOU\/M\)\n_CSHH
- 2
TMSO c. HY, HQO HO
SEA workup cleaves TMS group gingerol
53%

Reference: Denniff, P.; Macleod, I.; Whiting, D. A. J. Chem. Soc., Perkin
Trans. 11981, 82.

D s



Solutions to Chapter I Problems ¢ 11

Retrosynthetic analysis:

0
0]
iy co? N
F — \\,i> = EtO — HN
\/ \/ B EtOQC/\\:’{N )
& SE Etogc/\8 4

Add an electron-withdrawing group

to obtain the desirad charge pattern  conjugate addition

Synthesis:
0 o)
EtO 1. NaH, DME 2 KOH, EtOH
N Dieckmann EtO,C N +
EtOC condensation 3. H7, heat

-keto ester -C0,

Step I  Intramolecular condensation of two esters (Dieckmann condensation).
Step 2 Saponification of the ethyl ester provides the $-keto carboxylic acid.
Step3  Decarboxylation of the carboxylic acid (Note: This requires a f-keto

group.)

4
ij/?(vj
OH

Retrosynthetic analysis:

0 0 0
~Z Fal L = by F
- —
OH o o]

1,5-dicarbonyl

@)
SE

Generally, the alkylation of active methylene compounds proceeds in good yield.
However, in this case, as illustrated below, the alkylation requires displacement of
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a sterically hindered halide. Thus, the alkyation approach (shown below) is not
recommended.

Br

&a‘?(\/ N ‘&O;’W - W

hindered electrophile

4. Synthesis. Outline a retrosynthetic scheme for each of the following target
molecules using the indicated starting material. Show (1) the analysis
(including FGI, synthons, and synthetic equivalents) and (2) the synthesis of
each TM.

a.
Ci 0] Cl
0] OH
from
(@]
' OMe OMe

Retrosynthetic analysis:

Cl (0]
O O~ -
’ :> +
0 0
OMe OMe
ol li 1,3-diketone
° A (SE)
;‘J/\\/\/\ Br
B (SE)
| OMe
C Cl
OH o ‘U’
= = Bl o~
+ +/\/\/\Br = i Br
C (SE)

OMe OMe
D (SE)



Solutions to Chapter 1 Problems ¢ 13

Synthesis:
Cl
1a. K2C03 0
SN
acetone 2. Nal, acetone =X I 3.A
1b. C > > l Z KsCO ™
' Finkelstein IR
reaction . OMe

Step 1  Phenol (pK, = 10) deprotonation and alkylation gives B.

Step2 Conversion of the alkyl bromide to the corresponding alkyl iodide
(Finkelstein reaction).

Step3  Alkylation of the 1,3-diketone enolate A provides the TM.

Reference: For a similar synthesis, see Diana, G. D.; Salvador, U. J.; Zalay,
E. S.; Carabateas, P. M.; Williams, G. L.; Collins, J. C. J. Med.
Chem. 1977, 20, 757.

b.
0]
(R) y O
X (R) a
o] 0 from W
= g OH
0] (R
6]
(=)-pyrenophorin
(antifungal compound)
Retrosynthetic analysis:
N NN
OH = OH
o A (SE) N
R O
’(:) R \"'/—\/(l)k/\ 9
o) 0O D 27y ~AcooH = I ___
o { T TN YORE
g ) symmetry OH dissonant Umpolung 2

o [l
(-)-pyrenophorin m m
g + PhgP=CHCO,Me <= S
< e

H cHO B W N

2
C (SE) CO.R
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Synthesis:
1a. LDA, THF o Sq 2. B, toluene
1b. | \:/\><CHO 3a. LIOH, MeOH \./\></\COOH
T & 3b. HC| :
: OTHP OH
OTHP m
S__S

™

o
4. DCC, CH,Cly M 5.HgClo, HgO
: R Y
OM(\/\ MeOH, H,0

Step 1a Deprotonation using the non-nucleophilic base LDA avoids 1,2-addition
to the aldehyde C.

Step 1b Note that the —OH group of the alkyl iodide substrate A must be
protected prior to alkylation.

Step2  Wittig reaction.

Step3  Ester saponification and acidification, which also cleaves the acid-
sensitive THP group.

Step4 Head-to-tail esterifications of two hydroxy acid substrates give the bis-
lactone.

Step 5 Removal of the dithiane provides the TM.

Reference: For an analogous synthesis, see Seebach, D.; Seuring, B,
Kalinowski, H.-O.; Lubosh, W.; Renger, B. Angew Chem. Int. Ed.
1977, 16, 264.

Me CH,OH 5
from NPT
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Retrosynthetic analysis:

Me_ CHpOH Me +
/\)M\/\ = /\)i/\ + CHpOH == formaldehyde
SE
i
Me MgBr _ kgl Me Br FGI Me OH
Me
2% M OH
fl ll
FGI
2 _ALDBr C 2 _~_MgBr MeCO,Me
SE SE
Synthesis:

1a. n-PrMgBr (2 e
0 9Br (2 eq) Me OH

/IL Et,0 _ W 2. PBrg
OMe 1b.HY H0
{workup)

Me Br

3a. Mg, Et,0
3b. HgC=O . Me CHQOH

3c. HE H,0

Step3  The reaction of a tertiary Grignard reagent with a hindered ketone may
result in reduction and/or enolization of the ketone. However, in the
present example, the use of formaldehyde (an excellent electrophile)
circumvents these side reactions.

OH
from Br/\/\‘/
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Retrosynthetic analysis:
OH
E>= Bng\W FG' Br\/\/\(

A (SE) B (SE)

Synthesis:

1a. Mg, Et,O
1b. O 3a. Mg, Et,0

A HO 2. PBry 30, A
1c. HF, H,0 3c. HY, Hy0

M o

N NHMe
from O
cl =N cl

Ph

Valium
(tranquiiizer)



Solutions to Chapter 1 Problems ¢ 17

Retrosynthetic analysis:

0 0
E'[O—'<— = +{
NH, NH,
A (SE) .
Me\ I\I/Ie
0
‘g FGI Nf{_ N N
NH,
| =0 [ o
h Ph

The imine is the nitrogen analog of the C=0 group and is formed m
by the reaction of a 1° amine with an aldehyde or ketone.

l\{le

NHMe NHMe EAS NH
- T e Clos

cl *“'f

Ph

D (SE) EAS = electrophilic ll
aromatic substitution o B (SE)
CIJ\Ph
C (SE)
Synthesis:
NHMe {1, CH3C(O)ClI
/©/ 2a.C,ACl; . 3A _
cl 2b. HF, H,0 heat
D 2c. NaOH, Hy0

Step 1  Reaction of CH;C(O)Cl with D affords the amide (weak activator
compared to an amine), which should circumvent multiple substitutions
in Step 2a.

Step 2a Electrophilic aromatic substitution occurs ortho to the amide.

Step 2b  Workup.

Step 2¢  Hydrolysis of the amide provides B.

Step3 Reaction of the 2° amine (of the aromatic ring B) with the ethyl ester
forms the amide while the reaction of the 1° amine (of glycine A) with
the carbonyl group forms the imine.

Reference: For an analogous synthesis, see Gates, M. J. Org. Chem. 1980, 45,
1675.
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f.

’/\ acetal protecting group for
OH 0 OH 0 1,2-diols; cleaved by H*, H,O
: H from 0
HO\/l\/\/l,l\/\/\/O \)\/\CO HEt
Retrosynthetic analysis:

OH 0
HO\/l\/\:H{lLr',r

/\/?i/OH = HO\/(')i/\Jr + 0=0
symmetry I fl
OH FGI OH S
HO\/‘\/\/OH & HO\/'\/\/Br <S:>
U FGI A (SE) B (SE)
~o
O\/\\/\COQEt
Synthesis:

#-o 1a. LiAIH4, Et,0
1b. Na2804, HQO

O L.

\)\/\coza

Li-i_-_<S >
#‘0 3. S

> O -
2. CBry, PhgP A B

EtN, CHoCly

HMPA, THF
c -78°C
73%
4a. n-Buli
\/Lo M) THF #-o M _O-‘k
O\)\/\S)<S e O\/\\/\S><S/\/:\/o
_ 4 4b.C
74% 70%
5. HgCl,, HgO
MeOH, H,O oH Q
6.H* H,0

Step 2 Conversion of the 1° alcohol to the 1° alkyl bromide

Reference: Sharma, A.; Iyer, P.; Gamre, S.; Chattopadhyay, S. Synthesis 2004,
1037.
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CHO
y O/\_E/\\\/
OH (CHp)4CHg 4’0

Retrosynthetic analysis:’

//"« NN 2+ YN
OH (CH»)4CH3 OH (CH»)4CHg
homopropargylic U {]
alcohol = epoxide acetylene
A (SE) e X
(CH2)4CHg
B (SE)
| Fa
FGI
OH (CH2)4CH3 OH (CH5)4CH3
C

U FGI (Wittig reaction)

CHO
HO™ Y +  PhgP=CH(CH,),CHs
OH E D

Synthesis:

1 Ph+PCH (CHo)4CH4l 3. TsCl (1 eq) Sa.HeF o

- Fhg 2\bHg)qLing - Is eq), THF,
YN0 maomso ey HMPA

) 2.0.005N HCI "~ ¥ "4.DBU, THF 5b. HT, H,O0 629

4—0

Step 2

Step 3
Step 4

Step 5a

Step 5b

CH4CN, H,0, 1t

The diol E must be protected (acetal, in this example) for the Wittig
reaction to proceed. —The Wittig reagent is prepared from the
phosphonium iodide using sodium dimsylate, NaCH,S(O)CHj.

Mild acid hydrolysis of the acetonide prevents acid-induced isomer-
ization of the (Z)-alkene.

Selective tosylation of the 1° alcohol.

DBU (1,8-diazabicyclo[5.4.0]lundec-7-ene), a bulky, non-nucleophilic
nitrogen base, is used to form the epoxide.

Under basic conditions, the epoxide ring opening proceeds at the less
substituted carbon (compare to Problem 3a).

Workup protocol.

Reference: Corey, E. J.; Kang, J. J. Am. Chem. Soc. 1981, 103, 4618.
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*h.
COOH
HO"'O HO——H
(0] from
HO H=—1—-OH
- COOH
Retrosynthetic analysis:
HO., HO., _ S
fo WL - o= )
HO HO + S
consider the ] B (SE)
symmelry I OH
HO.., FGl HO.., FGI HOICOQH
HO HO HO™ ~CO,H
| OH
A (SE) UFGI
CO.H
H—1—OH
HO—1—H
COzH
Synthesis:
CO2H 1. Dimethoxypropane, OH l
H——OH MeOH, p-TsOH O, 3. TsCl, py O,
- C 2
HO——H  2a. LiAlH,, THF 0 4. Nal, 0
CO,H  2b. EtOAc OH acetone :

2c. NaOH, H,O
LS
s 0. —~Js
ca. - > 5b. n-BuLi ><O'J:><S:>
THF o~ 5 T % s
!

6.H, H0  HOw o
7. HgClp, HgO /O
MeOH, H,0 O

Step 2b+c  Workup protocol.

Reference: For an analogous synthesis, see Khanapure, S. P.; Najafi, N.; Manna,
S.; Yang, J.-J.; Rokach, J. J. Org. Chem. 1995, 60, 7548. ’
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0 o) o
v 0

[
FG HEL

= o = H o

retro-aldol Umpolung
1,4-diketone
A
o CHgNO,
0O /U\ (formyl anion
+ nan equivalent)
PhaP I W/ttlg 5
D (SE)
C (SE)

Synthesis:

2. Z > MgB
o) 1. o) 0 gor

: i (2 eq) 4.NaOH
é Et0)P I Cul, E,O (0.1 eq)
_ _ R

™

= C >
KH, EtOH, 5 °C 3. 0sOy4, NalO, EtOH, rt
+BuOH, H,0

Step 1 B-keto phosphonates often are used for olefination of ketones
(Horner-Wadsworth-Emmons modification of the Wittig reaction).

Steps 2 +3 The cuprate-mediated 1,4-addition and subsequent Lemieux-Johnson
oxidation of a vinyl group are excellent procedures for the
introduction of the $-formyl group.

Step 4 Intramolecular aldol condensation provides the TM.

Reference: For the synthetic sequence applied to a similar TM, see Corey, E. J;
Smith, J. G. J. Am. Chem. Soc. 1979, 101, 1038.



CHAPTER 2

Stereochemical Considerations in Planning Syntheses

Overview

Chapter 2 focuses on conformational analysis as a tool for assessing the
relative reactivity and stereochemistry of cyclic compounds.

Problems 1-3 emphasize the three dimensional representation of various
cyclic molecules and evaluation of their energies by the A, G, and U parameters.
In Problems 4-6, we apply conformational analysis to predict the reactivity of
carbocyclic systems toward various reagents and to gather information regarding
the preferred stereochemical course of the corresponding reactions. Further
examples of applications of conformational analysis in organic synthesis are
incorporated in Problems 7-9.

Key Concepts

* Conformational analysis
e Corey and Feiner’s A, G, and U energy parameters
o Al2gtrain

22
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SOLUTIONS TO CHAPTER 2 PROBLEMS

The more challenging problems are identified by an asterisk (*).

1. Draw the chair or the half-chair conformations (where applicable) for each of
the molecules shown below and determine the corresponding E, and AE,
values. Use the A, G, and U values of Table 2.3 and assume 0.7 kcal/mol for
Me/H Al2 strain.

Me -Pr
A (0] Me., Me Me
~Me
“OH “Me
-Pr Me Me Me
a. b. c. d.
Me Me H oH H OEt
0 © < OEt
s Me™"
N H
Me H Me H Me
e. f. g. h.
Solution:
a.
f\:/le H -Pr
: H OH
OH HO
-Pr Me H
A B
one 1,3-diaxial Me / OH
. . . one 1,3-diaxial Me / H . . .
interactions: one 1.3-diaxial OH / H one 1,2-diequatorial OH / i-Pr
two 1,3-diaxial ~Pr / H

A: Ep =Upe + Uon + 1/2 (Ame + Aon) + Avpe
=18+09+1/2(1.8+0.9)+2.1
= 6.15 kcal/mol

B: Ep =Gon + Gipr
=02+0.8
= 1.0 kcal/mol

AEp= 6.15-1.0 = 5.15 kcal/mol
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b.

i-Pr

III

"Me Me »
Me 0

two 1,3-diaxial +Pr/H
one 1,2-diequatorial Me / Me

two 1,3-diaxial Me / H
interactions: 2/3 1,3-diaxial Me / H
(cyclohexanone system)

A ED = AMe + 2/3 (AMe)
=1.8+2/3(1.8)
= 3.0 kcal/mol

B: ED = A,’.pr + GMe+ GMe
=21+04+04
= 2.9 kcal/mol

AEp = 3.0-2.9 = 0.1 kcal/mol

Me., Me
‘ M — equ Me ;:__ e _—;;
Me \, H Me eq| eq-H Me 1/ H
Me

Me ax'
Me

A B

one A'2 strain Me / H

interactions:  two A" strain Me /H one 1,3-diaxial Me / Me

A:Ep =2 (A" Me/H)
=2(0.7)
= 1.4 kcal/mol

B: Ep = Upme+ Upe + AY Me/H
=18+18+0.7
= 4.3 kcal/mol

AEp = 43-1.4 = 2.9 kcal/mol
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d.
Me Me
M 1
Me —_— N e _ ____/\/Me eq'
- TN _ >/ ~N \Me
Me H Me H
) Me
A~ B

. . . one 1,3-diaxial Me / Me one A'2 strain Me/H
interactions: one 1,3-diaxial Me / H one 1,2-diequatorial Me / Me

A:Ep = Une+Unie + 1/2 (Asgo)
=18+18+0.9
=4.5 kcal/mol

B: Ep =2 (Gue+ Gume) + A Me/H

=2(0.4+04)+0.7
= 2.3 kcal/mol

AEp = 4.5-2.3 = 2.2 kcal/mol

e.
Me Me OMe
o H~ Me o
HO OMe == O ===  HO OMe
Me }-Ii
Me HO H Me H
A B

one 1,3-diaxial Me / OMe
one 1,3-diaxial Me / H two 1,3-diaxial Me / H

interactions: .0 4'3_giaxial OMe / H one 1,2-diequatorial Me / OH

one 1,3-diaxial OH/H

A: Ep =Ume+Uome + 1/2 (Ame + Aome + Aon)
=1.8+0.9+1/2(1.8+0.9+0.9)
= 4.5 kcal/mol

B: ED = AMe + G'Me+ GOH

=18+04+02
= 2.4 kcal/mol

AEp = 4.5-2.4 = 2.1 kcal/mol
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f.

B face: p face:
interactions: one 1,3-diaxial C(9)-Me /H two 1,3-diaxial C(9)-Me / H

H
=
Me"'6 H H
H 6 Me
A B
o face: o face:

one 1,3-diaxial C(5)-CH,/H  one 1,3-diaxial C(6)-Me / C(4)-CH,

i ti :
nteractions: e 1.3-diaxial C(7)-CHa /H  one 1.3-diaxial O(6)-Me / H

one 1,3-diaxial C(4)-CH, / H
yon

Upe + UHCH2+ 1/2 Ape + 1/2 AHCH2

A: Ep =1/2 (Ame) + Arc,
=09+1.8
= 2.7 kcal/mol

B: Ep = Ame + Ume+ Urcmz + 1/2 (Ame + Arcay)

=18+18+18+1/2(1.8+1.8)
= 7.2 kcal/mol

AEp = 7.2-2.7 = 4.5 kcal/mol



B face:

two 1,3-diaxial C(4)-Me / H
one 1,2-diequatorial
C(1)-OH / C(8)-CHa

interactions:

Ane + GoH + GRcH,

H H
Me HO

o face:
one 1,3-diaxial C(5)-CH, / H

interactions:
one 1,3-diaxial C(1)-CHs/ H

ARCH2 +1/2 AHCH2

=18+02+04+18+1/2(1.8)
= 5.1 kcal/mol

=09+04+04+1.8+1/2(1.8)
= 4.4 kcal/mol

Solutions to Chapter 2 Problems ° 27

B face:

two 1,3-diaxial C(1)-OH /H
one 1,2-diequatorial
C(4)-Me / C(5)-CH>»

AoH + Gme + GReH,

Vs

o face:
two 1,3-diaxial C(8)-CH, /H
one 1,3-diaxial C(4)-CH, /H

AF{CH2+ 1/2 ARCHZ

A:Ep = Awme + Gon + Gren, + Arcr, + 1/2 (Arcn,)

B: Ep =Aou*+ Gume + Gren, + Arch, + 1/2 (Agrcny)

ABp = 5.1 —4.4 = 0.6 kcal/mol
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h.
f face: B face:
one 1,3-diaxial C(4)-Me / C(2)-OEt one 1,2-diequatorial
interactions: one 1,3-diaxial C(4)-Me / H C(4)-Me / C(5)-CH»

one 1,3-diaxial C(2)-OEt/H

Une + Uokt + 1/2 Ayie + 112 Aokt

H OEt
0 8 H OEt H2 OEt

mhoa =" Ot Vs H 4/-Me

i

EtO

54 14 © H
Me
@)
A B
o face: o face:

. . . two 1,3-diaxial one 1,3-diaxial C(2)-OEt / C(8)-CHa

Interactions: - e)-CH, / H one 1,3-diaxial C(2)-OFt / H

A one 1,3-diaxial C(8)-CH», / H

one 1,3-diaxial C(4)-CH, / H

Uogt + UrcH,+ 1/2 Aok
+1/2 AgcH,+ 172 ARCHg

A:Ep = Uwme + Uogt + 1/2 (Ame) + 1/2 (Aokr) + Arch,
=18+0.9+1/2(1.8)+1/2(0.9)+ 1.8
= 5.85 kcal/mol

B: Ep = Gme + Gren, + Uoke + Urcn, + 172 (Aog:) + 1/2 (Arcn,) + 172 (Arcn,)

=04+04+09+1.8+1/2(09)+1/2(1.8)+1/2 (1.8)
= 4.4 kcal/mol

AEp = 5.85-5.75 = 0.10 kcal/mol
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2. Draw the most stable conformation for each of the compounds shown below.
You do nof need to compute the E;) and AEp values.

Solution:

b.
Me
severe destabilizin
ir?teliasctio; ¢ Me/&o
H o)
Me / HO ’
o~ OCHjy y o)
) H HO I H
OH
H OH H H OCHg
A B

B is the more stable conformer.
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chair-boat-chair-envelope

Me Me
Me

[

Me
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3. For each molecule shown below, calculate the percentage (%) of the more
stable conformation at the temperature indicated.

CN Me ‘ OH
L O o
Me Y "Me
i-Pr OH Me
a. b. [
at: 25 °C, 50 °C 25 °C
100 °C
Solution:
a.
CN H i-Pr H Me
z H Me H
Q\ = NC i-Pr
Me H
i-Pr CN H
A B
. . . two 1,3-diaxial CN/H —
interactions: .\ - 1'3-diaxial -Pr / H two 1,3-diaxial Me / H
A:Ep =Acnt Aip: B: Ep = Ame
=0.2+2.1 = 1.8 kcal/mol

= 2.3 kcal/mol

B has fewer unfavorable interactions (lower Ep), therefore, it is the more stable
conformer.

The percentage of conformer B at a given temperature can be calculated as shown
below:

AEp = 1.8 -2.3 =-0.5 kcal/mol
Assuming AEp ~ AG® = —RT InK,,
At 25 °C (298 K): AG® = — 500 keal/mol = — (1.987 cal/K-mol) (298 K) InK

500 conformer B

= — = (.844 =233 =
InKeq 1.987 x 298 Keq=2.33 conformer A

conformer B + conformer A =1



32 » Chapter 2 Stereochemical Considerations in Planning Syntheses

2.33

%B= ————
(233 +1)

(100) = 70% at 25 °C

At 100 °C (373 K): AG® = — 500 kcal/mol = — (1.987 cal/K-mol) (373 K) InK,

500

conformer B

-2 0675 ~1.96=
InKeq 1.987x 373 Keq =196 conformer A
1.96
% B= ———— (100) = 66% at 100 °C
(1.96 +1)

b.
Me
) = e on
: ‘Me Me
OH H H
A

interactions: two 1,3-diaxial Me / H

Me H
H
Me
' N
H
H OH
B
two 1,3-diaxial Me / H
two 1,3-diaxial OH /H

A:Ep = Ape B:Ep = Anme + Aon
= 1.8 kcal/mol =18+09
= 2.7 kcal/mol

A has fewer unfavorable interactions (lower Ep), therefore, it is the more stable
conformer.

The percentage of conformer A at 50 °C is calculated in the same manner as in
Problem 3a:

AEp = 1.8 - 2.7 =-0.9 kcal/mol

At 50 °C (323 K): AG® = — 900 keal/mol = — (1.987 cal/K-mol) (323 K) InK,

900 conformer B
- = 1.40 =406 = ——T 2
InKeq 1.987 x 323 Keq=4.06 conformer A
% A= ———— (100)=80% at 50 °C
(4.06 + 1)
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C.

C:)H OH Me
~ OH H HO
(J = = o T\ e
R
Me OH H
A i B
one 1,3-d§ax§al OH / Me
interactions: SRZ }'g:g:gi:g: 82 // 'I_'ll one 1,2-diequatorial OH / OH
two 1,3-diaxial OH/H
A: Ep=Uon + Unme + 1/2 [Aon + Ame] + Aon B: Ep = Gou + Gon
=09+1.8+1/2[09+1.8]1+0.9 =02+0.2
=495 kcal/mol = 0.4 kcal/mol

B has a considerably lower Ep than A, therefore, it is the more stable conformer.

The percentage of conformer B at 25 °C is calculated in the same manner as in
Problem 3a-b:

AE, =0.4 -4.95 = - 4.55 kcal/mol

At 25 °C (298 K): AG® = — 4550 kcal/mol = — (1.987 cal/K-mol) (298 K) InKeq

K. = 4550 768 K. =2165 = conformer B
N8ea ™ "1 087 x 298 ' eq ~ conformer A
2165
%B= ———— (100)=99.9% at 25 °C
(2165 +1)

4. Show the conformation of each of the following alcohols and arrange them in
order of decreasing ease of esterification with p-nitrobenzoyl chloride.

CH CH CH
Ifl HO H HO H
a b c
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Solution:
HO CHs CHs CHs
H H
H ,
H ' HO
H ’ H

H HO - H H H

b c

a
The order of reactivity for esterificationis ¢ >b > a

5. Given below are the observed o : B epoxide ratios from epoxidations of the
decalins A and B with m-chloroperbenzoic acid (nCPBA) in CHCl3. How do

CHs
o)
b

you explain the differences in stereoselectivity?

O:) _MCPBA
“CHCl,

H H
A 95 5
CHgj
mCPBA
e ——
CHCI3 5
“0
B 60
Solution:
B-face
CH3 H3
H H.l H
= 7
2 H™}
H A : H
A a-face

The angular CH; group shields the B-face of A. Hence, the a-face is more
accessible for epoxidation, resulting in epoxide ratio of 95 : 5 a to f.

CH3 H C':_I3
= H ]
! H
H B HHH H
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Although the angular CH, group also shields the p-face of B, the a-face of B is
less accessible relative to that in A due to the axial a-face H's resulting in the
epoxide ratio of 60 : 40 o to .

Reference: Marshall, J. A.; Hochstetle, A. R. J. Org. Chem. 1966, 31, 1020.

6. Reagents. Show the major product formed for each of the following

reactions.
a.
OTs
/O’ KOtBu
———
I-PI' "Me t“BUOH
Solution:

OTs
= oo O
. i-Pr .
i-Pr Me & BUOH i-Pr Me

E2 elimination proceeds via anti-periplanar
arrangement of the OTs and the adjacent H.

b.
i-Pr
H :
OH TsCl (1 eq)
_—.——_—->
py
H OH
Solution:
T L HoJ P
= H —
py
0]
H OH H H

preferential tosylation of
favored conformer the equatorial-OH
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c. "
AN NaSPh (1 eq)
Br H THF, 0°C —rt
Solution:

Me
.‘.Br NaSPh Me Br
: THF \
Br H o°C-rt PhS £

Sn2 displacement of the
axial-Br is sterically favored.

d.

Me

BrOH
__......>

H

Solution:
Me oH
BrOH J/
7
Brt H

bromonium ion formed
at the less hindered face

p@«q

am‘:—penp!anar and anti-parallel
opening of bromonium ion

Me

NaOEt
e -

o : EtOH
M
Br €
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Solution:
Me Bﬁ hle Me
_ NaOEt @
) == —_—
DN A EtOH :
Br Me- Me

D
Eto~A
E2 elimination proceeds via anti-periplanar
arrangement of the Br and the adjacent D.

*7, Consider the conformational equilibrium of the ketone below. Explain why
conformer A predominates in DMSO (100% A) whereas B is the major
conformer in isooctane (22% B: 78% A).

0] Me
Me S %
O”"Ho /’\
OH
A B
Solution:
iOH
Me — /O
/
77 15
Me
favored conformer; sterically disfavored conformer (axial Me and axial
opposing dipole interaction isopropenyl groups), but the intramolecular hydrogen-

bonding in a non-polar solvent offsets the
unfavorable steric and dipole interactions.

Reference: Suga, T.; Shishibori, T. Chemistry and Industry 1971, 733.

*8. Suggest a reason why the equilibrium below favors the conformation on the

right.
+
A — +%
H-N
F 2

F
4 96
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Solution:

In the compound on the left, the F and NH,R," groups are anti to each other,
while in the compound on the right these groups are gauche to each other.

Holl
zm —_ +
HoN
F

anti gauche

The key orbital interactions that favor the gauche arrangement are shown
below.

He +
;TO
H F

In addition, there is weak hydrogen bonding between the F lone pairs and one
of the H’s on N favoring the conformer on the right.

H
~
+ N

Hesssornnns : F :

*9. Why does the adamantyl compound shown below behave more like a ketone
than an amide? (Hint: Draw the corresponding resonance hybrid.)

Zg O
+ o
N N\
P Bredt's rule violation
B

Solution:
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The resonance hybrid B with the double bond at a bridgehead violates Bredt’s
rule. Therefore, without the delocalization of the nitrogen lone pair of
electrons, the carbonyl moiety behaves more like a ketone than an amide.

Reference: For a crystallographic and ab initio investigation of the amide
resonance model, see Quifionero, D.; Frontera, A.; Capd, M.
Ballester, P.; Sufier, G. A.; Garau, C.; Deya, P. M. New J. Chem.
2001, 25, 259.



CHAPTER 3

The Concept of Protecting Functional Groups

Overview

Chapter 3 deals with concepts of protecting functional groups. This
important tool allows the chemist to manipulate one functional group selectively
in the presence of others in a molecule.

Problems 1 and 2 illustrate the formation and cleavage of various
protecting groups. Problems 3 and 4 introduce how to design syntheses of
molecules that require the use of protecting groups. Problem 5 provides an
example of how a protecting group may influence both the regio- and
stereochemical outcome of a reaction sequence.

Key Concepts

° Protecting and deprotecting a functional group
* Protection of NH groups
o N-benzylamines
o Carbamates (Boc, Cbz)
* Protection of OH groups of alcohols
o Alkyl ethers (ROBn, ROBn, ROTr)
o Silyl ethers (ROTMS, ROTBS, ROBPS)
o Acetals (ROTHP)
o Esters
* Protection of diols as acetals
o 1,2-diols (5-membered cyclic acetals)
o 1,3-diols (6-membered cyclic acetals)
* Protection of carbonyl groups in aldehydes and ketones
o O,O-acetals
o §,S-acetals
¢ Deoxygenations

40
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SOLUTIONS TO CHAPTER 3 PROBLEMS

The more challenging problems are identified by an asterisk (*).

1. Reagents. Give the structure of the major products (A-G) expected from
the following reactions. Assume standard aqueous workup conditions are
used for product isolation.

OH 1.TBSCI
imid, CHoCly

= A
DMF, —-18 °C to rt 80%

HO  OH 5 NalO,, CH.Cl,
large excess

Solution:
OH 1. TBSCI e)
'/\ imid, CHoCly
DMF,-18°Ctort
HO OH o NalOy4, CHoCly CTBS
A
80%

Step 1 To obtain the monosilylation product, a large excess of the starting triol is
used.
Step 2 Vicinal diol cleavage.

Reference: Paterson, I.; Delgado, O.; Florence, G. J.; Lyothier, 1.; O’Brien, M.;
Scott, J. P.; Sereinig, N. J. Org. Chem. 2005, 70, 150.

b.

o™~ 1.Tsclpy

Ol/"CHa 2. LiEte,BH,THF>
Solution:
o OH 1. TsCl, py o
Qj"'CHs 2. LiEtaBH,THF:> (:LCHg

B

Step 1 Conversion of the 2° alcohol to the corresponding tosylate (a good leaving
group).

Step 2 Displacement of the tosylate with a hydride as the nucleophile.

(Note: Steps 1 + 2 represent a common deoxygenation procedure for alcohols.)
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C.

-y 1. TrCl (1 eq)
MeO,C—7, N py, cat. DMAP o BLUBHyTHE -
o e
OH S TBsom 829 4 PhgP, Iy, 89%
o 2,6-lutidine, CH,Cly imid
Solution:
. 1. TrCl (1 eq) —
MeO,C [_f/ py, cat. DMAP  MeO:C 'Z—S_O\T,Bg
OH 5 TBsorr " T
o 2,6-lutidine, CH,Cl, O
| c1
82%
3. LiBH,, THF N, OTBS
—_— T
4. PhaP, Iy, ot
imid o
c2
89%

Step 1 Protection of the 1° alcohol in the presence of a 2° alcohol.

Step 2 Protection of the sterically hindered 2° alcohol requires the use of the
reactive silylating reagent TBSOTT.

Step 3 The milder reducing agent LiBH, was used for the reduction of the ester
moiety instead of the more powerful LiAlH,, presumably to facilitate the
workup in the presence of the acid-labile OTr group.

Step 4 Conversion of the resultant 1° alcohol to the corresponding iodide.

Reference: Gu, Y.; Snider, B. B. Org. Lett. 2003, 5, 4385.

d.

1. HOCH>CH,OH

\)UL cat. TSOH N
OCH; 2a. CH3MgBr (2 eq), Eto0

2b. ag NaHCO4

3a. NaH, THF, 0 °C

3b. BnBr, cat. n-BugN!
Solution:

1. HOCH>CH,OH
\/lcj)\/lc])\ cat. TSOH _ OI o 9Bn
OCH 2a. CH3MQBI’ (2 eq), Etgo
8 on. aq NaHCOg4
3a. NaH, THF, 0 °C D
3b. BnBr, cat. n-BugNI

Step 2b Workup protocol.



Solutions tb Chapter 3 Problems ¢ 43

1. n-BuyNF (xs)

THF, 0 °C to rt
2. (Me0),CMe, 4. PCC, CH.Cly
BPSO cat. TsOH, 5. PhgP=CHC1gHo1
TBSO\‘:(\/L\/OBn _acetone, rt - Ef THF, 0°C -~
N 3. Hp, cat. Pd(OH),/C  89% 6. Hp, cat. Pd(OH),/C
! EtOAc, rt EtOAc, rt

Boc

Solution:

1. n-BuyNF (xs)
THF,0°Ctort
2. (MeQO),CMes

BPSO cat. TsOH, \ O 4. PCC,
acetone, CHyCl,
TBSO . N OB o N OH ——>=

n -
3. Hy, cat. Pd(OH)»/C l

i
Boc EtOAC,rt Boc
E1
89%
0 5. PhgP=CHC1gH>; o) Coh
[ THF,0°C 1 \]\/1/10 21
OGw [;j 0 o O NN
|
Boc H Boc
~°
6. Hy, cat. PA(OH)o/C 5 U
EtOAc, rt B} e |lV Ci2Hzs
Boc
E2
99%

Step 1 Deprotection of the silyl ethers.

Step 2 Acetonide formation.

Step 3 Benzyl ether deprotection.

Step 4 PCC oxidation of the 1° alcohol should furnish the aldehyde; however, the

authors (reference below) used the Swern oxidation.
Step 5 Wittig reaction.

Step 6 Alkene hydrogenation.
(Note: Boc, t-butoxycarbonyl, protecting group is stable to the reaction conditions

in Steps 1-6.)

Reference: Wang, Q.; Sasaki, N. A. J. Org. Chem. 2004, 69, 4767.
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f.
: 1. TBSOTY, 2,6-lutidine
: CH.CI
PMBO\/\l/I\ CO,Me 2Ll2 -
OH 2. DDQ, pH 7 buffer
CHCl,
3. PCC, CHoCl,
Solution:
: 1. TBSOT, 2,6-lutidine :
: CHxCly 2
PMBO\/YLCOZMQ 2. DDQ, pH 7 buffer HO\/\(LCOZMe
OH CH,Cls OTBS
96%

3. PCC, CH,Cl
222, H CO,Me

O OTBS
F

Step 1 Silylation of the 2° alcohol.

Step 2 Removal of p-methoxybenzyl (PMB) ether with 2,3-dichloro-5,6-dicyano-
1,4-benzoquinone (DDQ) requires H,O (present in pH 7 buffer).

Step 3 PCC oxidation of the 1° alcohol to the corresponding aldehyde.

Reference: Paterson, I.; Delgado, O.; Florence, G. J.; Lyothier, I.; O’Brien, M.;
Scott, J. P.; Sereinig, N. J. Org. Chem. 2005, 70, 150.

g.
1. PCC, CHyCl,, 0 °C
2. [HC=CLi] 4a. n-BuLi, THF, =35 °C
THF, ~78 °C 4b. Etl
T8SO” ~""0OH — > G1 > G2
3. BPSCI, imid, 74% 5. PPTS, MeOH, rt 69%
DMF, rt 6. I, PhsP, imid, CH,Clp
Solution:
1. PCC, CHyCl, 0 °C 4a. n-BuLi, THF,
2. [HC=CLi| OBPS -35°C
THF, -78 °C 4b. Etl
TBSO” ""OH »- TBSO/\/\\\\ >
3. BPSCI, imid, 5. PPTS, MeOH,
DMF, rt G1 rt
74%
OBPS 6. Io, PhsP, imid,
G e OBPS
"o A\ ~ A\
Et Et
G2
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Step 5 Selective cleavage of the sterically less hindered TBS ether.
Step 6 Conversion of the 1° alcohol to the corresponding iodide.

Reference: Nomura, I.; Mukai, C. J. Org. Chem. 2004, 69, 1803.

2. Selectivity. Show the product(s) expected for the following transforma-

tions.
a.
OMe
Me (MeO),CMe,
Me o) cat. TsOH A
—_— e
HO DMF
HO
OH
Solution:
OMe OMe
(MeQO),CMe, Me
cat. TsOH Me o)
—_
DMF HO

98%)

bl

Acetal formation occurs between the cis C(2)- and C(3)-OH groups rather than
between the trans C(3)- and C(4)-OH groups.

Reference: Gyergy6i, K.; Toth, A.; Bajza, L; Liptdk, A. Synlett 1998, 127.

1a. MeLi (>2 eq)
THF, 0 °C
QO 1p. BPS-CI (1.3 eq) 2. MsCl, EtsN (xs)

H o imid, DMF DMAP
> B1 o> B2 (alkene)
. CHCly, 0 °C
1c. ag NH4CI 90% 2Clp, 0 85%
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Solution:
1a. Meli (>2 eq)
THF, 0 °C
0 1b. BPS-CI (1.3 eq) Me Me 2. MsCl, Et3N (xs)
H o imd, DMF ~~ H o DMAP _
1c. aq NH,CI o CH,Clp, 0°C
H H OBPS
B1
EtsN 90%
wH
|
MeyCH
H fore H
\SMS — Me
H OBPS H OBPS
3° mesylate B2

85%

Step 1c Workup protocol.
Step 2 Elimination of the mesylate group.

Reference: Defosseux, M.; Blanchard, N.; Meyer, C.; Cossy, J. J. Org. Chem.

2004, 69, 4626
C.
HO,‘ CO-H
1.TsOH 2. TBS-Cl (1.2 eq)
toluene ci EtsN, cat. DMAP g c2
bridged 3, Lat. 9
HO : OH reflux prodguct cat. n-BuyNI 75%
OH (-H20) DMF, 0 °C
Solution:
0
HO, COH 2. TBS-Cl
1.TsOH o (1.2 eq) o
toluene OH EtaN OH
Wt 0 '
HO™ ™ "OH “refiux HO cat. DMAP 1290
OH (-H,0) cat. n-BugN| ‘
2 : 4
C1 c2
75% overall

Step 1  Lactonization occurs between the carboxylic acid and the —OH that is
cis.
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Step2  Selective silylation of the 2°-equatorial -OH group (reaction rate: 2°eq >
2°ax > 3°); the ammonium iodide presumably produces the more
reactive TBS-I species.

Reference: Sefkow, M.; Kelling, A.; Schilde, U. Eur. J. Org. Chem. 2001, 2735.

d.
1. HC(OE)g,
CHO cat. NHyNO3 D1 3. +-BuOK, DMSO D2
o ‘.~ 2. HaNNH, 4. HO,CCOLH
THF, H0
Solution:
1. HC(OEY)s, 3. +BuOK
CHO ™ cat. NH,NO3 CHOED2 “pmso CHO
o s 2.HNNHy oSN 4. HO,CCOH "y
MeOH | THF, Hp0
NH2 by D2

Step 1  Mild conditions for the selective acetalization of the aldehyde.
Step 2 Hydrazone formation.

Step3  Wolff-Kischner reduction (Huang-Minlong modification).
Step4  Acetal hydrolysis.

0]
1. MeNH, (no solvent) 3a. LiAlHg4, THF
0o B> E1 > E2
2. TI’CI (10 eq), py, 950/0 3b. MeOH, HQO 97%
DMF

Solution:

HO

0
1. MeNH, (no solvent) OH O 3a. LiAlH,, THF
> 1o A _J Me >
HO 2. TrCl (1.0 eq), py, N 3b. MeOH, H,O
DMF
E1
95%
OH
TI’O\)\/\N/Me
H
E2

97%
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Step1 Lactone cleavage furnishes the amide.

Step 2  Selective protection of the resultant 1° alcohol.
Step 3b Workup protocol.

Reference: Ella-Menye, J.-R.; Sharma, V.; Wang, G. J. Org. Chem. 2005, 70,

463.
f.
4. MelLi (1.2 eq)
Aco@,ol-u 1. TBSCI, imid, DMF o Et,0,-40 °C i
2.K,CO3, MeOH 5 BuNF T2
rt, 30 min. THF, rt

3. PCC, CHyCl,

Solution:

4. Meli (1.2 eq)
ACOQOH 1. TBSCI, imid, DMF oﬁ,oTBs Et,0,-40°C
2. KoCOs, MeOH 5. nBuNF
rt, 30 min. F1 THF, rt
3. PCC, CHxCl» 58%

F2
37%

Step4 1,2-Addition of MeLi occurs from the less hindered face of the 5-
membered ring.

Reference: Atanu Roy, A.; Schneller, S. W. J. Org. Chem. 2003, 68, 9269.

1a. NaH, THF, 0 °C 3. TBSCI, cat. imid,
O'go 1b. BnBr oy __FPraNELCHCly

2. MeOH, cat. CSA 4. Hy, Pd/C, EtOH
En 5. PCC, CH,Cly
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Solution:
1a. NaH,
THF, 0°C OMe 3. TBSCI, cat. imid, OMe
O 1b.BnBr BnBr FPrNEY, CHoClp
2. MeOH ‘ " “OH 4. Hy, Pd/C, EtOH “OTBS
cat. CSA OBn 5. PCC, CHxCly 0]
¢1a+1b T HT.Q./MG
H
H
2 o
wO > BnoO
O+ H
: H
OBn anti-parallel opening

3. Retrosynthetic analysis. Outline a retrosynthetic scheme for the following
target molecules. Show (1) the analysis (including FGI, synthons, synthetic
equivalents) and (2) the synthesis of each TM. You may only use
compounds with five or fewer carbons as starting materials.

OH

Hscxn/\/\CjCHg, —
0]

Retrosynthetic analysis:
OH

HaC O L CH,
o)

a hemiacetal
ﬂ (0] (@]

2 HGCJ\/\— = HsC/u\/\MgBr
HsC\n/\/‘e’i,/OH - . A (SE)
o \/\n,

CH
8 OH )

symmetrical 0 I _ ]
diketone +CHt = HCOEt
B (SE)
Synthesis:
1. HOCHoCH,OH s 2b. HC(O)OEt
Q TSOH (cat.), CgHe 5 (0.5 eq)

P —_— e M
H3CJ\/\Br 2a. Mg, Et,0 HsC ></\MgBr 2¢. dil. HCI



50 ¢ Chapter 3 The Concept of Protecting Functional Groups

Step 1  Protection of the keto group.

Step 2a Formation of the Grignard reagent (SE A).

Step 2b Utilization of 0.5 equivalent of ethyl formate HC(O)OEt ensures that the
SE A and B are formed in a 2 : 1 ratio, a prerequisite for the formation
of the symmetrical diketone.

Step 2¢  Dilute HCI deprotects the keto groups and facilitates the formation of the
hemiacetal moiety in the TM.

Br
+
PhgP =

Retrosynthetic analysis:

Ph3P Br ' HO™ NMN=
-0

O — /\+ + -
A = o e

AGE U, FGI

Ao - S
B (SE) ~ O

Synthesis:

HY N= BFg'Et,0, CHaClp S¢S 3. Ra-Ni
~ (0] > - >  HO = —
a. n-Buli, THF 0 EtOH

2b. A
4, TsCl,
HO = 9 4. TsCl.py Phal o T
5 LiBr, toluene 789
acetone 53%

Step3 THPO-CH,CH,-Br was used instead of ethylene oxide as a SE of A in
the original procedure.
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Reference: Magatti, C. V.; Kaminski, J. J.; Rothberg, I. J. Org. Chem. 1991, 56,
3102.

4.  Synthesis. Supply the missing reagents required to accomplish each of the
following transformations. Be sure to control the relative stereochemistry.

CH
2_0
—
HO" H CO,H
HO
Solution:
1. acetone,
CH o cat. TsOH CH3 O/>
O\/éﬁ HC(OMe); (j:j:o 3. CHoNy
o : 2. HO(CH,),OH S B Et,0
HO™ Y h COH ™ cat. TsOH, Q i n COH
HO HC(OMe)s )(" O

CHg o/> CHg o/> 4b. TsOH,
4a. MeMgBr THF,
o (2 eq) @ Hp0
+ - ————-—* A\l
* - COsMe Et,O O“ YR
%—d H CHo o

O
Pl

Step3  Fischer esterification (H', MeOH) would cleave the acetal protecting
groups.

Step 4b Acetal hydrolysis followed by dehydration of the 3° alcohol furnishes
the TM.

H H Q
o)
M — J
NH N_ 0]
Boc
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Solution:
BrMg 0
H 1. Boc,0 (1 eq) b9 \/TJ
OH EtsN, CH20|2 H 3.
NH 2.PCC, CHoClp . N\n,Ot-Bu THF,-78°Ctort
o}
e
4.PCC__ 0
\) T CH,Clh N o\)
Boc

2%

Step 1  N-acylation occurs preferentially over O-acylation. The amine must be
protected to avoid N-oxidation in subsequent steps.
Step4  Dess-Martin oxidation was used in the original procedure.

Reference: Alibs, R.; Ballb, M.; Busqu, F.; de March, P.; Elias, L.; Figueredo,
M.; Font, J. Org. Lett. 2004, 6, 1813.

c.
HOH,C HOH,C
0] (0]
HQ s+ quC'—’3 ——— HQO wOH
HO OH HO OCHj3
Solution:
H H
OHG, o 1. PhCHO 2. TBSCI (1 eq),
cat. TSOH Ph 0 OH EtsN, cat. DMAP
HO rOCHg —mee o -0 >
(~H20) HO CH,Cl,
HO OH
Methyl a-D-mannopyranoside OCHj
H H
N 4. n-BuyNF
Ph/lvo o %8 DM PhAVO OCHs ™ 7hE
0 ’ — 0 i —_— TM
TBSO 3b. CHgl TBSO 5. HCI, Hp0

OCH3 OCHg3
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Step 1  Selective formation of a six-membered ring acetal using PhCHO.
Step 2  Selective silylation of the equatorial hydroxyl group.
Step 5 Hydrolysis of both the benzylidene acetal and the glycoside.

d. '
0] - (0]
QI\)j\ |;:,/\/“\
O
Solution:

2. HSCH,CH,SH
1. HOCHQCHQOH cat. BFS'EtZO

0] Lo
0.0
cat. TSOH CHoClp - TM
CHg (=H20) 3. NiCly, NaBH,
O 0] DMF

4. 5% aq HCl, THF

HO (S)
TBSO\/\/\(S)<] \/\\/\/\NH
© O\/I"'Ph

Solution:

TB
SOM/\NH

NHp,  n-PrOH OH

TBSO A~ + "'Ph
0 HO\)'»Ph 97 °C OH
94%
Boc 4, NaOCHs
2. TMSCL THF BSOS MeOH
3. BocyO, EtN TMSO .. 5.TsCl DMAP
EtsN, CH,Cl,
TMSO
Bog & KeCOs ©
TBSO\/\/\I/\N/ +BuOH, 83 °C _ HO\/\/\j/\NH
HO ., 7. n-BugNF, THF 0] .,
(, Ph g CF,CO.H % Ph

TsO

Reference: For a similar synthesis, see L.anman, B. A.; Myers, A. G. Org. Lett.
2004, 6, 1045.
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f.
0 0
HsC H e H
~ o — o)
CHs o CHs
Solution:
NH
voH f ho f 2 ClsCCOoBn w7
8 o 1a. BHz, THF 3 o TfOH (cat.) 3 o
A 1b. NaOH, HQO{ HO hexane, BnO
CHz CHg CHxClp CHz

Step 2 The acid-catalyzed benzylation procedure prevents translactonization
and/or substrate polymerization.

*5.  Explain the regio- and stereochemical outcome of the following sequence of
reactions by showing the structures of the intermediates obtained after each step.

H 1. PhCHO, H* d
Eto?CIO 2. LIAHz-AICI3 (1:1) HO/f:orPh
HO” = CO,Et 3. PhCH(OMe),, H* BnO~”=
H H
Solution:
— -
N
20,0 2.ACl H gt AT Ho AT = et
LAIH Ph Ph from | H,O
E10,071 e s-1~0) Io//_ LiAH, |
duct fSt 1 A N
product of Step - Lewis acid-assisted cleavage diester ~
of the acetal reduction
H
:-OH 3. PhCH(OMe),, H
s -
H o BnO

Step 2 Reductive cleavage of the acetal and reduction of the ester groups.

Step 3 Selective trans-acetalization of the 1,3-diol with benzaldehyde dimethyl
acetal.

Reference: Cheol, E. L.; Park, M.; Yun, J. S. J. Am. Chem. Soc. 1995, 117,
8017.



CHAPTER 4

Functional Group Transformations:
Oxidation and Reduction

Overview

Chapter 4 centers on two key transformations in organic synthesis: (1)
oxidation of alcohols and of unsaturated hydrocarbons (i.e., alkenes and alkynes)
to carbonyl compounds; (2) reduction of various carbonyl compounds to alcohols.

Problem 1 emphasizes reagents for oxidation and reduction. Problems 2—
4, stress the selectivity of oxidations and reductions in reaction sequences.
Syntheses of Problem 5 TMs require choosing specific reagents to achieve
chemo-, stereo-, or enantioselective oxidations or reductions.

Key Concepts

° Alcohol oxidations
o Jones, Swern, Dess-Martin
Chemoselective oxidations of allylic or benzylic alcohols
Oxidation of terminal alkynes
Allylic oxidation of alkenes
Reduction of carbonyl compounds
o Nucleophilic reducing agents
o Electrophilic reducing agents
° Diastereoselective reduction of cyclic ketones
o Use of conformational analysis for the prediction of hydride approach
(axial vs equatorial)
e Diastereoselective reduction of acyclic ketones
o Cram’s rule
o Felkin-Anh model
e Mitsunobu reaction (inversion of 2° alcohol stereochemistry)
e Hydroxyl-directed reduction of B-hydroxy ketones
e Enantioselective reductions

55



56 ¢ Chapter 4 Functional Group Transformations: Oxidation and Reduction

SOLUTIONS TO CHAPTER 4 PROBLEMS
The more challenging problems are identified by an asterisk (*).
1. Reagents. Give the structure of the major products (A-H) expected from

the following reactions. Be sure to indicate product stereochemistries.
Assume that standard aqueous workup conditions are used for product

isolation.
a.
m 1. DMP, CHoCly, 1t
FaC 2 HN"Me
NaBH3CN, PPTS
MeOH
Solution:
m 1. DMP, CH,Cly, rt /@\i,\(\me
FsC 2. HoN" " Me FaC CHa
NaBH3CN, PPTS fenfluramine
MeOH (neuroactive drug)

Step 1 Dess-Martin periodinane oxidation.
Step 2 Reductive amination.

b.
O 1. TBSCI
THF, imid
Eto)'\__/ -
EH 2a. DIBAL-H (1.2 eq) 85%
Et,0, 78 ° to 40 °C
L-ethyl lactate 2b. Rochelle's salt
workup
Solution:
0 1. TBSCI o]

THF, imid
EtO/U\:/ 2a. DIBAL-H (1.2 eq) > H/U\:/
OH Et,0, 78 ° to —40 °C OTBS
L-ethyl lactate  2b. Rochelle's salt B
workup 85%
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Step 2a Utilization of 1 eq of diisobutylaluminum hydride (DIBAL-H) ensures
reduction of the ester group stops to the corresponding aldehyde.
Step 2b  Workup protocol (Na-K tartrate).

Reference: Defosseux, M.; Blanchard, N.; Meyer, C.; Cossy, J. J. Org. Chem.

2004, 69, 4626.
c.
o 3a. DMSO, (COCl),
PI’] 1. NaBH4 CH20|2, -78 °C
- THF, MeOH b. EtsN
o] = C1 » C2
2. BPSCI (1.0 eq) 549% 4. NaClOp, NaHPOy 74%
imid, DMF 2-methyl-2-butene
—20 °C, 10 min. acetone, Ho0, rt
Solution:
o OH 3a. DMSO, (COCl),
Ph_ 1. NaBH4 Pl’] CHQC'Q, -78 °C Ph
<]:/‘<o THF,MeOH 4 b. EtsN 5~ C0H
2. BPSCI (1.0 eq), 4. NaClO,, NaH,PO,
imidazole, DMF, 2-methyl-2-butene
2 . OBPS y OBPS
—20 °C, 10 min. acetone, Hy0, rt
C1 c2
54% 74%

Step 1  Note: Sodium borohydride (NaBH,) can reduce lactones.

Step2  Selective silylation of the least hindered 1° alcohol.

Step 3  Swern oxidation of the 1° alcohol to the aldehyde.

Step4  Oxidation of the aldehyde to the corresponding carboxylic acid.

(Note: Steps 3 + 4 represent a mild, stepwise oxidation of the 1° alcohol to a

carboxylic acid.)

Reference: Yamaguchi, K.; Kazuta, Y.; Abe, H.; Matsuda, A.; Shuto, S. J. Org.
Chem. 2003, 68, 9255.

OAc
1. DMP
CH,Clo 3. PCC, NaOAc
D o

BPSO\\
: 2. PhgP=CHy

(4 eq)
THF, 1t

Note: The excess Wittig reagent cleaves the acetate ester.

D2

go%  CHeCl 89%

HO
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Solution:
1. DMP,
BPSO\/“"WOA‘: CH:Cly BPSO\/“”WOH
—————
N 2. Ph3P=CH2
HO ‘ (4 eq) HoC
THF D1
0,
o 80%
3. PCC, NaOAc .
» BPSO— H
CH.Cly
H,C
D2
89%

Step1  Dess-Martin oxidation.

Reference: Jiang, L.; Martinelli, J. R.; Burke, S. D. J Org. Chem. 2003, 68,
1150.

e
1. 07, cat. TsOH o, 3-PCC, CHICh
2a. MeMgl, Et,0 4. CrO3, oSO,
CHo,OH  2b. H*, H,0, heat acetone, HoO

Solution:

| Me OMgl

0
1. 'O" ,cat. TSOH 3°benzylic | 2b. H+ HQO
2a. MeMgl, Et,O heat
CH,0H CHOTHP (-H20)
Me Me
3. PCC, CHoClp
4. CrOg, HoSO,
CH,OH - COzH
E2

5

E1 acetone, Ho0O

Step3  PCC oxidation of the 1° alcohol to the aldehyde.

Step4  Jones oxidation of the aldehyde to the corresponding carboxylic acid.
(Note: Steps 3 + 4 represent another two step oxidation of a 1° alcohol to the
corresponding carboxylic acid: see Problem 1c.)
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1. LiAlH4, Et,0
2. MGQC(OMe)g
cat. CSA
CH»Cl»
. 3.cat. TPAP
NMO, CH3CN

F
bicyclic product

Solution:

1a. LiAlH4, Et,O

2. Me>C(OMe),
1b. mild acid workup TBSO

cat. CSA, CHQC‘Q

CHLCN TBSO

Step2  Acetonide selectively produces the five-membered ring dioxolane.
Step 3 Oxidation of the 1° alcohol to the corresponding aldehyde.

g.
1. MnOz, CH2C|2
OAc 2.
HO OH
OH cat. TsOH, benzene

: 3. KOH, MeOH .

H 4. PCC, CH,Clp 78%
Solution:

1. MnOz, CHQC'Q

OAc 2. (\l CHO O/j
HO OH

OH cat. TsOH, benzene o

: 3. KOH, MeOH
H 4. PCC, CH,Cl,

H
G
78%

Step 1  Oxidation of the allylic alcohol to the corresponding aldehyde.
Step2  Protection of the resultant aldehyde as an acetal.
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Reference: Tanis, S. P.; Nakanishi, K. J. Am. Chem. Soc. 1979, 101, 4398.

*h.
0 ‘ 3. NaH, BnBr
9y O/\(U\ Gty 1. TBSChimid, DVE cat. n-BuN|, DMF
1447129 L Lag
NHBoc 2. LIAH(Ot-Bu)3 o, 4. CF3COH, Hy0 N
EtOH, 78 °C 89% 2%
Solution:
o 1. TBSCI, imid, OH
DMF :
HO/\(u\CMHzg » TBSO” Y “CisHag
EtOH, -78 °C
: anti
H1
89%
l1+2 ' T
[ L. i i A i
Boc—N'H)/U\ Boo-HN.O
vy C H _=-
I 14779 OTBS
TBSO H
H~ CiaHao
— chelation - - -
control
3. NaH, BnBr
cat. n-BuyNI OBn
- DMF :
—_— HO/Y\CMHZQ
4. CF3CO5H NH
H,0 2
H2
72%

Step2  Chelation-controlled reduction of the ketone produces the anti-alcohol
diastereoselectively.

Step3  The ammonium iodide salt presumably converts the BnBr to the more
reactive alkylating agent (Bnl).

Step4 A basic workup is used to obtain the amino-alcohol product.

Reference: So, R. C.; Ndonye, R.; Izmirian, D. P.; Richardson, S. K.; Guerrara,
R. L.; Howell, A. R. J. Org. Chem. 2004, 69, 3233.
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2. Selectivity. Show the product(s) obtained or the appropriate reagent(s) to
be used for the following transformations.

a.
HQ OhAc . o 9N
. W O
two steps. one step
89%
-Pr dicarbony! product wpr Me
Solution:
8 /T
Ho OAc 2 O TMSO  OTMS
1. K;CO3, MeOH (leq)
2. DMP (2.5 eq) cat. TMSOTY
ipr Me py, CHoClp ipr Me CHyClp, 78 °C
A
89%

Reference: Shi, B.; Hawryluk, N. A.; Snider, B. B. J. Org. Chem. 2003, 68,

1030.
b.
1. NaBH,
0 EtOH, 0 °C 3. LiAIH,, THF
/u\/\/002Et > B = B2
2. cat. TsOH, 4. CBry, PPhg
()
o)
Solution:
1. NaBH
o) EtOH. 0 °C OTHP

O.Ef —————> CO,Et
A~ co. 2. cat. TSOH, A 002

() "
. O
3a. LiAlH,4, THF
3b. mild acid

workup OTHP

.
i

4. CBry, PPhg Br
B2




62 ¢ Chapter 4 Functional Group Transformations: Oxidation and Reduction

@)
?J\ one step q&
e
. HO
Solution:
© OH . o (0]
AgCOg-celite
——
acetone
HO HO

Fetizon's reagent

Alternatively, MnO, or Ba[MnO4], may be used as selective reagents for the
oxidation of allylic or benzylic alcohols.

(j:j _PCC(11eq)
CH2012

Solution:
Me OH
OHeq PCC (1.1 eq) (Il
CH20|2 : 0]
Oy OH
D

The 2° axial alcohol is oxidized preferentially.

HO
(ﬂ:> two steps
—_— e
g :
HO

856 1
95%
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Solution:
1. TEMPO (cat.)
HO PhI(OAC)» O -H
CH,Clp, CH3CN

- 2. TBSCI g

I H imid, DMF - I H

HO H TBSO H
95%

Step 1. Chemoselective oxidation of the primary alcohol; (diacetoxyiodo)benzene
(DIB) is the stoichiometric co-oxidant.

Reference: Momadn, E.; Nicoletti, D.; Mourifio, A. J. Org. Chem. 2004, 69,

4615.
*f,
O o
N one step one step
e B e S
HO -, F1 + F2 /\/[’>”OH
. cyclic products O
o hemiacetal
Solution:
0]
1. NaBH, .
AN CGCI3'7H20 [_L /\IL
P +
HOQ A, MeOH.t - "N\ 0 A7 S0
0 290%
(3:1, cis : trans) F1 F2
| 2.uoniE 4
3. DEAD, PPhy
4. DIBAL-H (1 eq) (Mltsuggbo/\: reaction)
CHyClp, -78 °C w
= X
o~ OH
=80%
Stepl 1,2-reduction of the enone followed by lactonization.
Steps 2 + 3 Intramolecular Mitsunobu reaciion.
Step 4 Controlled DIBAL-H reduction (1 eq) to the lactol.

Reference: Kang, S. H.; Lee, H. S. Tetrahedron Lett. 1995, 36, 6713.



64 = Chapter 4 Functional Group Transformations: Oxidation and Reduction

* -
BnO
H 1. H2, Pd(OH)g
EtOH
2 Btl-cl) SM > o
. 3° €2 o
THF, 0 °C 67%
0
K-Selectride - G2
51%
Solution:
BnO HO 2a. BH3’SM€2 HO
- H 1. Ho, Pd(OH)» - H THF, 0 °C : H
| \ __ FtOH N 2b.EtOH
N - N o N
o] o] G1
67%
a K-Selectride "G H
Et,0, -78 °C N
b.aq NaHCO3 N
workup o
G2
51%

Step 2b  Workup protocol where the reaction is quenched with EtOH and the
resultant B(OEt); is evaporated.

Reference: Lee, H. K.; Chun, J. S.; Chwang, S. P. J. Org. Chem. 2003, 68, 2471.

3. Stereochemistry. Predict the stereochemistry of the major products formed
(A—H) in the following reactions. Explain your choices.

0 a. LiAH, THE
Et  b. acidic workup }

Me
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Solution:
Chx _ Chx
0] Et
0 Et —»
H
O iAH, Felkin-Anh model ot oH
(S) — Chx =
(e i 1 H0 @ Et
Me H
) M ? Me 0 Me
L Chx H
Cram's rule
b.

1. DIBAL-H (1.1 eq)
hexane, -78 °Ctort_

2. CICH,CO,H,
DEAD, PhgP, solvent
3. LiAlH4, THF
Solution:
™ concave face 7]
access hindered
" 6]
H O 1.DBALH | M *a
T (1.1 eq) Me
hexane . ; convex face
) more open to
: Hpme o attack
H
3a. LiAlH4, THF
2. CIGH,CO,H, H OC(O)CHCI 35 NaOH, H,0 H OH
DEAD, PhgP ><:E%‘ (ester) (workup) :
v H
B
58% for steps 2 + 3

Step 1 1,2-Addition occurs from the least hindered convex face.



66 ° Chapter 4 Functional Group Transformations: Oxidation and Reduction

Step 2 Several procedures for the Mitsunobu reaction were tried; the best results
were achieved using the more acidic CICH,CO,H.

Reference: Clive, D. L. J.; Magnuson, S. R.; Manning, H. W.; Mayhew, D. L. J.
Org. Chem. 1996, 61, 2095.

C.
y Ve
[:::I:::l§ LiBH(sBu)s
———————
0 THF
H ,
Solution:
y Me H 0 i
- . Me o
THF '
H ° : y Me O

approach
is too hindered

favored conformer

The large steric requirement of L-Selectride generally favors reduction of
cyclohexanones to form axial alcohols. However, in this cis-decalone example,
the formation of the axial alcohol is hindered by the adjacent ring.

OMOM
NaBHj, CeCls
MeOH,0°C

\
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Solution:
OMOM OMOM
NaBH4, CeClg‘
" MeOH0°C  # "
O . OH
D (=81%)

consider the axial (antiparallel) addition of hydride (R = CH,OMOM):

H Me (ax') l.ql—i Me (ax)
_AJ?Q_— Y Me
O—=—=—==A M e O—=—==
IS R R

H
favored approach disfavored approach

Note: Luche reagent (NaBH,, CeCls) favors 1,2-additions.

Reference: Mohr, P. J.; Halcomb, R. L. J. Am. Chem. Soc. 2003, 125, 1712.

HaC O 1. LiBH(s-Bu), THF g, _3.NaCN.DMSO_
2. TsCl, py - 4a. LIAH,, THF

4b. NaOH, H-0
(workup)
Solution:
1. LiBH(s-Bu
HaC 0 THF( )3 H o OTs HaC.., OTs
__—____.» —
E1
3. NaCN, ‘}’HQ
DMSO . HSC'I, ,~“
4a. LiAlHy, THF O
4b. NaCH, H,0 .
(Workup) E2 (CIS)

Step 1 Equatorial delivery of hydride from L-Selectride.
Step 3 Tosylate displacement occurs with an inversion of stereochemistry.
Step 4 The amine (free base) is isolated after a basic workup.
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*f.
1a. Et,BOMe
OH © THF, =78 °C 3. DIBAL-H (1.2 eq)
1b. NaBH, toluene, -78 °C
A costu i -
‘ 2. TESCI (2.5 eq),
- imid, DMAP (cat.)
DMF, rt
Solution:
stereocontrol feature:
R resides equatorial
hydride attack via axial
1a. Et,BOMe H~ (antiparallel) approach
THF, =78 °C H * Et
Oh O 1b. NaBH; . /
A costB > > -
\ . R o0
R' = CH=CH-CHjs
R2 = CH,CO,t-Bu
2. TESCI (2.5 eq),
imid, cat. DMAP
1c. aq NH,CI HO  OH DMF, 1t
loaaNiO (A copu .

syn 1,3-diol

3a. DIBAL-H (1.2 eq)
TESO  OTES toluens, —78 °G TESO  OTES

A coztBu - A A_cHo
3b. Rochelle's salt

F1 F2
92% (>95:5, syn : anti)

Step 1c  Workup protocol.
Step 3b  Workup protocol (Na-K tartrate).

Reference: Fettes, A.; Carreira, E. M. J. Org. Chem. 2003, 68, 9274.

*g.
o
+ .Bn NaBH4
N e -
| MeOH
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Solution:
B- face [H]
favored conformer
o . 4}‘ )
. ___N+
+ -
fi-Bn | _NaBHs s B > B~ CH,0H
| MeOH 4‘_ CH,OH 12 ,
Me H A< strain
a-face [H]
_/OH _/OH
E Bn : Bn
Me “"Me
trans - product G cis - product
93%

92:8 trans: cis

Reduction of the iminium ion proceeds V1a perpendicular hydride attack (anti-
parallel) via a chair-like TS minimizing A" strain.

Reference: Hofman, S.; De Baecke, G.; Benoit, K.; De Clerq, P. J. Synthesis

1998, 479.
ﬁ f @ .BCl neat
H
(-)-DIPCI
Solution:
C'Pl
O'B‘Ipc

(@)
\BCl :
& — 1O |

a-pinene
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Workup procedure:
a. remove a-pinene (vacuum) OH

b. add Et,0 (S
c. add (HOCH,CHo)oNH
. H

d. filter precipitate

. 71% (98% ee)

Stepa  a-Pinene is the by-product formed in the reduction.
Stepc  Diethanolamine is added to sequester boron from the boron intermediates.
Stepd  Filtration removes the insoluble diethanolamine-boron complex.

The stereochemical outcome may be explained by considering the following transition
state:

B 1+
Cl
V% Ipc H - OH
BN ~ OB\ :
HC ny. votte, A
’ X O I
HsC H3C ! a-pinene

gem-dimethyl points away
from the axial-CHg

Reference: Brown, H. C.; Chandrasekharan, J.; Ramachandran, P'. V. J Am.
Chem. Soc. 1988, 110, 1539.

*i.  Propose a method to accomplish the following stereochemical inversion.

1a. 20% aq NaOH 3. L-Selectride
MeOH, rt 0 (2.0 eq), THF,
R 1b. 1N HCI (workup) A -781t0 0°C

2. DMP, CHoCly, 1t

Yoo,
Y

HOLC
a-alkoxy ketone:
use chelation control
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4. PPTS, CgHg
reflux

v

-H>0
73% overall

0]

Step 3 2.0 equivalents of L-Seléctride are required since the carboxylic acid is
deprotonated on addition of the hydride reagent.

Reference: Yoshimitsu, T.; Makino, T.; Nagaoka, H. J. Org. Chem. 2004, 69,
1993,

4.  Reactivity. Explain the regioselectivity and stereochemistry observed in the
transformations below.

a.
1. Me,C(OMe), 0O
HO2C g0 cat. TsOH _ 04\)
OH o e SBom
. 2b. HY H,O
-(<)-mal 2
(S)-()malicacid - 5 oncl LProNE 64%
CHaCly
Solution:
1. Me,C(OMe), @ 2a. Bty - THF
HO,C 2b. Ht H,0
O cop __TeOH (eat) O)X\:./\COQH S
OH 0
85%

O ) 3. BOMCI
~ L - D
4—0 CHQCIQ 0] Y
acetone OBOM

intramolecular
transesterification 75%

Step 1  Acetonide formation occurs selectively to give the five-membered ring
dioxolane.
Step2  Chemoselective reduction of COOH.

Reference: Collum, D. B.; McDonald, J. H.; Still, W. C. J. Am. Chem. Soc.
1980, 102, 2118.
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Q NaBH,, CeCly7 H,0  HO
/ % ‘CHO EtOH, H0 / ; ‘CHO

Solution:

a hydrate
/ ; ]< CeCl3 promotes the formation of the hydrate; hence,
only the keto group is available for reduction.

Reference: Luche, J. -L.; Gemal, A. L. J. Am. Chem. Soc. 1979, 101, 5848.

*c.
oH | OH OH
><\) PhCHO ?\\/ >\\/
e +
0._0 CFgCOH 0O 0_0
7< toluene : H
79%, Ph Ph
5:1
Solution:

(S)
0.0 acid-catalyzed -H* O

7< hemlacgtal x

formation

OH /
‘><\J : oy
PhCHO Pﬁ\ H Ph
*OH - x ) f\gHz

-HZO % Ph

oxocarbenium ion

The initially formed oxocarbenium ion intermediate may be intercepted by the
acetonide oxygens to form oxonium ion species (depicted below). Acetonide
rupture with eventual loss of acetone yields benzylidene acetals (e.g., A and B),
which equilibrate via C to afford the axial hydroxymethyl product. Alternatively,
in the presence of the water formed, the acetonide may hydrolyze to provide a

more direct route to C.
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OH
patha H, o_9.H Ph, O

H o
\P_h’]/ N+ g N P\\/
+0 5 .(OO -? 0 0
\f \ﬁ’ acetone

Ph
favored A
path b OH
_‘y\\ﬁ f@ﬁ ~
acetone :
favored Ph
B
[ OH ] OH
R Ph
AorB = H = .,
HO fo+ 00 Nl /l
Ph Ph stabmzed by
B c - major product hydrogen bonding
Reference: Kang, S. H.; Kang, S. Y.; Kim, C. M.; Choi, H.; Jun, H.-Y.; Lee, B.
M.; Park, C. M.; Jeong, J. W. Angew. Chem., Int. Ed. 2003, 42,
4779.
*d.
OMe
OPMB
DIBALH
0" Yo CH»Cl, hexane X
~78 ° to -40 °C 929
K)\E/\\\ o
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Solution:
Ar = p-methoxyphenyl
OMe _ p- ypheny _
';'__ Ar Ar _fl*
. (Bu)AL + £ AI(EBU),
DIBAL-H 0X4 O . 9 O
CH,CI - K/'\/\\*_— K/l\/\\
212, : H
o 0 hexane : N H N
K/‘\/\\\ :1%:? i favored disfavored
_ | N -
|
. H
(FBU)AI "\(g_\+
A
oxocarbenium ion
- intermediate -
l hydride transfer
H._ Ar
, H
OPMB workup ( Bu)QAI\O o}
/\A/\
H . MeOH -
© I N aqNaOH N

92%

Reference: Holloway, G. A.; Hugel, H. M.; Rizzacasa, M. A. J. Org. Chem.
2003, 68, 2200.

5. Synthesis. Supply the missing reagents required to accomplish each of the
following syntheses. Be sure to control the relative stereochemistry.

HO.,,
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Solution:

1. Swern [O]
2. ™\

x5 | 0
Me Et 3. LiAHg, THF jij\/
——e - B>
o) cat. p-TSOH, ¢ 4. Ht H,0 HO OH
O CHQCIZ, rt 0] =80%
transacetalization (Steps 1-4)

Reference: Su, Z.; Paquette, L. A. J. Org. Chem. 1995, 60, 764.

b.
O OAc
& e @ "
Solution:
o 1. NaBHy, CeCls OAc

O srem O
2. ACZO, EtaN

Reference: Curran, D. P.; Rakiewicz, D. M. J. Am. Chem. Soc. 1985, 107, 1448.

Oforl C[’\CHO
, —_—
“OH CHO

Solution:

1. Hyp, Pd/C 4a. DIBAL-H
EtOH (2.2 eq),

2. MeSO,Cl (2.1 eq) hexane,

U\OH EtsN, CH,Clo C(\CN -78°C CHO

= e
3. KCN (xs) 4b. HT, H,0
OH DMSO, heat CN 2 CHO

Step3  Mesylate displacement occurs with inversion of stereochemistry.
Step4  Acidic workup is required to hydrolize the intermediate imine that is
formed on nitrile reduction.

Reference: McDermott, T. S.; Mortlock, A. A.; Heathcock, C. H. J. Org.
Chem. 1996, 61, 700.
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d.
OH OH
O — O
Ho" G
Solution:
3a. LiAIH,, THF
OH 4 NaH (1.0 eq), OC(O)Ph  3p. NaOH, H,0 OH
A TBS-Cl, THF (workup)
@ 2. DEAD, PhgP, § ) 4. n-BugNF, THF ( )
HO PhCOH, THF  1g0” HO'

93%

Step 1  NaH treatment results in mono-alkoxide formation, which is critical to
minimize formation of a bis-silyl ether. In the original procedure, a 96%
yield is reported for the formation of the mono-silyl ether.

Reference: Clive, D. L. J.; Magnuson, S. R.; Manning, H. W_; Mayhéw, D.L. J
Org. Chem. 1996, 61, 2095.

OH OH
HO., N o) o
HO “OCHg HO “OCH,
OH OH
Solution:
1. PhsCCl
EtsN, CH,Cl,
HO.., g cat. DMAP O o) aH Ho © 0
. aat
HO "OCHg 2 MexC(OMe), “OCHy 5 MeOH 1o “OCHj
cat. p-TsOH cat. H
OH 3. DMP, )[‘0 OH
CH2C|2, rt

Step2  The cis 1,2-diol reacts selectively to form an acetonide.
Step4  Both acetals (aceonide and glycoside) are hydrolyzed as well as the trityl
group. Step 5 is required to selectively re-form the glycoside.
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*f,
O OMe
e -
HOzC\/l\COZH AN A oBPs
Solution:
1. BHg*SMe, (xs),
B(OEt)3 4. cat. TsOH,
2. acetone, MeOH
cat. p-TsOH, O"k 5. BPSCI (1.0 eq),
CuSO0g4 Et3N, cat DMAP
HOZC\/'\ = /\)\/ 3 -
COsH 3. +BuOK, PMBO 6. NaH, Mel
PMBCI
cat. n-BugNI,
DMSO
OMe 7.0DQ O OMe

CH,Cly, Ho0
~A_oBPs -~ I _osrs
PMBO 8a. (COCl),, DMsO  H

43% overall yield 8b. EtzN 86%

Reference: Pattenden, G.; Plowright, A. T.; Tornos, J. A.; Ye, T. Tetrahedron
Lett. 1998, 39, 6099.

*
g.
o) o)
Ho’u\|/\0H —_— H’u\,/\OH
NH, NHBoc
Solution:
1. (Boc)o0
o (1.2 eq) 0 e o
NaOH DMF
HO OH m—eT——i’ MeO OH % DIBALH = H OH
NH KoCOq NHBoc ™ 5 aq), NHBoe
(1.1 eq) 100% toluene,
—78°C
5. n-BuyF, THF

Step4 A minimum of two equivalents of DIBAL-H is required due to the
presence of the active N-H.

Reference: Nicolaou, K. C.; Bunnage, M. E.; Koide, K. J. Am. Chem. Soc.
1994, 116, 8402.
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*h.,
+Bu0,C TBSO
| |
e
CO,Me CHoOH
Solution:
t+BuO,C 1. CF3CO.H
. H
| CHoClo, 1t _ © |
CO,Me 2. BHg*THF (1.0 eq) CO,Me
THF, =10 °C to rt
69%
3. TBSCI, imid,
DME TBSO |
4a. LIAIH, B} CH,OH
Et,0, 0 °C to 1t
4b. sat'd aqg Na,SOy4 84%
{workup)

Step 1  Selective cleavage of the #-Bu ester (analogous to Boc deprotection).
Step2  Chemoselective reduction of a carboxylic acid in the presence of an
ester.

Reference: Dauben, W. G.; Warshawsky, A. M. J. Org. Chem. 1990, 55, 3075.

*i, .
OH OH
~z i P/
Me® N Me™ N
Solution:
OH o)
1. acetone I i aaC'z
HO N OH cat. TsOH 0 N CO,H 4. NHj .
| 2. NaClO, | 5. LiAlHg, THF
Me” N NaH,POs  Me” N 6. Ht, H0
isobutylene
+BuOH

Step1  Preferential formation of the six-membered acetal rather than the seven-
membered acetal.

Step 6  Basic workup after acetal hydrolysis to obtain the amine in its free base
form.



CHAPTER S

Functional Group Transformations:
The Chemistry of Carbon-Carbon n-Bonds and Related

Reactions

Overview

Chapter 5 deals with transformations of carbon-carbon m-bonds into a
variety of functional groups.

Problem 1 highlights reagents for carbon-carbon m-system transforma-
tions. Problems 2-4 and 6 emphasize selectivity in reactions of carbon-carbon n-
bonds. The syntheses of TMs in Problems 5 and 7 require the selection of
specific reagents to achieve chemo-, stereo-, or enantioselectivity.

Key Concepts

* Hydrogenation of alkenes
e Dissolving metal reductions
o Birch reduction
e Hydration of alkenes
o Hydroboration-oxidation of alkenes
o Oxymercuration-demercuration
e Epoxidation of alkenes
e Epoxidation of allylic alcohols
o Sharpless asymmetric epoxidation
e Dihydroxylation of alkenes
o Sharpless asymmetric dihydroxylation
° Halolactonization
e Cleavage of carbon-carbon double bonds
o Ozonolysis
o Lemieux-Johnson oxidation
° Semireduction of alkynes
o Conversion of alkynes to (F)-alkenes
o Conversion of alkynes to (Z)-alkenes
e Hydration of alkynes

79
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SOLUTIONS TO CHAPTER 5 PROBLEMS
The more challenging problems are identified by an asterisk (*).

1. Reagents. Give the structures of the major product(s) expected for each of
the following reactions. Be sure to indicate product stereochemistry where

applicable.
a.
1. Hg(NO3),
CH3CN, Ho0
CHg(CH2)30H=CH2 o A
2. NaBH4 70%
Solution:
*I*gNoa
1. Hg(NO3)2 |CH4(CH,)3CHCH CH3(CH,)3CHCH
CHsCN 8 2:& 02H 2. NaBH, al 2):|\'1 ;H
CH3(CH5)3CH=CHy ————2 3 [—— 3
3(CHp)3 2 Ha0 Y \n/
ONO, (0]
. - A
70%

Reference: Brown, H. C.; Kurek, J. T. J. Am. Chem. Soc. 1969, 91, 5647.

b.
1. Na (2.5 eq), NHg (1)
Et,0, EtOH 3a. BHg, THF
o-xylene > B > B2
2. Hy, cat. (PhsP)3RhCl 3b. NaOH, H»0,
toluene
Solution:
1. Na (2.5 eq),
@CHS NH; (1) @:CHS 2. Hp, (PhgP)3RhCI EICHS
e B
CHg Et,0, EtOH CHg toluene CHg
o-xylene B1
CHj
3a. BHS, THF dyi=|
3b. NaOH, HyO, o OH
CHy
B2

Step2  Wilkinson's catalyst allows for the selective hydrogenation of the less
substituted double bond.
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CHz 1. mCPBA
CH,Cly, 0 °C

c
2a. LDA (>2 eq) o
THF,-78°Ctort 45%

Y
=

2b. ag NH4CI
HyC CHs (workup)
Solution:
CH3 CH2
2a. LDA (>2 eq) HO
1.mCPBA THF,~78 °Ctort.
CHCl,, 0°C 2b. ag NH,CI g
HaC HaC (workup) HsC
3~ CH, 3~ CH, %~ CH,
N c
85% 55,

Step 1  Stereoselective epoxidation from the less hindered o-face.
Step2  Regioselective base-mediated epoxide elimination.

Reference: Malkov, A. V.; Pernazza, D.; Bell, M.; Bella, M.; Massa, A.; Teply,
F.; Meghani, P.; Kocovsky, P. J. Org. Chem. 2003, 68, 4727.

d.
OMOM 1. DMDO,CHCls, 3. TMSCI (1 eq)
acetone EtgN, CH.Clo
> Di - > D2
2. KOH, Hzo 58% 4, MOMC', I-PI'QNH 86%
DMSO, 120 °C DMAP, CH.Cl,
5. TBAF, THF, 0 °C

Solution:

1. DMDO, 2. KOH, H20
OMOM CHxCly, OMCM DMSO, OMOM

acetone 120 °C
B ———— e —— o
0]

Step 1  Exo (convex) face approach of oxidant gives f-face epoxide.

Hé OH

D1
58%
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3. TMSCI (1 eq) OMOM 4. MOMCI, i-ProNH OMOM
EtgN, CHClp DMAP, CHyCl,
o 5. TBAF, THF, 0 °C
mso N o OMOM
' D2
86%

Reference: Lepage, O.; Deslongchamps, P. J. Org. Chem. 2003, 68, 2183.

OMe 1. Li, NH3 ()

Et,0, +-BuOH E 3. mCPBA, CHyCly, 0 °C
> 1 - -
2, oxalic acid, rt 849, 4 Ac20, -ProNEt
M

MeOH, H,O cat. DMAP, CHCly, 1t
(Hint: mild acid) '

Solution:
OMe O
1. Li, NH3 (1) -
EtoO, +BuOH 3. MCPBA, CHyClp, 0°C
2. oxalic acid, rt P 7 Ac,0, i-ProNEt -
Me " MeOH, H,0 v Ve cat. DMAP, CHyCly, 1t
(Hint: mild acid)
E1
84%

E2
79%

o)

OAc

E2
79%

Me

Step2  Mild acid catalyzes the enol ether hydrolysis without subsequent f, y to

a, B alkene isomerization.

Step4  Hiinig's base promotes 3-elimination of the epoxide followed by

O-acylation.

Reference: Piers, E.; Oballa, R. M. J. Org. Chem. 1996, 61, 8439,

1. I, KI, NaHCOg
+BuOH, Hzo
COH 2 tBUOK, THF
O 3. 0s0y4 (cat.), NMO
+BuOH, H,0
4.NaOH, H,0
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Solution:

1. Ip, KI, NaHCO4
£BuOH, H,0

COLH 2. tBuOK, THF HOUC%NG‘
O 3050, (cat), NMO HO™
tBuOH, H,0 :
4. ag. NaOH OH

o) o
0 2, O _ a3 0
—e -3 / 5
OH
|

OH
5-ring formation cis-diol
is preferred
(anti-parallel opening
of the iodonium ion)
g )
1a. SiapBH, THF
1b. NaOH, Hy0,
= =
2. Hg(OAc)s, THF, HoO
3. NaBHy4, NaOH, H,O
Solution:
1a. SiaoBH, THF
_ 1b. NaOH, H,0, . OH OH
2 Hg(OAc), R
THF, H,O
3. NaBH,4
NaOH, H.0

Step 1  Hydroboration-oxidation of sterically less hindered terminal alkene.
Step2  Oxymercuration-demercuration of the internal alkene yields the diol G.

h.
1a. Na, NH3 (1)
1b. agq NH4ClI 3a. [Li-C=CH]
workup THF
tBu—=—CHj = H1 = H2

2. MCPBA, CH,Clp 3b. H,O workup
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Solution:

1a. Na, NH3 (1)
1b. aq NH,4CI 3a. [Li-C =CH]
workup (o) THE
- «CH P
2. mCPBA, CHxCly t-Bu/Q‘ 8 3b. HO workup
- H1

1. mCPBA
cyclohexane
rt, 7 days

2. KpCO3 (1.2 eq)
MeOH
3. PDC, CH,Cly

|
90%

Solution:

HaC
HaC

o 1.mCPBA
: cyclohexane H3C OH 3.PDC
rt, 7 days CH,Cly
- —_——
2. KoCOj3 (1.2 eq)
: MeOH ¥
TBSO TBSO 8BS0 |

94% i
96%

Hsc ©

Steps 1-2  Baeyer-Villiger oxidation followed by acetate hydrolysis.

Reference: Moman, E.; Nicoletti, D.; Mourifio, A. J. Org. Chem. 2004, 69,
4615.

Me

1a. Na, NH; (1)
Q. T
COLH 1b. Br -~ 91%

1c. ag NH4CI
workup
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Solution:
Me 1a. Na, NHg (1), Me
oL w2
g H
COQH ib. BrN COQ
1c. aq NH4CI - —
workup J

91%

Reference: Chuang, C.-P.; Hart, D. J. J. Org. Chem. 1983, 48, 1782.

*k.
Ph~\~0 - J\,M cl
g
o) (@) Me - K
2.DMSO
83%
O OMe  (CF3C0)0
3a. DIBAL-H, Et,0
3b. 1N HCI workup
Solution:
k /U\/M Cl
P72 o) Me ocl  PhTNQ O 3.DIBALH
o D 2o
2. DMSO o Et,O
O OMe (CFsC0)0 OMe
Ph/\Bo 5
HO
H OMe
K
83%

Step 1  Diaxial opening of the epoxide.
Step2 Modified Swern oxidation; see J. Org. Chem. 1998, 63, 8522.
Step3 Hydride addition occurs preferentially from the a-face (anti to the axial

isopropenyl moiety).

Reference: Chen, L.; Wiemer, D. F. J. Org. Chem. 2002, 67, 7561.
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2. Selectivity. Show the product(s) obtained or the appropriate reagent(s) to
be used for the following transformations.

1. CHoNp, Et,O
- 2. Aco0, pyridine

3. cat. 0504
NalOy4 (excess)

Y OH Ho0, MeOH

OCH3 4, CH2N2, E’th

HOLC

Solution:

1. CHoNy, Et,0
2. Aco0, pyridine

3. cat. OsOQy4
NalO4 (excess)

Y OH  H,0, MeOH

OCH3

NaIO4

~HCO,H
HOLC

HO,C  CHO

CH30,C : OAc CHSOZC T
OCHjs OCHg
A
Step2  Lemieux-Johnson oxidation.

Reference: For an analogous synthesis, see Woodward, R. B.; Bickel, B. H.;
Frey, A. J.; Kierstead, R. W. Tetrahedron 1958, 2, 1.

b.
1. SAE, (-)-DIPT
2. MeOH, CSA
/c')i/\/” = > B
Me” NF 3a.05, MeOH o
CHyCly, =70 °C

3b. MeQS
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Solution:

1. SAE,

2. MeOH, CSA
Me Me O T Me

. 76%

OH
84%
3a. 03, MeOH
CH,Cl, =70 °C w Ho—ae -0
OH MeO  OH
B (87%)

56% overall
Reference: Roush, W. R.; Brown, R. J. J. Org. Chem. 1983, 48, 5093.

c.
a.
- — ~
—— = OH
AN e =
OAc  (one-pot) 58%
Solution:
a. SiapBH, THF
— b. CH3CH,CO,H /_<_/_ OH
AN c.NaOH, H,0, 7/ \=
OAc

58%
Stepb  Protonolysis of the intermediate vinylborane.
Step ¢

Oxidation of the Sia,B- moieties as well as saponification of the acetate.

Note: Steps a—c represent a method to prepare Z-alkenes without the use of H; in
the presence of Lindlar’s catalyst.

Reference: Corey, E. J.; Herron, D. K. Tetrahedron Lett. 1971, 1641.

1. OsOy (cal)

Et,0, pyridine (2 : 1)
~78 °C

o,

D
2. NaIO4, HQO; THF 50%
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Solution:
H 1. 0sOy4 (cat)
: Et0, pyridine (2 : 1)
-78 °C

2.NalOg, Hp0, THE ~ HOC
3. Ag,0, Hy0, THF

2
o\oc T e T

Step 1  Dihydroxylation of the terminal alkene.
Step 2 Oxidative cleavage of the resultant 1,2-diol.
Step3  Oxidation of the resultant aldehyde to the corresponding carboxylic acid.

Reference: Nozoe, S.; Furukawa, J.; Sankawa, U.; Shibata, S. Tetrahedron Lett.

1976, 195.
e.
H
a. BHSI THF
» E1 + E2
o P-NaOH,H02  maior  minor
H
Solution:
H H i
m a.BHg, THF m . Hom
b. NaOH, HoO,
o , Ho02 0 O
T Ho™ [ H
E1 E2
major minor
H-ST H‘/> HBo
HoB--"—1~0 H"gs;I‘O
H H
A B

The hydroboration occurs from the less hindered face (i.e., the convex face).
Transition state B is destabilized by the electron-withdrawing effect of oxygen.

Reference: Paquette, L. A.; Youssef, A. A.; Wise, M. L. J. Am. Chem. Soc.
1967, 89, 5246.
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*f.
0oTBS _0OTBS _0TBS

1a. : 3. :

1b. ~ 4, ~

O 0% e

OH - O7<O 6. O7<O
major diastereomer 71% OH
(Steps 3-6)
Solution:
OTBS Ta. 9-BBN _0TBS
1b. NaOH :
H202 ~ 3. O3, NaBH4
(\I/\O\ —‘“‘"“"—’“4 PVl (1 6)
2. acetone . Piv
OH CuSO, OXO EtgN
CHJClo
85:15
(major diastereomer shown)
TBS
7 © 5. MsCl e OoTBS
2 6. LiEt3BH
O7<O OH O7<O
OPiv OH
71 %
(Steps 3-6)

Step 3  Ozonolysis followed by carbonyl reduction.
Step4  Selective protection of the 1° alcohol.

Reference: Wovkulich, P. M.; Shankaran, K.; Kiegiel, J.; Uskokovic, M. R. J.
Org. Chem. 1993, 58, 832.

3.  Stereochemistry. Give the structure and predict the stereochemistry of the
major product formed for each of the following reactions. Give an
explanation for your choice of stereochemistry.

1. Ti(OFi-Pr)4, (+)-DET, 3. (MeO),CMe,,
/_("OH t+BuOOH, CHxCl, A1 cat. HT _
- 2. HoC=CHCH,MgCl, 4a. O3, EtOH, -78 °C

Me Me THE 4b, Mezs, NaBH4
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Solution:

"Q" transfer mediated
by (+)-DET

1. Ti(OFiPr)4, (+)-DET,
/_(—OH +BuOOH, CH,Cl, / Me e O Me
Me Me / OH OH
OH
Me
Me

Y

2. HyC=CHCH,MgCl
THF Me, HO me \/\>\
7N\ = Ao
OH

_ A1
75%
3. (MeO),CMe,, O‘IL
cat. Ht
> HO 0

4a. O3, EtOH, —78 °C Me
4b. Megs, NaBH,4 Me

A2

87%

Step 1  Sharpless asymmetric epoxidation.
Step2  Anti-periplanar opening of the epoxide at the least substituted carbon.

Reference: Evans, D. A.; Bender, S. L.; Morris, J. J. Am. Chem. Soc. 1988, 110,

2506.
b.
Me
t-BUﬁ a.BHs, THF
Me b-NaOH,HxOp
Solution:
ﬁ-fagedis mdore
indere
2 a.BH 3
tBu 3 4‘___‘&7//1‘_&‘ tBu ~Bo
THF Met “H
Me H—BH, Me
Me
b. NaOH By ~OH
———— .
H20,
Me
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Stepa The predominant cyclohexene conformer places (1) the ¢-Bu equatorial
and (ii) the allylic-Me pseudoaxial to minimize A'? strain. syn-Addition
of the H-B bond at the least, after oxidation, to B.

1. Ti(OFPr)y,
(-)-DET, +-BuOOH,
= OBn CHyCl,, =20 °C
> C
HO S 2. Red-Al, THF, tt
Solution:
1. Ti(OiPr)y,
'/\/Y\OBn (-)-DET, t-BuOOll, 7 OBn
HO OBPS CHaClp, -20°C  Ho 0BPS
60%
2. Red-Al 2 eq): (W\ OBn (9 : 1 mixture of diastereomers)
THF, t HO OH OH
Cc
85%

BPS group is cleaved during the Red-Al step.

Reference: Nicolaou, K. C.; Uenishi, D. J.; Li, W. S.; Papahatjis, D. P
Chakraborty, D. K. J. Am. Chem. Soc. 1988, 110, 4672.

d.
1. I, CH3CN, =15 °C 5
A COsK -
2R 5 BOK, THF, —20 °C
Solution:
HaC o e CHON, 15 °C HsC.,, 2. BnOK,
™ 3
N2 | o © THF
—20 °C
trans-adduct
I" 89% (20 : 1 trans : cis)
0o
Hee H
H#HQ,C ' H
allylic 1,3-strain
destabilizing
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Reference: Collum, D. B.; McDonald, III, J. H.; Still, W. C. J. Am. Chem. Soc.
1980, 102, 2118.

e.  Select the appropriate reducing agent from the list shown below. Explain
your choice. '

(0] (0]
H: 5 reducing
7 reagent
NaBHy,
K-Selectride,
or DIBAL-H?
BnO
Solution:
o]
0= :‘:..ﬁ->(\05n o—k
Req i 0
H OMe Req = §/\/

Note that 1,4-reduction is impeded by the adjacent disubsituted carbon center.
The sterically hindered reducing agent K-Selectride favors 1,2-addition from the
face opposite the Req substituent.

Reduction with NaBH, or DIBAL-H furnished a product mixture in which the
equatorial allylic alcohol predominated. However, reduction using K-Selectride
produced the axial alcohol as the major product (88% yield, 9.8 : 1 mixture of
diastercomers).

Reference: Martin, S. F.; Zinke, P. W. J. Org. Chem. 1991, 56, 6600.

4.  Reactivity. Explain the regioselectivity and stereochemistry observed in
each of the following transformations.

1. Hg(OAc)»
THF a o
2. NaBH4

HO OH ag NaOH CH,OH
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Solution:
1. Hg(OAC), O
THF
HO OH HgOAc
2. NaBH, o
aq NaOH o
—————> HOH,C =
CH,OH
b.
a. cat. MgBr,
PhCH,CH,MgBr OH
° g %Ph
b. ag NH,CI
Solution:
- H
H
MgBr, +_.MgBr, QOr-MgBr{
0o 9/4 —_— Br  —
H *tH

H
QZ:O PhCH,CH,MgBr O{/Ph
H b.agNH,Cl

Lewis acid-mediated epoxide rearrangement followed by 1,2-addition.

H
Hz0T o)
/ —_— 0
0=y, )

C.
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Solution:
.0 .H
N
N
Heot H (A
/ -—-——-i--—-)— COxH —_—
0 lactone 7 /
O hydrolysis OH (6H+
2
0]
SN2| O
—H,0
~-HT

d. Why is the B-epoxide not formed on mCPBA epoxidation, although the p-
epoxide is predicted based on OH-directed epoxidation? Propose a strategy
to synthesize the -epoxide.

Solution:

The unfavorable steric interactions of a B-face peracid-hydroxyl group complex
with the angular methyl group and with the 2p3- and 6B-hydrogens results in the
preferential epoxidation from the o-face.

Since an a-face approach to C(4) is favored, presumably attack of the sulfur ylide
to a C(4)-carbonyl would yield the B-face alkoxide leading to the B-epoxide after
protection of the hydroxyl group.
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1a. 03, CHQC|2
1b. MeZS

2a. [LiCH,SMey], THE

2b. 10% HCI
workup

(THP
cleavage)

Reference: Ekhato, I. V.; Silverton, J. V.; Robinson, C. H. J. Org. Chem. 1988,
53, 2180.

1. mCPBA (1 eq), CH.Cly
NaHCOg buffer, 0 °C

2. H* H,0 B

80%, warburganal

Solution:

a strained acetal

D o

0 --———6!» warburganal

2
80%

‘ MeO A)
o O

1. mCPBA (1 eq)

>,

NaHCOs buffer
CHyCly, 0 °C

Step 1  Selective epoxidation of the more electron-rich alkene (enol ether)
occurs selectively at the a-face to avoid unfavorable interactions with

the B-face angular methyl group.
Step2 Mild acid hydrolysis of the epoxy ether (a strained acetal) and the 1,3-
dioxolane acetal.

Reference: Kende, A. S.; Blacklock, T. J. Tetrahedron Leit. 1980, 21, 3119.
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*f.  Provide a mechanistic interpretation for the formation of the aldehydes

shown below.
LiBr
HMPA .
5 toluene
reflux 0= H D (0]
D H
F1 F2
19% 70%
Solution:
D=z 1
HO ™o
¢uar
— ~ this bond is
Br Me Me ant- paral/el to Br
D Br
Me D Br
HO,, _FO < t O_
OH OLi
anti-parallel opening - -
B A ,L
— this bond is
D antl -parallel to Br
X
5 4
=l Me == CHO
HO
I Me ] ﬁelim‘ - OH
°
Me
Q< |3 -elim Me D Me
D%‘ —OH DG Me CHO
F2
O Fi <
19% 70%

Reaction of the epoxy alcohol with LiBr forms the halohydrin salt that
equilibrates to the equatorial-Br conformer, which then undergoes ring
contraction via an anti-parallel displacement of Br (Step A). Proton transfer

(Step B), although proceeding at a slower rate, leads to another anti-parallel Br-
displacement (Step C), forming the minor product F1.

Reference: Bergman, R.; Magnusson, G. J. Org. Chem. 1986, 51, 212.
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5. Synthesis. Supply the reagents required to accomplish each of the
following syntheses. Indicate the relative stercochemistry, where applica-
ble, of the products obtained at each step.

a.
OH HO - CH,OH
O —

Solution:

OH 0] 0] o HO OH
Jones L \ \
oxidation CHoSMe, NaOH, Hy0
—_— —_— e —

DMSO or HT, H,0

b.

OH
—
OH
Solution:

Li (> 2 eq), NHg ()

+BUOH (2 eq), Et:O_ m 2. mCPBA (1 eq)
aq NH4C! CHoClp, 0°C

workup

1a.
3a. aq HCO,H OH
‘@ THF, heat _
3b. NaHCO3 A
workup OH

Step 2  Selective epoxidation of the more ¢lectron rich double bond.
Step 3a Acid-catalyzed epoxide cleavage.
Step 3b Formate hydrolysis.

OH

HOZC\/W\ — HO/\/\)\/\
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Solution:
1. 1o, Kl 2. n-BugSnH,
HOLC AN~ NaHCOs cal. ABN
3a. LiAlHy, Et,0
3b. H* H,0
OH
HOWV\
d.
OBOM
: OBOM
JL— %
Y CO,Me Me" ~O Me
OBPS
Solution:
1. DIBAL-H (2.2 eq)
?BOM toluene ?BOM

CH,Clp, ~78°C

Meﬂ 2a. (COCI)Q, DMSO Me I Me
: COoMe CH,Cly, -78 °C :
OBPS 2b. EtsN, 0 °C OBPS OH
3. MeMgBr, THF 719%
OBOM
: 6. KoCOg, THF +OBOM
4.PDC, DMF reflux . (j\j\
5. n-BugNF Me I Me intramolecular  Me" ~O Me
THF, 60 °C : 1,4-addition
OH 0 52%

Steps 24 R-CH,0H to R-C(O)Me sequence.

Reference: Machinaga, N.; Kibayashi, C. Tetrahedron Lett. 1993, 34, 5739,

0o
Me >
HO

Me
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Solution:
the result of a
double Baeyer-Villiger oxidation
Op 1. CH3CO3H i
y (excess) A Ov \O%O R OO o)
e > c + Ac
CH3COH - N Me N Me
CH3COoNa
70°C,72h A B
85% 15%
HO-C 0
2a. KOH, MeOH, rt
- HO HO]\ —
2b. HCl (to pH < 1) Me
workup HO
Me

Reference: McWilliams, J. C.; Clardy, J. J. Am. Chem. Soc. 1994, 116, 8378.

f. ]
\ -
—.-.»
OH
OH > single enantiomer
CH
Solution:
1a. IpcBH, .
Et,0, THF :
X ..220 °C 2. MnO5
P e
1b. MeOH, NaOH OH CHCl3
H202
OH OH 79%

3a. Ho,C=CHMgBr (xs)

THF, rt N
OH  3b.3MH,S0, g OH

CHO 79% HO Z
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3M H2804
rt, 4 days
78% -

Step 3b  Allylic rearrangement via allylic benzylic cation.

Reference: Holoboski, M. A.; Koft, E. J. Org. Chem. 1992, 57, 965.

*g.

/@/\/\ — | <
Me OH Me (o] oTBS

Solution:

. (+)-diisopropyl tartrate

/@\/\/\ T! (OFPr)g tBUOOH o
4 AMS, CHyCly, 20 °C Me N OH

2. Red-Al, THF
3. TBSCI, imid, CHyClo OH 5a. O3, EtOAC, ~78 °C
4. Li, NHg (1), +amyl alcohol 3 5b. Ha, Pd(OH),, 20 °C
THF, ~40 °C Me OTBS
58%
(Steps 1-4)
o)
O O OH - 6. TSOH, THF, 1t
Me ) OTBS  Me"$0 ors  (B-elim, —Hz0)
OH
0
G
Me” >0 oTBS
56%
(Steps 5-6)

Step Sa-b Ozonolysis followed by reductive workup leads to the B-diketone.

Reference: Wipf, P.; Lim, S. J. Am. Chem. Soc. 1995, 117, 558.
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*h.
O
0] D
/\/lLH — \/\)kr’-H Hint: No SAE was employed in the
‘ T synthesis; however, the sequence did
chiral methy! group involve an allylic alcohol intermediate -
single enantiomer
Solution:
(I? 2. asymmetric
(0] PhgP=CHC-D 0 reduction s H OH
/\)LH toluene WLD (e.g., (R)-B!NAL-H)’ N\Z/}(D
3. TBSCI, EtgN
cat. DMAP 5. TBAF, THF H
CH.Cl H OTBS ¢ Tsci, py :

: 1

= 2 = N M TS

4a. BHgTHF, THF /\/\(( D 7. NaOH, MeOH o P
4b. NaOH, H202 OH

9. Dess-Martin 0

8. NaBTy, DMSO /\M ox:datlon D
< H

T

Reference: For an analogous transformation, see Altman, L. J.; Han, C. Y;
Bertolino, A.; Handy, G.; Laungani, D.; Muller, W.; Schwartz, S.;
Shanker, D.; de Wolf, W. H.; Yang, E. J. Am. Chem. Soc. 1978, 100,
3235.
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6.  Consider the reactions A-F. Assume that the Sharpless epoxidations

proceed with complete n-facial selectivity regardless of substrate. Select the
best answer among the following choices regarding the stereochemical
outcome of each of the reactions.

0 rr;CPBA . /(‘ mCPBA
[O)\/\/OH oo ANA~OH ——>

CHaCla

5 ° Ti(O/-Pr)4
(+)-DET /( _mCPBA
S s
[;))\/\/OH +-BuOOH AN ~OH CHiClp
CHoCl,
| Ti(OHPr), Ti(OP1)q
E 0O (+)-DET F /(‘O (+)-DET
/[O)\/\/OH +BuOOH PO Taioon
CHyCl, CHoCl,
a. Assuming that the stereocenters, if any, in the starting allylic alcohols are
racemic, which of the above reactions lead(s) to a mixture of enantiomers?
(i) reaction A only (iv) reactions A and B
(ii) reactions B and E (v) reactions A, B and C
(iii) reactions D and F
Solution:

Reactions B, C, E and F lead to mixtures of diastereomers. Reaction D affords a
single enantiomer since the Sharpless epoxidation proceeds with complete -
facial selectivity.

Only reaction A provides a mixture of enantiomers. Therefore, the correct choice

is

b.

().

Assuming that the starting allylic alcohols, if chiral, are enantiomerically pure,
which of the above reactions lead(s) to a mixture of diastereomers?

(i) reactions E and F (iv) reaction E only
(ii) reaction B only (v) all of them would except reactions A and D
(iii) reactions B and C
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Solution:

Reaction A gives a mixture of enantiomers; reactions D, E and F give a single
enantiomer.

Reactions B and C lead to a mlxture of diastereomers. Therefore, the correct
choice is (iii).

*7, Retrosynthetic Analysis. For each of the following syntheses show (1)
your retrosynthetic analysis and (2) all reagents and reaction conditions
required to transform a commercially available starting material to the target
molecule.

a. Propose a synthesis of (+)-frans-3-hydroxypipecolic acid using the
Sharpless asymmetric dihydroxylation procedure to establish the absolute

stereochemistry.
N
H

CO,H
(+)-trans-3-hydroxypipecolic acid
Retrosynthetic analysis:

PG = protecting group

1
2 :
COgH H OH ‘*{N OPG

H

X = leaving group ]
~OPG? FGI OPG FGI
X ' \/\/\I/\OPGZ
2
HoN oPG stereochemical
inversion
OPG!

3 : 3 ~
PG OWOPGZ = PG O\/\/‘H’TQ/\OH
" U

PG30._~_ CHO

Qs
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Synthesis:
1. NaH, PMBCI \/\/1 3. PheP=GCHCOLEL
HO -~ » PMBO = 2=
OH 2. PCC, NaOAc 0 benzene, reflux
CHoCly
4a. DIBAL-H,
PMBO._~_ -\ COsEt O™ pygo s~
4b. Rochelle's OH
64% salt workup 80%
(Steps 1-3)
5. 0sOy4 (0.04 eq),
(DHQ)oPHAL (0.01 eq)
KoCOg, KgFeCNeg, OH 6. PhCH(OMe),
CH3SO,NH, PMBO : TsOH (cat.)
P SN -
+BUOH, HyO (1:1), 0 °C : OH TTCH.CLnt
T . OH
asymmetric cis-dihydroxylation
(AD-mix-a conditions) 71% (92% ee)
Ph Ph
P 7. MsCl, EtzN, DMAP P
0" "o CH,Cl, 0" "o
PMBO\/\/'\_) 8. NaN3, DMF, 80 °C PMBO\/\/'\')
OH N3
85% 80%
Ph
A 11a Hy, 10% PdiC ~OH
9. DDQ, CH,Cly, Ho0 070 MaOH - Cj\/
10. MsCl, EtgN, DMAP ~ MsO 11b.Boc0 OH
Cl I
CHaCl N3 Boc
59%
(Steps 9-11)
12. BPSCI, DMF, imid (IO/MOM 14. HF (48%), py, THF (IciMOM
13. MOMCI, (Pr)oNEt, N 0BPS - N OH

CHJCly, reflux I
Boc

90%

15. CrO3/H2S0y, acetone, 0 °C
16. 6N HCI, 80 °C

|
Boc

85%

OH

%OH
H

0]
(+)-trans-3-hydroxypipecolic acid
75%



Step 3
Step 6
Step 8
Step 11
Step 12

Step 15
Step 16
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Olefination using the stabilized Wittig reagent affords the (£)-alkene
with good selectivity.

Acid-catalyzed #rans-acetalization using benzaldehyde dimethylacetal
favors formation of the six-membered ring acetal.

Sn2 displacement of the mesylate establishes the correct nitrogen
stereochemistry.

Azide reduction to the amine; hydrogenolysis of the benzyl ethers;
intramolecular displacement of the mesylate to construct the piperidine
ring.

Selective protection of the 1° alcohol.

Jones oxidation of the 1° alcohol to the corresponding carboxylic acid.
Simultaneous removal of MOM ether and Boc protecting groups affords
the TM.

References: Kumar, P.; Bodas, M. S. J. Org. Chem. 2005, 70, 360.

Jourdant, A.; Zhu, J. Tetrahedron Lett. 2000, 41, 7033.

b. Propose a synthesis of the following lactone using the Sharpless asymmetric
epoxidation procedure to establish the absolute stereochemistry.

0]

TI’O —\Oj

BnO—"

Retrosynthetic analysis:

BnO—"

TrO —\LOA TrO
A =

HO—

Tro—, 0-=° TrO—, OH TrOo— OH
T =2 "Xl > TN >
BnO—" COoH X

BnO—"

HO
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Synthesis:
1. TrCl (1.0 eq) 2. (+)-DET (0.02 eq)
HO EtsN, CH,Cl, 17O Ti(Oi-Pr)4 (0.1 eq) TrO"\z_l
HOD - HOD TBHP, CHaClp, -20 °C o —r
~ 80% (>96% ee)

>._< _G-DET H O «—OTr
OI-PV)4 H OH
+BuOOH

"o transfer mediated

0,
52% “0" transfer mediated

by #)-(R, R)-DET

by (-)-(S, S)-DET
3.NaH, BnBr,DMF ~ TrO—\ OH 5. Hy, Lindlar cat.  TrO—\ OH
4. HC=CLi- EDAr BnO—’: = hexane, quinolin; BnO—": \
DMSO 68% 97%

6a. BHg'SMeg, THF, 2nd PCC

-78°C TrO —-\«OerH oxidation ~ TrO —\ijo

- & N
6b. PCC, CH,Cl, B0 — BrO—"
not isolated 48%

Reference: Kang, J.-H.; Siddiqui, M. A.; Sigano, D. M.; Krajewski, K.; Lewin,
N. E.; Pu, Y.; Blumberg, P. M.; Lee, J.; Marquez, V. E. Org. Lett.
2004, 6, 2413.



CHAPTER 6

Formation of Carbon-Carbon Single Bonds
Via Enolate Anions

Overview

Chapter 6 focuses on carbon-carbon bond formations via reactions of
enolate anions.

Problem 1 stresses the use of appropriate bases for generating enolate
anions. Problems 2—4 deal with selectivity issues encountered in enolate anion
reactions. The syntheses of TMs in Problems 5 and 6 require the selection of
specific reagents to achieve chemo-, stereo-, or enantioselective carbon-carbon
bond formations.

Key Concepts

1,3-Dicarbonyl compounds
Claisen condensations
Dieckmann condensations
Enolate formation
Baldwin’s rules for ring closure
Imine and hydrazone anions
Enamines
Aldol reactions

o (E)- and (2)-enolate stercochemical control
e Mannich reactions

o Enone synthesis

e Michael additions
e Robinson annulations

e © © © o o o o

107
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SOLUTIONS TO CHAPTER 6 PROBLEMS

The more challenging problems are identified by an asterisk (*).

1. Reagents. Give the structures of the major product(s) expected after each
step of the following reactions. Be sure to indicate product stereochemistry
where applicable.

1a. LDA, THF, -78 °C

1b. P Br
=

—

2a. DIBAL-H (1.1 eq)
toluene, -78 °C

2b. Ht, H,0
Solution:
" 1a. LDA = 2a. DIBAL-H (1.1 eq)
THF, -78 °C toluene, —78 °C
1.~ _Br
Z 2b. H*, H,0 Z
N-Al(-Bu), 2 o
(imine hydrolysis)

from DIBAL-H

Step 1  Nitrile a-anion formation and alkylation.

Step 2a  Controlled reduction of the nitrile with DIBAL-H (1.1 eq).
Step 2b  Acid workup gives the imine product which then undergoes hydrolysis
to the corresponding aldehyde.

1a. 03, CHQC'Q, MGOH, 0°C

OO 1b. Me,S, MeOH - B
2. aq 10% NayCOg T 68%

MeOH, reflux
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Solution:
0 2. NayCOg o)

1a. 03, CHQC‘Q, Hgo, MeOH

@O MeOH, 0 °C reflux HoO
- P e ——— e
1b. Me,S, MeOH
‘
O L O— —
79%

intramolecular
aldol condensation

OH
NaOMe, reflux
J p-elimination B

@] 0]
not isolated B
86%

Reference: House, H. O.; Lee, J. H. C.; VanDerveer, D.; Wissinger, J. E. J.
Org. Chem. 1983, 48, 5285.

a. LDA, THF, -78 °C

0 b. CO(OEt),, warm to o 7?3?
c. dilute HOAc workup °
Solution:
b. CO(OE1),
a a.lLDA o warm to rt _
THF, -78 °C | . dilute HOAC
o 0 OLi workup 0
COoEL
C
78%

Stepa. Regioselective enolate formation, directed toward the sterically less
encumbered a'-position.

Reference: Riechers, T.; Krebs, C. H.; Wartchow, R.; Habermehl, G. Eur. J.
Org. Chem. 1998, 2641.
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d.
1. NaH (2.0 eq), DMF
2a. SiasBH, THF, 0 °C
=\ . P 2b. H20,, NaOAc, H,O D
3. CrOg, HoSO, 50%
(1eq) : (1 eq) Et,0, acetone, 0 °C
Solution:
NaH
1. NaH (2 eq)
~ DMF (2" eq)
MeOQC SOQPh
SO,Ph
cx cl SO,Ph MeOoC =2
(1.0 eq) M e0,C =2 2
2a. SiayBH OH 0
THF,0°C
2b. H202 P
NaOAc, H,0O Ph
aOAc, H, MeO,C SO, MeO,C SO5Ph MeO,C SO,Ph
81% (not isolated)
@)
—PhSO,
——————e
—-Ht
CO,Me
B-elimination

D
of suifone group 70%

Reference: Nantz, M. H.; Radisson, X.; Fuchs, P. L. Synth. Commun. 1987, 17,

55.
e.
N O 1a. CH3CN, reflux
1b. ag HCI, 100 °C
BI’\/\/\ Br + MOEt o ” ——
(1eq) (2 eq) 2b. aq HCJ, 50 °C

3. mCPBA, CHyCl,

67%
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Solution:
B —
CNj 0 C&’j 0
)\/u\ Br
1 2\ OEt OEt -
B NN B a_(Red - A =
CH3CN, reflux
EtO
Br-
° N
— —_
N O
A 2a. ag NaOH
OEt + 0 CO,Et -aq NaC
_ 1b. H P rt, 20
H,0 2b. aq HCI
EtO > EtO.C 0] 50 °C
o) N - 2C0,
Q 3. mCPBA /[?\/ O
. m
/ D ":,
/u\/\/\/\n/ CHoCly ‘>\/\n/
O, O E O
70% 96%

Step 1  Enamine alkylation followed by iminium ion hydrolysis.
Step 2 Ester saponification followed by acidification (-CO,Na to —CO,H) and
decarboxylation of the $-keto acids.

Reference: Holland, J. M.; Lewis, M.; Nelson, A. J. Org. Chem. 2003, 68, 747.

f.
1a. Oz, MeOH, —15 °C 3. MsCl, EtgN
1b. MesS CHxCly, 0 °C
> F1 >  F2
2. K,CO3 4. DBU 64%
MeOH, rt CHJCly, 1t

(4 steps)
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Solution:
1a. 03 O
MeOH b -
-15°C A\f{\ 2. K,CO4
a —_—

MeOH, rt

3. MsCl, EtgN
CHoClp, 0 °C
4. DBU g
CHQC'Q, rt
64%
(4 steps)

Step 2 Intramolecular aldol condensation; path a is favored (five-membered ring
formation) over path b (seven-membered ring).

Step 4 B-Elimination of OMs .

Reference: Falck, J. R.; Manna, S.; Chandrasekhar, S.; Alcaraz, L.; Mioskowski,
C. Tetrahedron Lett. 1994, 35, 2013.

g.
N~ 1. +BuNHj, toluene
CHO 5% LDA (1.0 eq), THF, 78 °C
2b. n-BuBr
2¢. aq HCI workup
Solution:
1. +BuNH, n-Bu

foluene /\/\/I\
NN cHo = CHO

2a. LDA (1.05 eq)

THF, =78 °C G
2b. n-BuBr
2¢. ag HCI workup

Step 1 Imine formation ensures monoalkylation of the starting aldehyde.

1a. (imid)»C=0, THF, 0 °C
1b. (MeO,CCH,CO5)oMg, warm to rt

0 1c. ag HCIl workup
CbzHN MJL >~ H
5 OH 2a. NaBHy4, MeOH 62%

2b. ag'NaHCOg3 workup
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Solution:

0] . O O
1a. (imid)oC=0 1b. (MeO>CCH,CO2)oMg
CszN(v)/u\ (mid)e > CszNMJL J ervE AR
s OH THF, 0°C s O N/\>1c. aq HCI workup
. lsy

0] OH

2a. NaBHy4, MeOH
CbzHN MJ\/COQMe 3~ CbzHN H)\/COZMe
5 2b. aqg NaHCO3 5
workup
H
62%

Reference: Durham, T. B.; Miller, M. J. J. Org. Chem. 2003, 68, 35.

H CO2Me 4 309 aq H,C=0
MeoNH-HCI, dioxane |

(@) B
~0 2. Mel (excess), MeOH, rt 67%

G 3. DMF, 80 °C
Solution:
1. 30% aq HpC=0 MeO,C 4 |
H CO2Me e NH-HCI H | CHyNMes
dioxane 3. DMF, 80 °C_
o > o =
~0 2. Mel (excess) ™0
H MeOH, rt H
f\l/Ie
0. Yo

Y

Step 1 Mannich reaction.
Step 3 The reaction proceeds via a nucleophilic decarbalkoxylation.

Reference: Behare, E. S.; Miller, R. B. J. Chem. Soc. Chem. Commun. 1970,
402.
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*j.
CO.H 1. Na (> 2 eq), NHz (1) 4. Os0y (cat.), NalOy4 {excess)
+BuOH, Et,0O - H»0, dioxane _
2. (PhgP)3RhCI (cat.) 5. EtgN, heat -
CHg Ho, toluene
3a. (CO),Cly-
3b. EtOH
Solution:
COzH COsEt 4 0804 (cat) CO,Et
2 1. Na (> 2 eq), NHz () 2 NalO, (excess) 2
+BuOH, Et,O H»0, dioxane CHO
= > @)
GHy 2 (PhaP)gRNCI (cat) CHg
Ho, toluene CH
3a. (CO),Cly J1 3
3b. EtOH *r
CO,Et CO,Et

. CO,Et
5. EtsN -elim 2
- on M CHO
heat B
HO CHs
o) o)

no p-elimination

J2 possible

Step 1  Birch reduction.

Step 2 Wilkinson’s catalyst (Ph;P);RhCl allows the selective hydrogenation of
the less substituted double bond of the 1,4-cyclohexadiene system.

Step 5 Under these thermodynamic conditions, equilibration among the enolate
anions leads to ring closure to form the thermodynamically more stable
conjugated system.

*k.

0 o .M
. QCIQ, Eth, TMSCI
N A ‘ EtOAG, rt
o N +  TBSO" \ > K
CHO

- 2. TESC!, imid,

an CHyCly, rt
3. LiBH,, MeOH, THF

J2
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Solution:
0 0 1. MgCl,

J I ‘ EtsN, TMSCI
Q_JN + TBSO™ N ey >
" cio Ao

Bn

TBSO

2. TESCI, imidazole
CHyCly, 1t

3. LiBH4, MeOH, THF

OTES

TBSO
K

Reference: For an analogous synthesis, see Gaul, C.; Njardarson, J. T.;
Danishefsky, S. J. J. Am. Chem. Soc. 2003, 125, 6042.

2. Selectivity. Show the product(s) obtained or appropriate reagent(s) to be
used for each step of the following transformations.

a.
1. 1% HySOy4, THF
2. NalQy4, THF
H>0, NaHCO45
= A
3. H2 (20 pSi), PtOZ (cat.) 47%
EtOAc "
4. piperidine, toluene, heat
Solution:

:‘OHOH 2. NalOy4, THF o)
1.HY H,0, NaHCO3 CHO
—_— -

Hgo o
/\ /\
75%
(Steps 1-2)
3. Hy (20 psi)
PtO, (cat.)

EtOAc
4. piperidine - R

toluene, heat \\ CHO

63%
(Steps 3-4)
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Step3  Hydrogenation of the terminal double bond.

Step4  Intramolecular aldol condensation favors the five-membered ring over
the seven-membered ring (see Baldwin's rules for ring closure).

Reference: Mehta, G. Pure & Appl. Chem. 1990, 62, 1263.

b.
Me ~ ,  1.RuCl NalO,
: CHZCN, CH5Cl, HoO
2. KOH, MeOH - 330/
. heat °
i-Pr
Solution:
Me 1. RuClg (cat.), NalO4 0 Me
wo CH4CN, CHaCl, Hp0 ,PM\/j/\:/(O 2. KOH, MeOH
B~ [-}r I~
o heat
-Pr 90%
i-Pr
o)
Me'
o)
B
36%

Step 4  Intramolecular aldol condensation favors the five-membered ring over
the six-membered ring.

Reference: Mehta, G.; Krishnamurthy, N.; Karra, S. R. J. Am. Chem. Soc. 1991,
113,5765.

CN NC == COQCH3
70% overall
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Solution:

0O [\
1. ethylene glycol, TsOH

2a. LDA, THF, —=30°C
2b. TMS-propargy! bromide:
CN . NC =—TMS

3. KOH, MeOH
(desilylation)

4a. LDA, TMEDA
THF. —78 °C _
4b. CO, NC \—==—CO0,CHs

4c. H, Hy0 workup .
5. CHoN, 70% overall

Step 4a Note the use of LDA instead of either n-BuLi or MeLi to form the
lithium acetylide.
Step 4c  Protonation of the lithium carboxylate and acetal hydrolysis.

Reference: Trost, B. M.; Shuey, C. D.; DiNinno, F., Jr.; McElvain, S. S. J. Am.
Chem. Soc. 1979, 101, 1284.

d.
Q 1. NaOMe (0.25 eq)
MeO b( MeOH,t
MeO Me COs>Me 2. p-TsOH, toluene 62%
H-0, A
Solution:
1. NaOMe
(0.25 eq) Me O
MeO 2. p-TsOH Me
Me COoMe toluene D
H50, A 65%
Step 1* ‘f p-elim
H
O I OH OH 0
MMeO OMe : Me O+ Me
€ Me  Step2 Me Me
—_— —e 0O
Me _ MeOH Me - CO, Me
0 o)
COsMe CO.Me

decarboxylation
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Step 1 Michael addition.
Step 2 Dimethyl acetal hydrolysis; ester hydrolysis followed by decarboxylation;
intramolecular acid-catalyzed aldol condensation followed by dehydration.

Reference: Danishefsky, S.; Zamboni, R.; Kahn, M.; Etheredge, S. J. J. Am.
Chem. Soc. 1980, 102, 2097.

*e,
H 1a. LIN(TMS),, THF, 78 °C
JOTBS 1b. TMSCI
0 2. NBS, THF, Hgo _ E 4, HQOQ, NaOH‘ E2
3. g?/{é L:%.Z%Q% " 62% MeOH, 0 °C 80%
Solution:
H oTtBs 1a. LIN(TMS), H oTBS H otss
ng THF, -78 °C Q@’OTMS 2. NBS, THF 0
ey
1b. TMSCI Ho0
Br
H oTBS H oTBS
3. LiBr, Li2003> l:\> : o 4. HyOo, NaOH: QO‘O
DMF, 120 °C MeOH, 0 °C —
E1 E20
62% 80%
(3 steps) °

Step 1 Regioselective enolization due to steric shielding of the a-OTBS group
followed by O-silylation.

Step 2 Bromination of the silyl enol ether to give the a-bromo ketone.

Step 3 Dehydrohalogenation.

Step 4 Conjugate addition of HOO from the less shielded a-face of the enone.

Reference: Hartung, R.; Paquette, L. A. J. Org. Chem. 2005, 70, 1597.
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3. Stereochemistry. Give the structure and predict the stereochemistry of the
major product formed in each step for each of the following reactions. Give
an explanation for your choice.

a.
a..ChXQBCL MGQNE'[
B O/l\n/\ CH,Clp, =78 °C - A
2019 b. CHaCH,CHO T g
° —78 °t0 25 °C (ds: 95.5%)
c¢. H,O,, NaOH workup
Solution:
b. CHzCH,CHO
a. ChxoBCI, MeoNEt P ~78 °to —25 °C
B2079 ChyClp 780 20W o MOz NaOH
2V12y T - TI2VW2,
o) OBChxy " \2hd
Phe_-0
! == Note H-bonding
£ 3
BzO (S 2 Et
O OH
A
_ 82% (ds: 95.5%)

Si approach favored

Stepa E-(0)-boron enolate conditions; reaction with RCHO results in a 2,3-

anti aldol product.
Stepb  m-Facial selectivity may be determined by the stabilizing effect of the H-

bond between the benzoate oxygen with the aldehyde hydrogen (see
Tetrahedron Lett. 1997, 38, 33).

Reference: Paterson, I.; Wallace, D. J.; Cowden, C. J. Synthesis 1998, 639.

b.
Me 1a. LIiCH,CO,Me
THF,-78 °C
~ 0 1b. Ho0 workup B
o 2. MeSOzH ) 50%

H benzene, rt
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Solution:
Me
© COo,Me
Me ‘ H (0]
1a. LICH,COoMe
e THF, ~78°C _ N
1b. HoO workup
0 2 P OH
H H 3 Me
CO-Me
M H ?
e
Hy
2. MeSOzH COMe
benzene, rt o
H
B

50% overall

Step2  Formation of the cis-fused 5,6 ring is thermodynamically preferred. The
acidic conditions lead to the equilibration (epimerization) of one of the
bridgehead positions via enol-keto tautomerization due to the acidity of
the y-hydrogen, activated by the enone and ester groups.

Reference: Thompson, S. K.; Heathcock, C. H. J. Org. Chem. 1992, 57, 5979.

c.
0) 1a. LDA, THF, =78 °C
? /> 1b. TMSCI
© 2a. o_ Me - S
’ 62%
1 X 1e
. 0™ Mo (1 eq)
Fer acetone, THF, —40 °C
2b. KHoPOy4, HoO
Solution:
0 @ 2a.
/(} 1a. LDA TMSO Ow O Me
THF, =78 °C 0 0" "Me
1b. TMSCI acetone
i-Pr 1¢. HoO workup THF, —40 °C

i-Pr
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TMSO
. -P -Pr

-Pr

(not isolated) stralned hemiacetal

(not isolated) 62%

Step 2a Regio- and stereoselective epoxidation of the more nucleophilic silyl
enol ether (double bond). Although it seems at first counterintuitive, the
epoxidation occurs from the B-face (build a molecular model).

Step 2b  Silyl ether hydrolysis followed by hemiacetal equilibration leads to the
keto-alcohol. Step 2 is a modified Rubottom reaction (Org. Synth. 1985,
64, 118).

Note: The acetal functional group survives the reaction conditions in Steps 1-2.

Reference: Shi, B.; Hawryluk, N. A.; Snider, B. B. J. Org. Chem. 2003, 68,
1030.

1. TsCl, pyridine

2. KOt-Bu, tBuOH |
reflux 90%

1. TsCl, pyridine

CH,OH
2OH
:I: Yo

2. KOt-Bu, +BuOH g(ﬁ,/
reflux °
Solution:
20H ZOTS
Oil 1. TsCl Ctl 2. KOt-Bu, BuOH
————:‘—-» g
pyridine reflux
Ts0Q
A\ (j;g\l\o
; O"| -oTs” H
D1

90%
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Enolate formation at the less hindered a-position followed by intramolecular
tosylate displacement affords D1.

CHQOH CHgoTS
1. TsCl a 2. KOt-Bu
iding +BuOH
pyridine -
H 0 H o 0 reflux H 0
D2
80%

H
CHZ0Ts TsOH,C
H
0
(0] 1 2

unreactive conformer

Of the two chair conformations for the cis-keto tosylate, 1 and 2, only
conformation 2 where the angular TsOCH,— group is axial to the ring bearing the
C=0 group can undergo intramolecular displacement. The rate of a-enolate vs
o'-enolate formation plays a lesser role in determining the regiochemical outcome
of the reaction.

Reference: Mukharji, P. C.; Ganguly, A. N. Tetrahedron 1969, 25, 5267.

*e,
(0] 1a. LDA, THF, =35 °C

o)
1b. 2,3-dibromopropene
NN .
!

» E
2a. LiAlH4, THF, =78 °to 0 °C 66%
2b. NaOH, H,0O workup

Ph Me
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Solution:
JOL 0]
B
O N )‘\E/Wr r
\"“‘/ Me 98
Ph Me
O O .
1a. LDA, THF, -35°C
O/u\ N J\/ Me Br > +
(- 1b.
Br\/& 1 9
Ph Me /u\ Br
0" N
\—‘/ Me 2
Ph Me
2a. LiAIH, . .
THF,-78°1t0 0 °C separate diastereomers by
2b. NaOH, H,O OH column chromatography
workup _ K/\”, Br
Me
E

66% overall

Reference: Evans, D. A.; Bender, S. L.; Morris, J. J. Am. Chem. Soc. 1988, 110,

2506.
*f,
a. NaOH, H,0
= F1 (R),>95% ee
0O b. concentrate,
. add M62304
O p——
a H»,SO
(A", > F2(S),>95%ee
HC(OMe)g

MeOH
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Solution:
a. NaOH COoNa b. concentrate,
H dd Me,SO (R)
L &/OH add Me,80, MeO?_C\/\\E/OMe
0 ‘— : . —_ F1 (> 95% ee)
- "1,
MeO
(R, MeO™ O »
(98% ee) HpS804 L0 Sn2 MeO™ ~O H
(5. OMe
HC(OMe), —/A 3 > o O
MeOH MeO .
H
— - roton transfer
P and H*, MeOH
? lactone SM transesterification
MeO

Ht + MeO,C {SLOMe
JcH == [Meoé\OMe] + MeOH \/\r

MeO™ “ome
F2 (> 95% ee)

Base—catalyzed reaction (F1):
Saponification followed by alkylation with dimethylsulfate; no inversion of the
chiral center.

Acid-catalyzed reaction (F2):
Trimethylorthoformate forms a stabilized dioxocarbenium ion which activates the

lactone towards attack by methanol with Sy2 inversion at the methyl-substituted
carbon.

Reference: King, S. A. J. Org. Chem. 1994, 59, 2253,

4.  Reactivity. Propose mechanisms for each of the following transformations.

a.
0]
OEt
N W snCl, N /
—-—.——»
OFt toluene X

Me n,1h Me

82%
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Solution:
o) + o)
¥ OEt /\/\},'OEt +
N N
/\/Di-c)/\ SnCI4 Q /> f:j
Et” W s~ .toluene OEt
Me SnCly nt,1h | Me Me
oxocarbenium ion N-acyliminium ion
intermediate
@) 0) + 0)
- H+ d\j SnCI4 N _ H+ N /
LN gt — | — x
Me S\(:) t Me Me
5 8nCly

82%

Reference: Padwa, A.; Lee, H. I.; Rashatasakhon, P.; Rose, M. J. Org. Chem.
2004, 69, 8209.

b.
CO,Et a. EtONa
EtOH
_—
b. H,O (0]
CO,Et workup CO,Et
Solution:
H H ]
‘ COQEt a. EtONa
EtOH o~ .
b. HoO 0o~
OEt workup LOEt
0) 0% Okt

Dieckmann condensation

0]
CO,Et

The driving force for the B-elimination of the ester enolate is relief of the
cyclobutane ring strain.
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| aq HCI
CH30” "0 = THF 40 °C

Solution:

H
H+
H/o-\H
— GHgOH
CH36“ Z — =
@\ o) " 4o

hemiacetal

0
Ht —-H,0 X
—>= N —_— =
HO o) Hx0 o o)
H H
N X X

Reference: Boeckman, R. K., Jr.; Bruza, K. J. Tetrahedron Lett. 1977, 4187.

Q a. DBN (2 eq) 2
. e
m& o Moo SOt »
o 2 b. H,O workup' %

N COsEt
DBN = - a non-nucleophilic nitrogen base of
N comparable strength fo +-BuOK
Solution:
a. [’;BN) , o~
ea Br +
CHClg, rt = DBN-H
@(UY /U\/cozEt e 9
Michael addition 0

CO,Et
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DBN
Q H Br H/rr 0o V‘

o 5-exo-tet
CO,Et CO,Et displacement CO,Et

0]

b. H-0O
/
OH
CO,Et protonation COLE

Reference: Gammill, R. B. J. Org. Chem. 1979, 44, 3988.

*e,
Me OTBS : %
O 0 ‘ TiCly o/~
e
CHuCly, 1t ‘
MeO
CH(OMe), O OMe
Solution:
y Cl
OTBS B o) 2
H= TiCly
s —_—
CHCly
MeO +
MeO CH(OMe), Schve
—MeOTiCl,
-ClI~ | |

benzylic oxocarbenium ion

o)
—TBSCI H ‘ Q
e =t
MeO
O OMe
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The electron-rich aryl ring assists the Lewis acid-induced formation of the
reactive intermediate oxocarbenium ion. Ring closure occurs via Mukaiyama-
type trapping of the oxocarbenium ion by the silyl dienol ether.

Reference: Morihira, K.; Seto, M.; Furukawa, T.; Horiguchi, Y.; Kuwajima, I.
Tetrahedron Lett. 1993, 34, 345.

*f,
0] (0]
(Uj 1. Mel, acetone, rt (Uj
N 2. tBuNH,, ag NaOH N
1 HQC=CHC02H, 60 °C I
Me (acrylic acid) t-Bu
80%
Solution:
0] 0] (0]
ﬁjj 1. Mel (Uj . NaOH | t-BuNH,
N acem”e N MeoN NH#Bu
Me Me Me Me Me
92%
Na020
A~ NMer &
NaO,C 1,4-addition
0
intramolecular
L)‘j 1 4—addmon ﬁ]\L
6-endo-t
l}l ( endo-trig) NHEBU
tBu

Step2 Hofmann elimination/Michael addition equilibrations. Acrylic acid
functions as an efficient and selective trap for dimethyl amine vs. tert-
butylamine, allowing for facile control of the equilibrium between 1 and
2.

Reference: Amato, J. S.; Chung, J. Y. L.; Cvetovich, R. J.; Gong, X.;
McLaughlin, M.; Reamer, R. A. J. Org. Chem. 2005, 70, 1930.
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5.  Synthesis. Supply the reagents required to accomplish each of the
following syntheses. Give the structures of the intermediates obtained after
each step and show their relative stereochemistry where applicable.

a.
. COsEt
CO,Et ]
C ’ °
Solution:
CO,Et EtO._ O~ o £
| t
LDA, THF Bt~ 0okt ) OEt
s e
0]
OEt
NaH, THF
SRR . O
heat
~-NaOQEt
b.
H
OH Y
CCo — U
H Co,Et
Solution:
1. MSCI, Eth 5a. KH
oH _ CHCl _ CO,Et THE
2.KCN,DMSO CO.Et so.HF M
OH .
3. KO? HO(CH,),OH Ho0 98%
ea

4. EtOH, HpSO4 (cat.) 86%

Step 5a Dieckmann condensation.

Reference: McDermott, T. S.; Mortlock, A. A.; Heathcock, C. H. J. Org. Chem.
1996, 61, 700.
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% "_

Solution:
@Y\)\ 1.Zn- Hg 2.80Ck ©j 3. AICl

' 0]
4, EtONa, EtOH 5. KOH, EtOH‘ . ‘
heat -

~He0
(MVK)
~10°C
d.
COsEt /\OH
— 4\/:0
" H
Solution:
COzEt 4 TMmsC COEt  2a. Og, MeOH
EtsN CHyCly; =70 °C
2b. NaBH >
0 : DMF 1mso - NaBH,
H H
92%
j CO,Et ' :/\OH
j)\:b 3a. Na, EtOH, NHs()) )O\/:O
? 3b. HF, H,O workup :
HO g 2 p 0 i
73%

Step 3a  Chemoselective reduction of the — CO,Et group.
Step 3b. Selective lactonization to the six-membered ring lactone.
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Reference: Clark, R. D.; Heathcock, C. H. J. Org. Chem. 1976, 41, 1396.

Solution:

2a. NaOMe, 0

O ya, KyCOs, n-BusNBr 0
toluene, reflux MeOH
i D o
1b. Etl 2. O
0 o) /u\/ o) o

MVK

0/7) 5. Li, NHz (1),

3. KOH, H,0, heat t-BuOH
. ————
4. HO(CHp);OH, TsOH (cat)
O
6a. L-Selectride, THF‘
6b. NaOH, HoO, )
7.HF H,0 HO i
f.
CN
© 7 > CO,E
’ CHj
CO,Et
Solution:
CN
o 1a (E0)C=0

NaOQEt, EtOH 0 2. NC\/COZEL CO,Et
1b. CHgl (excess) CHs  Et,NH, heat CHj
COsEt COoEt
Knoevenagel condensation
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% 2

Solution:
O 0 .
1. MeLi oLl LiO, CHg HO_CHg
t
“78°C OLi * OLi OH
. - . . . If formed as the major
alternatively possibly mitigate the bis-addition of MeLi product, resort to
[ LICH,CO,t-Bu ] by its slow addition at low temperature the alternative route

0 0 o)
_xiicozt-au . A&COQFBU 1b. H Atcozt-su
= Ho0
OLi OH OH

The mixed Claisen condensation ensures that only
mono-alkylation of the lactone carbonyl group occurs.

4. LDA
(1.05eq), O

2 HCI, heat 3 TsCi Etgo
lsobutene -78 °C
-COs

O
| 4
e |
CHO
(@]

Solution:

6-(enolendo)-exo-tet

1. Meli, Et,0
2. MnO» (excess)
hexane

Y
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OBn
OBn
Br\/k/ Br
NH,
Solution:
OB OBn OBn
n
1. EtO,CCH,COsEL 2a. KOH, H,0O
Bro_JA~_Br bl —_—
NaOEt, EtOH 2b. HCI, heat
heat Et0,C CO,Et (- COyp) CO,H
65%
[~ OBn
OBn

3a. SOC|2 4. heat HzO

—_— —_——— > TM

3b. NaN3 N (- CO2)

N
0“ N Curtius C\\O
rearrangement L .

Reference: For analogous synthesis, see Helal, C. J.; Kang, Z.; Lucas, J. C;
Bohall, B. R. Org. Lett. 2004, 6, 1853.

*j.
HaC
Cbz\ 3 \NH
H G
i _CO,Me —> 5

HaC o~ "2 HSC(/)\CNH
Solution:
bz H 1a. LDA 21eq) PPNy 2a. O3, MeOH, —78 °C

: o THFE.-78°C L coe  2oMesS

olVie P >Me -
HaC T 1b. allyl bromide ~ H3C 3. BnNH,, HOAc
= NaBH3CN, THF,
MeOH
77% (ds > 91%)

[ Cbz_ Cbz Cbz

NH NH NH o
HaC CofMe —> HsC oQMe | o Hso/\CfN_Bn

_ U NHBn NHBn

H —7 59%
(from NaBH3CN)
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HaC HsC
S NH “NH
4. LiAIH, : 5. Hy (30 psi) :
excess Pd(OH),/C (cat.
( ) Hac/\CN_Bn (OH)2/C (cat) H3C/\CNH
THF MeOH
reflux 85% 90%

Step 3 Reductive amination of the aldehyde formed in Step 2 followed by
intramolecular transamidation.
Step4  Amide and carbamate reduction.

Reference: Fleck, T. J.; McWhorter, W. W., Jr.; DeKam, R. N.; Pearlman, B. A.
J. Org. Chem. 2003, 68, 9612.

6.  Retrosynthetic Analysis. Outline a synthetic scheme for preparing each of
the following target molecules. Show (i) your retrosynthetic analysis, and
(i) all reagents and reaction conditions required to transform a
commercially available starting material into the target molecule.

CH3

-Pr (0]
Retrosynthetic analysis:

FGI
CHy = CHy = ‘ CHa

Intramolecular

aldol / dehydration o) 0 O wi~0H

N N
-Er -Pr
U

FGI
CO,, « Clher € O en
S C 8

Synthesis:

1a. LDA, THF, =78 °C

1b. allyl bromide
> CH3
CH. 2 Os0y4 (cat.), NalO4 (excess)
8 dioxane, H>O

o)




3. FBuMgCl, Etz0
4.PCC, CHoCly

Reference: For analogous synthesis, see Clive, D. L. J.; Wang, J. J. Org. Chem.
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CH; 5.NaOH _
EtOH, H,O0
0 0 reflux
i-Pr

2004, 69, 2773.

Retrosynthetic analysis:

Me
|
CO5H
N 4 CHO
=l —> HNMe + (3).:0 o E + o
=Y CHO
. 0] CO,H
Tropinone 1 2
Synthesis:
1+ 2
Knoevenagel
HoNMe  poebner-type
condensations
oo COLH e
0 —» HoNMe COH
N 0O — SE—— Y
OHC Michael 0O |-CO,
CO5H COLH additions
COoH |

Reference: Robinson, R. J. Chem. Soc. 1917, 762.




CHAPTER 7

Formation of Carbon-Carbon Bonds
Via Organometallic Reagents

Overview

Chapter 7 deals with the carbon-carbon bond formations via
organometallic reagents.

Problem 1 emphasizes the utilization of various organometallic reagents
for carbon-carbon bond formations. Problems 24 explore the selectivity of
reactions involving organometallic reagents. The syntheses of TMs in Problems 5
and 6 require the selection of specific organometallic reagents to achieve chemo-,
stereo-, or enantioselective carbon-carbon bond formations.

Key Concepts

* Organolithium reagents
*  Organomagnesium (Grignard) reagents
* Organocopper (cuprate) reagents
o Conjugate (1,4) addition with cuprates
* Preparation of enones
e Organozinc reagents
o Reformatsky reaction
o Simmons-Smith reaction
*  Organoboron reagents
o Carbonylations
o Matteson’s boronoc ester homologation
o Brown’s asymmetric crotylboration
* Palladium-catalyzed coupling reactions
o Heck reaction
Negishi reaction
Suzuki reaction
Stille reaction
Trost-Tsuji reaction
Sonogashira reaction

o O O O O

136
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SOLUTIONS TO CHAPTER 7 PROBLEMS
The more challenging problems are identified by an asterisk (*).
1. Reagents. Give the struétures of the intermediates obtained in each step and

the final major product expected for each of the following reaction
sequences. Be sure to indicate product stereochemistry where applicable.

a.
a. MegAl, CloZrCps (cat.)
— CICH>CH,CI
n—C6H13-C=CH - A
b. 12 85%
Solution:
a. MezAl,
_ CloZrCp, (cat)  ™CeHiz H b. I n-CeHiz  H
n-CgHy3~C=CH > o 2
CICH,CH,CI Me AlMe, Me |
A
85%

Reference: Negishi, E.; Bagheri, V.; Chatterjee, S.; Luo, F.-T.; Miller, J. R,;
Stoll, A. T. Tetrahedron Lett. 1983, 24, 5181.

b.
1a. Me,Cull, Et,0, THF, =30 °C
0O 1b. aq NH4Cl workup
o)
X_ ) oees > B
= 2a. DIBAL-H (1.0 eq.), CHxCl,, 78 °C 89%
2b. Rochelle's salt workup
Solution:
hemiacetal
(lactol)

1a. Me,Culli, Et,0, THF, —30 °C

0 1b. aq NH4CI worku O
OU\OBPS a7 P > Ho“‘(_f\osps
= 2a. DIBAL-H (1.0 eq.), CH,Cl,, ~78 °C A
2b. Rochelle's salt workup Me
B
89%

Step 1a Me,CuLi adds in a 1,4-manner.
Step 2a Controlled reduction of the lactone with 1.0 eq. DIBAL-H provides the
lactol B.

Reference: Paquette, L. A.; Chang, J.; Liu, Z. J. Org. Chem. 2004, 69, 6441.
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C.
1. (MeO)MeNH-HCI, DCC

EtaN,

o_ = CO,H 2 49%
NN Measi\yLLi

THF, =78 °C

Solution:

.

-
Y ¢ e

O __COH  CHyCl oA~ N \ _OMe THF, -78 °C

Me
1. (MeO)MeNH-HCI [ MegSi N ]
WLO DCC, EtsN \,Lo o 2, Li

70% (Weinreb amide)

Li

\/Lo o ﬁ_

0. % OMe | 0 9 o0
NMe ——3m O :

workup \/\/U\/\ SiMe
\/\;tMe .

. Me
Megsl C
stable intermediate 49%
(Steps 1-2)

Step 2 The alkyllithium reagent adds only once to the Weinreb amide.

Reference: Piscopio, A. D.; Minowa, N.; Chakraborty, T. K.; Koide, K.;
Bertinato, P.; Nicolaou, K. C. J. Chem. Soc., Chem. Commun. 1993,
617.

oTf

Pd (OAc); (cat.), CO, PPhg
> D
EtsN, DMF, MeOH 72%
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Solution:

OTf

Pd (OAc), (cat.), CO, PPhj

EtsN, DMF, MeOH
Stille-type carbonylation

oxidative addition
intermediate

CcO PPhs
ligand co
exchange insertion
(~PPhg)
reductive
MeOH elimination
PhgP) Pd(O)>
(PhsP)2 BnO™ 3
BnO—"
| ] b
72%

Reference: Nagamitsu, T.; Sunazuka, T.; Obata, R.; Tomoda, H.; Tanaka, H.;
Harigaya, Y.; Omura, S.; Smith, IlI, A. B. J. Org. Chem. 1995, 60,

8126.
€.
(\O 1a. KN(TMS),, THF, —65 °C
o 1b. TH,NPh _
o 2. Messn-SnMeg, THF 73%
Pd(PPhg) (cat.), LiCl

OTBS 3.1, Et,0
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Solution:

(\ 0 1a. KN(TMS), (\o 2. MesSn-SnMeg, THF
o THF,-65°C_ Pd(PPhg), (cat.), LICI
. 1b. TiNPh o

OTBS ) OTBS
97%
. e
o 3. lp, Et,0 o
Me3zSn |
oTBSs E OTBS
87% £

Reference: Su, Z.; Paquette, L. A. J. Org. Chem. 1995, 60, 764.

f.

1a. (isopentyl)ZnCl (2.1 eq)

Pd(PPhg)y (cat.), THF, 1t
1b. n-BugNF (1.1 eq)
x| > F
TBSO 1¢. H,O workup 50%

2. CrOg, HySOy, H,0, acetone

Solution:

1a. (isopentyl)ZnCl (2.1 eq)
Pd(PPhg)4 (cat.), THF, rt

/\/k/ 1b. n-BuyNF (1.1 eq) _
TBSO X! 1c. HyO workup -

HO

2. CrOgz, HoSOy4
H»0, acetone -
2 HO N

F
50%

Reference: Rodeschini, V.; Boiteau, J.-G.; Van de Weghe, P.; Tarnus, C.;
Eustache, J. J. Org. Chem. 2004, 69, 357.
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g.
MeO H o
€ 4 ,BH, THF 2. PhBr, Pd(PPhg)4 (cat.)
o} 2M Na2C03
> G1 > G2
: DME, reflux )
Solution:

o
Meo  H ©: JBH, THF
Z4 O SN B"O
H

2. PhBr, Pd(PPhg)s (cat) MeO ‘
2M NagCO3 X

DME, reflux - O

Step 1 Regioselective hydroboration of the terminal alkyne carbon.
Step 2 Suzuki coupling.

G2

a. +Buli (2.1 eq)
pentane, THF, =78 °C

Me b. DMF
& Br o H
n-CsH7 C. Hgo WOFkUp
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Solution:
Me a. tBuLi (1% eq) Me CHs
B > Li +
N'03H7)\/ ' pentane n'CgH7/'\/ ! HSS o
THF,;-78 °C 3
3°-halide
lb. DMF
Ryl |E2-elim
Me O 6. Hy0 Me OLi : anggq)
) H
e
o A, o N -
H
HsC
D>=CH,
HaC
bp=-6.9°C
i
1a. LDA (2 eq.), THF, =78 °C to 0 °C
1b. (CHQO) (paraformaldehyde)
)\/\/ 1c. H+, H,0 workup
>
2a. LiAlHg4, NaOMe, THF o
ool 76%
Solution:
M 1a. LDA (2 eq.) . )\/\ 1b. (CH20), .
THF, 78 °C 10 0 °C N Li | 16 H¥ H0 workup
2a. LiAlH4, NaOMe
S THF _ )\/\’/\/OH
X_OH 21, - |
82% I
93%
Reference: Zhang, Y.; Wu, G.; Agnel, G.; Negishi, E. J. Am. Chem. Soc. 1990,
112, 8590.
je
o) a. +BuMgCl (2.1 eq)

’LK/\/\,]’C' Cul (cat.), THF, -78 °C
cl b. sat'd aq NH,Cl g

0]
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Solution:

0] a. tBuMgCl (2.1 eq) 0]
/u\/\/\n’CI Cul (cat.), THF, =78 °C
cl b. sat'd. ag NH,CI . I

O
J

Step a Cul and +-BuMgCl generate an in situ organocopper reagent which adds
only once to the acyl chloride functionalities.
Step b Workup protocol.

k.

| Me
— PdCle(PPhs)z (Cat.)
O =
\ DMF, 90 °C
O
Solution:
' Me Me
= PdCl,(PPhg), (cat.)
o 2(PPhg) (cat.) o
\ DMF, 90 °C \
Intramolecular Heck-type
& reaction 0

Reference: For an analogous synthesis, seec Alibés, R.; Ballbé, M.; Busqué, F.;
de March, P.; Elias, L.; Figueredo, M.; Font, J. Org. Lett. 2004, 6,
1813.

b. Me

Me a. 9-BBN " COEt

——— L1 = L2
Bpso)\/\ THF, 0 °Cto rt (1 Pd(PPhg)q (cat.), KsPOs 749,
dioxane, 85 °C

Solution:

Me Me
a. 9-BBN @
——-——-—-——-———-—»
BPSO)\/\ THF, 0 °C to rt BPso’J\/\/ B~

[L1]
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b. Me
I”  CO,Et Me Me
Pd(PPhg), (cat.) BPso’l\/\/'\
K3PO4 CO,Et
dioxane, 85 °C .
L2
74%

Reference: Taillier, C.; Gille, B.; Bellosta, V.; Cossy, J. J. Org. Chem. 2005,

70, 2097.
m.
)OTs
j\/j(j 1. NaSePh, EtOH N
o : 2a. mCPBA (1 eq), CHClg, 0 °C
H 2b. warm
Solution:
OTs SePh

2a. mCPBA (1 eq)
: 1. NaSePh, : CHCI3, 0 °C
o) 7 EtOH (0] Y 2b. warm

— PhSeOH

@)
O 1
v
o
o]
g I'g"\\

Reference: For a similar synthesis, see Clark, R. D.; Heathcock, C. H. J. Org.
Chem. 1976, 41, 1396.

N
THF, 30 °C 92%

n.
0
Pd(PPhg); (cat.
)\/o\rrorvha + \)f\rcoglvle (PPha)s (cat)
0

Solution:

Q Pd(PPhg), (cat.) CO,Me
0. _OMe + CO-Me >
hig THF, 30 °C
% Trost-Tsuji reaction o

(Nu-H) N
92%




Solutions to Chapter 7 Problems ¢ 145

//—l%

l )\ No_ )\/

PdL, A —U 5 Nu + Pd(0)
. 4

OCOMe *PdL,

— 02
O -
n-allyl-Pd complex —MeO " MeOH
Nu-H Nu™

Reference: Tsuji,J. Tetrahedron 1986, 42, 4361.

*0.
OCHj
H3CO OH (PhgP)2PdCl (cat.)
| CO (4 atm) 78%
KoCOs, DMF, 50 °C
Solution:
OCHs OCHjs
HaCO OH  (PhgP)PdCly (cat)  13C0 S
I CO (4 atm)
K»CO3, DMF, 50 °C 0
o
78%

Reference: Cowell, A.; Stille, J. K. J. Am. Chem. 1980, 102, 4193.

) 1a. LHMDS, THF, -78 °C

t-BUOQC
\... 1b. Tf,NPh . P
A 2. H2, PtOQ (cat.), t-BuOH 87%

Ph ‘Et

Solution:

tBuo,c @
I, 1a. LHMDS, THF, ~78 °C I,
/ 1b. Tf,NPh g

Ph Et P Et
99%
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+BuO,C

2. Hy, PtO5 (cat.) I,
+BuOH g Q

Ph Et

P
88%

Step2 Reduction of a keto g-roup via hydrogenolysis of the enol triflate
(Tetrahedron Lett. 1982, 23, 117).

Reference: Burke, S. D.; Piscopio, A. D.; Kort, M. E.; Matulenko, M. A.;
Parker, M. H.; Armistead, D. M.; Shankaran, K. J. Org. Chem.
1994, 59, 332.

2. Selectivity. Give the structures of the intermediates obtained after each
step, and show the major products obtained for each of the following

transformations.
a.
MeTi(O/-Pr)g
0 0 Et,O
Solution:
MeTi(O/-Pr)g
o 0 Et:0 Me o)
HO
A
b.
OBPS
R __ PH  a Red-Al(1 eq), THF,0°C 5
Me b. |2, -78 °C 70%
C. NH4C|, Hgo
R = PMBO(CHy)g
Solution:
OH Lt

o -\
Bst)\/\ e 2 Red-Al (1 eq), THF,0°C_ gpgo —a1-0
74 .

R = PMBO(CH,)g H
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b. I, 78 °C
c.NH I, H,0 ~ BPSO 1 OH
. R X"Me
B

70%

Reference: Hoye, T. R.; Humpal, P. E.; Jiménez, J. L; Mayer, M. J.; Tan, L.; Ye,
Z.. Tetrahedron Lett. 1994, 35, 7517.

a. ThxBH,, THF
(high dilution)

b. KCN .
C. (CFSCO)QO 80%
d. NaOH, HpO5

Solution:

a. ThxBHo, THF
(high dilution)

80%

Reference: Pelter, A.; Smith, K.; Hutchings, M. G.; Rowe, K. J. Chem. Soc.,
Perkin Trans. 1 1975, 129.
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3.  Stereochemistry. Predict the stereochemistry of the major product formed
for each of the following reactions. Give an explanation for your choice.

CHO

/\/ SiM83
WV : L A
OPMB MgBrap-Et,0 95% (20:1)

Solution:

CHO

_~-SiMeg
6“"\0PMB MgBro-Et,0

95% (20 : 1)

Reference: Nagamitsu, T.; Takano, D.; Fukuda, T.; Otoguro, K.; Kuwajima, L.;
Harigaya, Y.; Omura, S. Org. Lett. 2004, 6, 1865.

b.
a. MegAl, CpoZrCl, (cat.)
W CICH,CH,Cl . B
b. Z>Br, ZnCl, (1 eq) 70%
Pd(0) (cat.)
Solution:

a. MeszAl,

Cp2ZrCly (cat.) /l\/\)\/ b. T g
CICH,CH,ClI X X AMe2 | 7001, (1 eq)

Pd(0) (cat.)

M
)\/\/k/\
B

70%

Stepb  Negishi reaction; transmetallation (Al to Zn) followed by cross-coupling
of the resultant organozinc species with the vinyl halide. The Pd(0)
catalyst was generated by treatment of (Ph3P),PdCl, with DIBAL-H.

Reference: Negishi, E.; Okukado, N.; King, A. O.; Van Horn, D. E.; Spiegel,
B.1. J. Am. Chem. Soc. 1978, 100, 2254.
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1. CBry, PhgP, Zn
2a. n-Buli (2.1 eq), hexane, THF
2b. H>O workup

CHO > C
| 3. 0 , 56%
BH, THF
O N
4. Pd(PPhg), (cat.)
Br” X~ NaOEt, toluene, 80 °C
Solution:
1. CBry, PhgP, Zn H o
2a. n-BuLi (2.1 eq), hexane, THF v
2b. H,0 workup xB-o
CHO >
| 3. o] H
BH, THF |
0]
Me
4. Me
Br)\,Me Pd(PPhg)y (cat.) SIS Ve

NaOEt, toluene, 80 °C

C
56%

Steps 1-2 Corey-Fuchs reaction: aldehyde to terminal alkyne transformation.
Step 4 Suzuki coupling.

Reference: Vyryan, J. R.; Peterson, E. A.; Stephan, M. L. Tetrahedron Lett.
1999, 40, 4947.

Me

2. TsOH*H,0
TBSO 1a. Me,CuLi, Et,0 (1.2 eq) o
= D1 = D2 (bicyclic)
1b. NC-COoMe, HMPA 91% toluene, 94%,

1c. aq NH4Cl workup reflux
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Solution:
Me Me Me
b. NC-COsMe
TBSO 1a. MeoCulli TBSO HMPA
NH4CI >
Et,0 . ¢. aq NHy
0 2 ) OLi (Cu) workup
Me Me 2. TsOH-H,0 [ Me Me
- MeOH
TBSO ~COMe (1.2 eq) - HO +~COsMe eO
toluene,
) reflux o
D1
91% '
0 0
0 0
= H
0 ! o)
D2 (bicyclic)
94%
Step 2 Silyl ether hydrolysis and lactonization.
- H
Me (0] ring flip ar)d H
H e epimerization HO
—~ Me
Me E =COsMe E Yo
HO H Me
(axial, equatorial) {equatorial, equatorial) = favored
diastereomer
ﬂ conformational
Me o) equilibrium
0
H H cyclization Me
OMe C " .
DS HO'® E

Reference: Galano, J.-M.; Gérard, A.; Honoré, M. Tetrahedron 2000, 56, 7477.
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*e,
1. MeCH(Br)CO.Et, Zn, THF
2. p-TsOH (cat.), CICH,CHLCI
3a. Red-Al (excess), THF -
OM 3b. Rochelle's salt workup
e 4. (PhgP)3RhCl, Hp, tBUOK, THF
Solution:

. B Et+Z
1. MeCH(Br)CO.Et + n_}THF

Me
B EtO,C.__Me
Mejf” "I Et0,c— OH 2
OEt 2. p-TsOH (cat.) O‘
Reformatsky CICH,CH,CI g}
condensation (-Hx0)
OMe OMe OMe
OH
Me
3a. Na[H,Al(OR),], THF
(Red-Al) ‘ 4. {PhgP)3RhCl, Hp, +BuOK, THF
3b. Rochelle's salt g g
workup
OMe
‘minimize this

interaction

Me
AL I
H \O—Rh—
CD
OMe

Step2 Dehydration of a 3°-benzylic alcohol.

Step4 Conformational bias minimizes interactions with the indicated Ar-H and
sets the stage for diastereofacial differentiation in the directed
hydrogenation of the double bond. Base-promoted attachment of the
alkoxide to rhodium gives the product with high diastereoselectivity.

OMe
E

Reference: McCombie, S. W.; Ortiz, C.; Cox, B.; Ganguly, A. K. Synlett 1993,
541.
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*f.  Explain the observed stereoselectivities.

a. THF, EL }L

2B \w o T D
, b HO 0
#*O @ workup OH -
+ . pu—
no ZnBr,

| I —— 40 60
b. Ho0

workup

Solution:

+
O\ﬁ%}CHo 0 a TH;, ; 9 5
No Znbfs
Nu~ 40 60
b. HO
workup
zn2+ Zp?+
'-__— 'l:" * ‘O “‘\.“
In th }Oﬁ INg
n the presence \ ;‘
of ZI"\2+ O\/< -~ — _ I)’O
J{/\H Nu Nu //<|L
a-chelation leads to the syn-product B-chelation leads to the anti-product

OX Ofk“ #O
In the absence 0]

of Zn?* \<I Iﬁ\ _ © o)
|,< SNA TS '

H OH

The Felkin-Anh model predicts =~ -
syn-stereoselectivity

A rationalization of chelation control in carbonyl addition reactions is given in
Acc. Chem. Res. 1993, 26, 462.

Note: The above interpretation of the Felkin-Anh model differs from that
proposed by the authors in that the methylene group of the starting
aldehyde is sterically more demanding than the C(2) ether oxygen.
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Reference: Mukaiyama, T.; Suzuki, K.; Yamada, T.; Tabusa, F. Tetrahedron

1990, 46, 265.

*g. Supply the missing reagents and structures.

3a.(-)-(Ipc)oB” N CHj

TMSO.
SO.,, 2 steps Et,0, -78 °C
—> Gi > G2
MeO 709, 3b. NaOH, H202 64%
l1 step
TMSOD\/(&/]
3
Meo E - t,
H SH 0
90%
Solution:
1a. 9-BBN, THF
2. Swern o /li :L
MeO oxidation MeO CHO
G1
72%
(equatorial aldehyde)
AN
3a.(-)-(Ipc)2B CHa VO(acac),

TMSO.,,

Et,0, —78 °C N O\/?ia/ +BUOOH

3b. NaOH, H,0, "~ MeO N N7 CHuCl,
H &
G2
64%

TMSO%

MeO Iy
H OH 0]
90%

Reference: Kouklovsky, C.; Ley, S. V.; Marsden, S. P. Tetrahedron Lett. 1994,
35, 2091.
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4.  Reactivity. Propose a mechanism for each of the following transformations
to explain the observed regioselectivity and stereochemistry.

a.
0]
COcCl
SlMe3 A‘Cls . i
Ve CHxCl, Me
76%
Solution:
O 0]
+
ggCHg i ; ICH
i - 2
Me SiMes TMSCI Mo
1° B-silyl not formed
carbenium ion
* 5-exo-dig
O ot 5~ Lot 0 o)
\QI ~AlCl3 = _
- 6-exo-dig Ay
- AICI - iMe
Mé  SiMeg | Me  siMe, Me  SiMes Me
acylium ion 2° g-silyl
carbenium ion
acid-induced 0
isomerization
- TMSCI
Me Me
76%

The acylium ion is regioselectively attacked by the double bond to give the 2°
carbenium ion, which rearranges to the more stable B-silyl carbenium ion.

Reference: Mikami, H.; Kishi, N.; Nakai, T. Tetrahedron Lett. 1983, 24, 795.
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b.
(PhgP)4Pd (cat.)
ZcozMe EtgN, CHaCN, reflux \ Ve
MeO,C
80%
Solution:
- -
_ Me intramolecular
C(\/ (PhgP)4Pd (cat) _ 2 insertion
EtgN, CHaCN, reflux / N\ .
I N 8 Pd</\
oxidative addition /| Me
Z>C0o,Me
,\ Heck reaction
-pd” M@
i | _ MeO,C

80%

Reference: Zhang, Y.; Negishi, E. J. Am. Chem. Soc. 1989, 111, 3454.

Me
m\sn\neg n-BuyNF m:
DMF HMPA 0
H
69%
Solution:
Me Me
-BuyNF, DM
o HMPA AN 69%
SiMeg o-face

1,4-addition
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The allyl silicon bond is cleaved by fluoride ion under anhydrous conditions to produce an allylic
nucleophile which attacks the enone in a 1,4-manner.

Reference: Majetich, G.; Desmond, Jr., R. W.; Soria, J. J. J. Org. Chem. 1986,

51,1753,
d.
Et,AICI (2 e
SiMes 2t - ©ea),
o oluene o
85%
Solution:
v
. EtoAICI (2 eq)
SiMeg —————> | LA —
o) oluene +(|) Yl SiMes 1,6-addition
LA
LA = Et,AICI -
LA — SiMe3Cl workup
~. By mam——
? ~LA Cl) o
LA SiMe3 LA
A b
0
85%

Nucleophilic attack in a 1,6 fashion by the allylsilane double bond at the doubly
activated Michael acceptor produces A containing the silicon-stabilized

carbocation. Loss of the trimethylsilyl group generates the exocyclic methylene
moiety.

Reference: Majetich, G.; Song, J.-S.; Leigh, A. J.; Condon, S. M. J. Org. Chem.
1993, 58, 1030.
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5. Synthesis. Supply the reagents required to accomplish each of the
following syntheses. Show the structures of the intermediates obtained after
each step and their relative stereochemistry where applicable.

a.
= I | ——— Z I | OH
2
X
Me
Solution:
\m\ 1a. Meli, Et,0 l
D
= 1b. H,C=0 Z
A 2 N
N 4o HEHO S\ OH
(workup)
2a. LiAlHy, H 3a. Me,Culi (excess)
NaOMe | Et,0
——— _~_OH > TM
2b. I, 3b. NH4CI, H,0
I (workup)

Step 3a A large excess of cuprate reagent is required for this transformation.

0

O — O

Solution:
Q‘B 1a. Mg Q“M B 1b. Mnls Q—M |
e D o
r Et,0 ger 15 °C .
0 0]

1c. MeCOCI Q__[( o Ht Q—-«
P SRR
Me Me

Step 1b Alternatively, Cul can be used to generate an organocopper reagent
which would work equally well for a controlled 1,2-addition to an acyl
chloride.

\

OH

BnO
V\OBH — n \/I\/\\/\/Y\OBH

OH
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Solution:
a. =—Li-EDA (PhaP)PdCl, (cat)
DMSO P 3 2Pd 2 cat.
OBn > 2 OBn -
V b. HY, H,0 //\(';\ Cul (cat.), O,
(workup) EtsN, DMF
a. LiAlH,
—— THF, 0 to 25 °C
BnO/\:/ Y\OBn T > TM
HO OH b. H", H0 88%
{(workup)

References: (a) Takano, S.; Sugihara, T.; Ogasawara, K. Synlett 1990, 453;
(b) Takano, S.; Murakami, T.; Samizu, K.; Ogasawara, K.
Heterocycles 1994, 39, 67.

d.
HO =
Braa~. CsHin — /\/\/\/ n-CsHy1
OTBS OTBS
Solution:
HO = %
H

BraA~o 1-CsHi1  Pd(PPhg), (cat.), Cul =

H = MO Q\ = n-CsHq4

oTBS EtoNH, rt :

Sonagashira reaction OTBS
91%

Reference: Nicolaou, K. C.; Webber, S. E. J. Chem. Soc., Chem. Commun.
1986, 1816.

€.
OH
O
T o
D —— el

consider the pK,
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Solution:

acidic Hs (pK; ~ 17),
/— avoid strong base

0 OH
R-M -
CO" = GO
THF

n-C4Hg-CeCly 88% :j n-Buli + CeCl3 _78—;? "n-BuCeCly"
n-C4Hg-MgBr 6%

LiCl
Reference: Imamoto, T.; Sugiura, Y.; Takiyama, N. Tetrahedron Lett. 1984, 25,
4233,
f.
Me381 Me;Si
= e
b, —
l\:/leOH
- Solution:
Me381 Me38|

a. mCPBA ( 1eq)

CHCI3, 0
b. NaOH workup

64%
Me3Si
a. MeoCu(CN)Lis (excess) : Me
THF,-78°t060°C

b. aq NH4OH, NH4CI

: OH

Meo

61%

Epoxidation of the more electron rich trisubstituted double bond with mCPBA
proceeds stereoselectively. The bulky MesSi group blocks the a-face of the
trisubstituted double bond.

Reference: Hwu, J. R.; Wetzel, J. M. J. Org. Chem. 1992, 57, 922.
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g.
Me Me Me Me
- -
THPO _A_OH —> THPO Y Me
OH
Solution:
ta. DMSO, (COCl)s
CHQC'Q, -78 °C 4a. Cngf(C')H
. 1b. Et3N, warm to 0 °C SI”SHeq )
1c. ag NaHCOg . THPO. _A F
- —_—
THPO AL OH 5 PhgP, CBrg, CHxCly \/\Me 4b. 1,
3b. Mel
: Me : Me Me
: i-PrCHO :
THPO N = THPO A
\/\)\ CrCl,, NiCl, (cat.) \/\)YLMe
85% DMSO OH
Nozaki-Kishi coupling

Reference: Anderson, J. C; Ley, S. V.; Marsden, S. P. Tetrahedron Lett. 1994,

35, 2087.
h.
H
n-CsHyi—=—H —> /\/\)\/\/\/WCmHm
H OH
Solution:
- 1a. n-Bull 1 1b.Br{CHy)3Cl
n-CgHi4—==—H hexane’r [n-CsHﬂ — Ll] THF, HMPA'
THF
OH
= 2 Mo, THF > = (CHy)3GH(CH,)oCH
n:CsH11—==—(CHp)3C 3.CHg(CH)sCHO n-CsH11—==—(CH2)3CH(CHy)gCHs
H
4.Li,NHg () mem
EtOH, Et,0 - ! 8

~33°C

Reference: Henrick, C. A. Tetrahedron 1977, 1845.
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o

Me COoMe
Solution:
OLi OLi

Me a. Z>0Me 0 Me
Br\/ij\ Me | MeO,C X

AcO P e P H20, workup Me 10" Me
a. NaH, THF

= TM

b. Pd(PPhg)4 (cat.) 59%

HMPA, reflux

intramolecular

Trost-Tsuji reaction

Reference: Kitagawa, Y.; Itoh, A.; Hashimoto, S.; Yamamoto, H.; Nozaki, H. J.
Am. Chem. Soc. 1977, 99, 3864.

Solution:

0
1. s-BuLi, TMEDA 2.B(OMe)s
NEt, NEty NEt,
THF, -78° C 3. H+ H,0
B(OH)2
4, Q )

HaC _ Ng, 5% LDA N7 ONEL
(PhgP)4Pd (cat.), THF | P

aq NayCOs, Gc°Ctort

DME, heat

HaC LiHoC
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HO. NEt, 0 OH

O‘O ————-—-—-—» O‘O s O‘O

92%

Step 1-2 Regiospecific ortho-lithiation followed by boronic acid formation.

Step4  Suzuki coupling.

Step 5  Benzylic deprotonation followed by intramolecular 1,2-addition and
hydrolysis.

Reference: Fu, J.-M.; Sharp, M. J.; Snieckus, V. Tetrahedron Lett. 1988, 29,
5459,

6.  Retrosynthetic Analysis. Propose syntheses of the following compounds
using a Suzuki coupling procedure as a key step. Show (1) your
retrosynthetic analysis and (2) all reagents and reaction conditions required
to transform commercially available starting materials into the target
molecules.

Et __H

e

Retrosynthetic analysis:

o " FGI 0 o FGI 9
);c;j S S G S SN

(@] o .
. OH ‘asymmetric
Me acetal = keto-diol dihydroxylation Suzuki coupling
brevicommin disconnection
0_0 & o L0 B NN
MGM MGM BHQ

Synthesis:

M\ 1. 9-BBN 2. Br XFt

0_0 — " 0.0 /3 >
MeM pentane MeX/\/B Pd(PPhg), (cat.)

NaOH
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o_ .0 3. AD-mi
. AD-mix- I\
MEt —————-—-—EP— O. O OH
Me MEt
85% Me
OH
96% ee
4. TsOH (cat.)
CH,CI > ™
22 90%
transacetalization

Reference: Soderquist, J. A.; Rane, A. M. Tetrahedron Lett. 1993, 34, 5031.

n-CgH13

Retrosynthetic analysis:

Me
(\[L Br
Br
Me Me
Suzuki A
disconnection FGI
”,‘ :> Br j . Br : +
(0]
n-CegHq3 o
n—CGH13 n-CsH13 /u\
n-CgHig

Synthesis:

O Br O
Bro NaHCO B
Me/\/u\ H Me)\l/'L H > Mo

p-elim CHO

Br
73% (> 98% E)
DIBAL-H, Et20= Me™ X Br
PBfg, Etzo
0°C Br

A
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Me Me
1a. LDA (1.05 eq)

/)l(l\ THF,-78°C Br 2. PhzP=CH, Br

n-CeH 1b. dibromide A (0] toluene CH»>

O e HY H0
. y 2
{X=0 ‘ n-CgH1a n-CgHia
X = N-NMe, -
Me

Sa. 98BN Br 3b. Pd(PPhg), (cat.)

THF CHz'Bi) > ™

K3PO,, dioxane, 60 oC

80%
n-CeHq3 Intramolecular Suzuki coupling

Reference: Miyaura, N.; Ishikawa, M.; Suzuki, A. Tetrahedron Lett. 1992, 33,
2571.



CHAPTER 8

Formation of Carbon-Carbon n-Bonds

Overview

Chapter 8 focuses on the synthetic methods to form carbon-carbon 7-
bonds.

Problem 1 involves the applications of various reagents for carbon-carbon
n-bond formations. Problems 2—4 deal with the selectivity issues associated with
carbon-carbon m-bond formation. The syntheses of TMs in Problem 5 require
utilization of specific reagents to achieve chemo-, stereo-, or enantioselective
carbon-carbon n-bond formation.

Key Concepts

e B-Elimination reactions
e Pyrolytic syn-elimination reactions of:
o Xanthates
o Selenoxides
o Sulfoxides
o Preparation of alkenes from alkynes
o Reduction
o Hydrometalation
o Carbometalation
e Preparation of alkenes from aldehydes/ketones
o Wittig reaction
o Horner-Wadsworth-Emmons (HWE) reaction
o Peterson olefination
o Julia olefination
* Shapiro reaction
e Barton-McCombie deoxygenation
e (Claisen rearrangement
° Cope rearrangement
° Preparation of alkynes
o Corey-Fuchs reaction
o Gilbert’s reagent

165
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SOLUTIONS TO CHAPTER 8 PROBLEMS
The more challenging problems are identified by an asterisk (*).

1. Reagents. Give the structure of the major product expected from each of
the following reactions. Be sure to indicate product stereochemistry.

a.
0
CHO 1. (Et0O)oPCH,CO5EL
NaH, THF _
: 2. Hs, 5% Pd/C (cat.) 911‘.,/
G EtOAc °
TBSO
Solution:
0
CHO 1. (Et0),PCH,CO,Et
NaH, THF -
TBSO H
93%
CO,Et
2. Hg, 5% Pd/C (cat.)
EtOAc ‘
TBSO H
A
98%

Step 1  Horner-Wadsworth-Emmons (HWE) olefination provides the (E)-vinyl
ester.

Reference: Moman, E.; Nicoletti, D.; Mourifio, A. J. Org. Chem. 2004, 69,
4615.

1. HoNNHTs, MeOH

2a. n-Buli (2.1 eq), hexane, THF
© 78 °t0 -20° C

2b. CO,

2c. dil. ag HCI workup

> B
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Solution:
1. HoNNHTs, MeOH
2a. n-Buli (2.1 eq), hexane, THF Li
0 ~78° t0 —20° C |
Shapiro reaction B
2b. CO»
2c. dil. aq HCl workup COoH
B
C.
1a. NaH, DME, 0 °C
1b. CS»
OH 1c. Mel .
: 2. toluene, sealed tube
160 °C
Solution:
1a. NaH, DME, 0 °C
1b. CS, I\
OH ic. Mel . O\rrS\Me
s | g (S
H H H
H H
Xanthate
2. toluene, sealed tube
160 °C
HS’U\SMe c

Steps 1-2 Xanthate pyrolysis furnishes the alkene C via syn elimination.

1. TBSCI, imidazole, DMF

Q 2a. TMSCH,MgBr, Et,0
OH  2p, HO,C-COLH, HO
> D
3. n-BugNF, THF
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Solution:
0] 0]
\@/OH 1. TBSCI, imid, DMF \@OTBS 2a. TMSCH,MgBr, Et,0
MeSSi
OMgBr CH»
2b. HO,C-CO5H, H,0
oTBS 2G-COzH. Ho0 ﬁ/OTBS + MegSi-O—SiMe
bp=101°C
removed by
distillation
CHy
3. n-BuyNF, THF . ? OH
D

Step 2 Peterson olefination.

1. Ppha, CBF4, Eth, CHzClz, -78°Ctont
: 2a. DIBAL-H (3 eq), toluene, =78 °C
OHC : - 2b. Rochelle's salt workup

CO,EL
OTMS 2 3. n-BuyNF, THF, rt
4a. n-BuLi (5 eq), hexane, =78 °C to rt
4b. aq HCI

Y
m

71%

Solution:

1. PPhg, CBry,
Eth, CHQCIQ Br 2 S
Z 00kt aonn ~
OTMS —78°Ctlon Br OTMS

seess

OHC

CO,Et

2a. DIBAL-H (3 eq), toluene, —78 °C
2b. Rochelle's salt workup Br : P> OH

)

Br OTMS
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3. n-BugNF, THF, rt
4a. n-Buli (5 eq), hexane, —78 °C to rt H : :
4b. aq HCI X :

san

/4
\
o
T

v

OH
71%

Steps 1 & 4 Corey-Fuchs reaction.

Step 4a At least 4 equivalents of n-BuLi are required for the transformation
to proceed (2 x —OH deprotonation, 1 x Br elimination, 1 x
acetylenic—Br lithium-halogen exchange).

Step 4b Workup protocol.

Reference: Quéron, E.; Lett, R. Tetrahedron Lett. 2004, 45, 4527.

1a. NaH (1.1 eq), DMF, 0 °C
1b. PMB-CI
2. PCC, NaOAc, Celite, CHyCls, rt

> F
3. Ph3P=CHCOsEt, benzene, reflux 529
4a. DIBAL-H (2.1 eq), CHxCl»
4b. Rochelle's salt workup

Ho/\/\/OH

Solution:

1a. NaH (1.1 eq),
DMF, 0 °C 3. Ph3P=CHCOEL,

1b. PMB-CI benzene, reflux

HO 2. PCC, NaOAc, PMBO™ P
Celite, CH,Cly, 1t H

4a. DIBAL-H (2.1 eq),

CHoCly
PMBO™ "7 COEt >  PMBO” "7 “CH,OH
4b. Rochelle's salt

H workup H
F

52%

g.
1a. LDA (1.05 eq), THF, =78 °C
1b. OFEt
0 Br._Jx P(0)(OMe),
' = G
g 1c. 1IN HCI, acetone, rt 74%

2. NaH, DME
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Solution:

1a. LDA (1.05 eq), THF, ~78 °C
1b. OFEt o)

(:/ro Br._Jxu P(0)(OMe),

EtO” ™%
B P(O)(OMe), |
O
1c. 1IN HCI,
acetone, rt 2. NaH, DME Cﬁ>=0
Jize- Ssemea—e—————
© G
P(O)(OMG)Z 74%

Step 1c  Enol ether hydrolysis.
Step2  Intramolecular Horner-Wadsworth-Emmons (HWE) reaction furnishes
the cyclic enone G.

Reference: Piers, E.; Abeysekera, B.; Scheffer, J. R. Tetrahedron Lett. 1979,

3279.
h.
OH MeC(OMe)z, CHzCHoCOoH
A OTBS >
140 °C 65%
Solution:
OH MeC(OMe)s, CH3CH,COLH Et0” 7O ~EtOH

NA0TBS 00 > oA 0TBS

mixed ortho ester

OEt 'I OEt
ﬁ@ . 0
\f)J\/OTBS_] Claisen _~_ _OTBS
rearrangement
H
ketene acetal 65%

Reference: Wipf, P.; Lim, S. J. Am. Chem. Soc. 1995, 117, 558.
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3. (MeO),PCH,COsMe
/\)\/\ 1. KCN, DMSO THF, ~78 °C to 1t
PN Y Ot S eachazen NH > 12
: a. -H (1.2 eq), o .
OTBS CHxClp, 78 Clort o' % 83%
2b. Rochelle's salt MeoN™  NMe;p
workup

Solution:

Ph™ ™ OTs Ph™ ™ CHO

C:)TBS 2a. DIBAL-H (1.2 eq), OTBS

CHsClp, ~78 °C to 1t i
2b. Rochelle's salt 87%
workup °
3. (MeO),PCH,COsMe /\/l\/\/\
THF,-78°Ctort
> Ph™ Y 7 CO,Me
AH OTBS
MezN NMGQ 2
tetramethylguanidine 83%

Step3 HWE-modification of the Wittig reaction; tetramethylguanidine is a
mild, non-nucleophilic base (much like DBU) that deprotonates the
phosphonate reagent.

Reference: Barrow, R. A.; Hemscheidt, T.; Liang, J.; Paik, S.; Moore, R. E;
Tius, M. A. J. Am. Chem. Soc. 1995, 117, 2479.

j-
4a. n-BulLi (1.05 eq),
o 1a.[PhSCH,Li ], THF,0°C THF, 78 °C
()4 1b. dil aq HCI workup 4, b PhCHO 1
2. mCPBA (2.2 eq), - 4c. Ac0 - 67%

CH,Cly, 0 °C 5. Na(Hg), MeOH, EtOAc
3. POClg, pyridine, rt



172 » Chapter 8 Formation of Carbon-Carbon n-Bonds

Solution:
2. mCPBA
o 12.[PhSCHaLi], OH (2.2 eq),
Cf THF, 0 °C O/\SPh CHyClp, 0°C Oﬁsoaph
1b. dilag HCI = 3. POCls, B
worku . ot
p py "
4a. n-BuLi (1.05 eq), AcO_Ph Ph
THF, —78 °C 5. Na(Hg), MeOH,
4b. PhCHO - SO,Ph EtOAc %
4c. Ac,0 o -
J2
67%

Step 2 Oxidation to the sulfone requires 2 eq mCPBA.
Step 3 Alcohol dehydration.
Steps 4-5 Julia olefination provides the (E)-olefin exclusively.

Reference: Kocienski, P. J.; Lythgoe, B.; Ruston, S. J. Chem. Soc. Perkin
Trans. I, 1978 829

k.
3. BnBr, KgCOa,
OH Br acetone
1. A\~ 4a. 2N NaOH, THF
KoCOg, acetone 4b. aq HCI
2. N,N-dimethy! 'r= K1 5 NaHCO B> K2
MeO,C CO.Me < N.N-dimethyianiine  ggo, ©. aqNa 3 Br2,  78%
2 2 heat CHCly
Solution:

KgCOS’ | , heat
acetone NMe,
R
MeO,C COsMe MeO,C CO,Me Claisen

rearrangement
' 3. BnBr, K,CO. QBN
. nor, Ko 3,
MeO,C COMe 48 2NNaOH, THF 5 COLH

4b. ag HCI

86%
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OBn
5. ag NaHCOs,
Bry, CHCl5 Br
> o)
HO-C

0]

K2
78% -

Step 5 Halolactonization.

Reference: Yoshino, T.; Nagata, Y.; Itoh, E.; Hashimoto, M.; Katoh, T;
Terashima, S. Tetrahedron Lett. 1996, 37, 3475.

1a. PhMgCl (excess), THF, =78 °C

f/\ro 1b. sat'd NH4Cl quench at-78 °C
> L
BnO 2. PhyS[OC(CF3)2Phlz (5 eq) 86%

&Bn CH,Cly
Solution:
1a. PhMgCI ° OH
v, O._0O a. gCl (excess), THF, —78 °C ., O Ph
U 1b. sat'd NH4CI quench at 78 °C "
BnO Y BnO :
OBn OBn
hemiacetal

2. PhyS[OC(CF3)2Phl, (5 eq)

CHaCly "IO/\H/P h
BnO

(5Bn
L
86%

Step 2 Alcohol dehydration with Ph,S[OC(CF3),Ph], (Martin sulfurane reagent).

Reference: Boyd, V. A.; Drake, B. E.; Sulikowski, G. A. J. Org. Chem. 1993,
58,3191,
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2. Selectivity. Show the reaction intermediates obtained after each step and
the major product obtained as well as provide the reagents and conditions
when not given to accomplish the following transformations.

. 4 3a. n-Bul.i (1.2 eq)
2 steps 3b. CICOoMe
—_— > A
4a. MeosCuli (1.2 eq) 929%
o) 0 THF, =78 °C
63% 4b. ag NH4Cl workup
Solution:
_ o -
Il:!
o) 0~ | TOEt
1a. LDA (1.1 eq), OEt 2. LDA (2.5 eq),
THF, =78 °C THF, -78 °C
- 1b. (EO)PO)CI | -
o) 0
L. ol
H
y 3a. n-BuLi (1.2 eq) =z CO:Me
3b. CICO,Me
e "0
63%
4a. Me,Culi (1.2 eq) Me
THF, =78 °C
4b. ag NH4Cl workup A
R COsMe
0
A
92%

Steps 1-2 Conversion of a ketone to a terminal alkyne (compare with Corey-
Fuchs reaction where an aldehyde is converted to a terminal alkyne).

Step 4 Me,CuLi adds to the acetylenic ester in a conjugate manner to provide
(Z)-olefin.

Reference: Marron, B. E.; Nicolaou, K. C. Synthesis 1989, 537.



C[CHO 4 steps
—

OAc

Solution:

QCHO 1. PhgP=CHOMe
oac  THF,0°Clor

Wittig reaction

57%

87%

3. NaBHj, EtOH, 0°C_

@\,om 2. HO,C~COH
OAc THF, HoO, 1t
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5. [PhOgSvCOZMe Na*
Nal, HMPA, 50 °C

OTs
LT T
- OAc 6a. NaH, THF, 0°C 71% '

6b. Pd(PPhg)4 (cat.), reflux

Q\/\CHO
OAc

enol ether hydrolysis 94%

PhO,S._COzMe ] Na*

Yo
oo

4. TsCl, pyridine

: /\ .OTs 5'[
OAc

Nal, HMPA, 50 °C

69%
SO,Ph M
6a. NaH PhO,S EOQ ©
COMe  THF,0°C <}> |
= <
Ofc 6b. Pd(PPhg)4 (cat.) + N
reflux —Pd
95% 1
m-allylpalladium
H
: o ;ZCOZMe
SO,Ph
cis-fused product
B
75%
Reference:  Trost, B. M.; Verhoeven, T. R. J. Am. Chem. Soc. 1977, 99, 3867.
c.
PivO (0]
N il
i 1. (MeO),PCH,N,, KOtBu, THF, —78 °C
TESO'" 0 >

OHC n-CsHq4

2a. DIBAL-H (2.1 eq), CHxCl5, —78 °C
2b. Rochelle's sait workup

83%
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Solution:
0
. il
vao\ 0 1. (MeO),PCH,N,, KOt-Bu,
TN THF, =78 °C
TESO" 0] >

OHC n-CsHy4

2a. DIBAL-H (2.1 eq), CH,Cly, ~78 °C
2b. Rochelle's salt workup

L.
_—

83%

Step 1 Conversion of an aldehyde to the corresponding terminal alkyne with
Gilbert’s reagent.

Reference:  Powell, N. A.; Roush, W. R. Org. Lest. 2001, 3, 453.

d.
a. ChxoBH (1 eq), THF
D\ b. CHzCO,D
=H 3o D
¢. NaOH, H202 87%
Solution:

C a. ChxoBH (1 eq), THF H
\ BChX2
b. CH3zCO,D, A H
c. NaOH, HoOy N_p

H
D

87%

Steps a-c (hydroboration-protonolysis-oxidation) represent a method for the
selective reduction of a terminal alkyne in the presence of an alkene.

Reference: Zweifel, G.; Clark, G. M.; Polston, N. L. J. Am. Chem. Soc. 1971,
93, 3395.
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3.  Stereochemistry. Predict the stereochemistry of the major product formed
for each of the following reactions. Give an explanation for your choice.

a,
1. NaBHy (excess), NiCl,, MeOH
2. TsOH, acetone, H>O
n-CsHq4—==—CH(OEt)» = A
3. (EtO)QP(O)CHQCOZEt, NaH, THF 46%
(88 : 12 mixture)
Solution:
1. NaBH, (excess),
NiCly, MeOH n-CsH11  CH(OE),
n-C5H11 = CH(OEt)Z > —
H H
2. TsOH, acetone, 3. (Et0),P(0O)CH,COSEt,
H,0 n-CsHy1  CHO NaH, THF
H H
98%
H CO,Et
n-C5H11 p—en
== H
H H
A
46%

(88 :12 2E,4Z: 2E,AE mixture)
Step 3 HWE reaction.

Reference: Byrne, B.; Lawter, L. M. L.; Wengenroth, K. J. J. Org. Chem. 1986,

51,2607.
*b.
1. O
Oj
R S OMOM DMAP (cat.)
A THF, rt ]

A > B1+B2 (94 :4 mixture of isomers)
:HO * 2. AIQOQ, 60 °C 792%,

R= (CH2)3OBH
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Solution:
1. 0
O R

R OMOM R

W ~ (O'iketene)>

i HO - DMAP (cat.)
THF, rt
R = (CH,)30Bn

B-keto ester formation

1,5-diene
chair transition states

R

B1 96:4

Reference: Defosseux, M.; Blanchard, N.; Meyer, C
2004, 69, 4626.

B2

.; Cossy, J. J. Org. Chem.

OH 42 NaH (1.0 eq), THF, 0 °C
A_  1b. TBSCI o 2 Z0OEt
o st -
@ 2a. PhgP, DEAD, PhCOH, THF  g30,  Hg(OAc),  ggop
e 2b. LIOH, MeOH, Hp0 4.200 °C
Solution:
1a. NaH (1.0 eq),
OH THF, 0 °C OH  2a. PhgP, DEAD, OH
X 1b. TBSCI X : PhCO,H, THF
Q i} @ 2b. LiOH, MeOH,
HO TBSO Hz0 TBSO

93%
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H
o’m o)
3. Z 0Et @ 4.200 °C
B B ——————a
Hg(0AC)2 \
TBSO TBSO
- c2
89%

Step 2 Mitsunobu reaction inverts the configuration of a 2° alcohol.
Step 4 Claisen rearrangement.

Reference: Clive, D. L. J.; Magnuson, S. R.; Manning, H. W.; Mayhew, D. L. J.
Org. Chem. 1996, 61, 2095.

d.
CCA;?\ 1. PhSeCl, CHyClp, ~78 °C
(Hint: phenylselenolactonization)
Solution:
+
_SePh
H ’: 11'4
% Mo 1. PhSeCl, CH,Cly, * Me
Az, ¢
B o) e
OTBS
NV
O=si
7\
-
PhSe -O /Ph |
Me -3¢ Me
0 2. M0, THE  |{ 2 Me 0
0O —m—p H\/df)zo e 0]
W
H H ] H
- D

Reference: Curran, D. P.; Rakiewicz, D. M. Tetrahedron 1985, 41, 3943.
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4.  Reactivity. Explain the regioselectivity and stereochemistry observed in
each of the following transformations.

Me
+ Br. a.tBuOK, Et;:0 2
B'\m"\/\PPhB b. Mo, -
85%
0 : T
Solution:
Br Br
Bra i~ 1 M + B -
N PPhg a. +BuOK, Z PPhg
Et,0 =PPhy

————ee R
Me,,
é \g R
0 Me S0 Me

R = C(CH,)CHj

Intramolecular
Wittig reaction

Me

85%

Reference:  Biichi, G.; Pawlak, M. J. Org. Chem. 1975, 40, 100.

1a. [TMSCH.LI], Et,0
1b. Ho0 work-up
O/CHO 2. CrOg, pyridine CO,t-Bu
3. [LiCH,CO,t-Bu]
toluene, hexane, 0 °C
4. HCIO4, THF, 0°C 28%
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Solution:

OH

1a. [TMSCH,Li], Et,0 _
O/CHO 1b. H,0 work-up OA/S”VIGB 2. CrOg, pyridine

O 3.[LCH,CO,tBU] OH
SiMes  toluene, hexane, 0 °C_ SiMe3
g CO,tBu

4. HCIOy4, THF, 0 °C CO,t-Bu

28%

Reference:  Ruden, R. A.; Gaffney, B. L. Synth. Commun. 1975, 5, 15.

*e,
1a. n-Buli, THF, =78 °C
1b. Cul (0.5 eq)
1c. allyl bromide (0.5 eq)
~78°Ctort =
[>—sPh >
2a. MeOSOyF (neat) x>
2b. triturate with pentane ‘
3. KOH (s) (4 eq), DMSO, RT 56%
Solution:
1h. Cul (0.5 eq) /
1c. allyl bromide (0.5 eq) [>(r
1a. n-Buli Li -78°Ctort
l >—SpP > | > =
SPh THF, -78 °C [ SPh} SPh

80%

=
2a. MeOSOF (neat) [>J{O802F 3. KOH (s) (4 eq) \>
> + (. —
SPh DMSO, rt

2b. triturate with pentaney -
isolate sulfonium salt Me 70%

(Steps 2-3)

Step la The enhanced acidity of cyclopropy! over normal secondary hydrogens
permits the facile deprotonation using n-BuLi; see J. Am. Chem. Soc.
1973, 95, 3068.

Step 2a Methylation using magic methyl (caution: carcinogen!).

Step 3 Regioselective E2-elimination (no cyclopropene is formed due to ring
strain).
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Reference:  Zutterman, F.; Krief, A. J. Org. Chem. 1983, 48, 1135.

5. Synthesis. Supply the missing reagents required to accomplish each of the
following syntheses. Be sure to control the relative stereochemistry.

a.
e
Solution:
1a. H3B-SMey, THF
1b. NaOH, H,0,
2. TsCl, pyridine
3. t+BuOK, +BuOH
b.
H H
oﬁ/H —_— Oﬁ/n-Bu
Solution:
H a. n-BuyCuli, THF, —25°C H
o i y b PhSeBr, THF _ o f U
¢. Hy0,
C.
CHy
s " CHO
P CHO ipr CHy
Solution:
1. NaBH,
CeC|3'7H20
CHa MeOH CHa 3.200 °C
> —_— TM
2. EtOCH=CH, 0~ sealed o
: CHO N 90%
iPf Hg(OAcl2  pf tube

80%
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Reference: Mehta, G.; Krishnamurthy, N.; Karra, S. R. J. Am. Chem. Soc. 1991,

113,5765.
d.
0 .
Er Q
Me 7
Me
Solution:
0]
ij\ 1. NaBHj, CeCl; (j\ OEt (j\/
Mo Hg(OAc)g CHO
3.200°C Me
2 / MgBr O\)i/ . Mn02 (j\/u\/
4b. H+ H,0 A
workup

Reference: For an analogous synthesis, see Yamamoto, H.; Sham, H. L. J. Am.
Chem. Soc. 1979, 101, 1609,

Me Me Me
—_—
Me)\/\/Br Me X X
CH,OH
Solution
. . LIAIH
Ve b Cur we me o
: . - —_— TM
Me)\/\/Br 1c. Me—=—H MeM 3b. workup
90%
2a. CO,, HMPA CO.H overall
P(OEt)3 (0.1 eq)
2b. H, H,0

Reference: Normant, J. F.; Cahiez, G.; Chuit, C.; Villieras, J. J. Organomet.
Chem. 1974, 77, 281.
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f.
HaC CO,Et
CHsCHO —>» = =
HsC CHs
Solution:
CHAGHO 1. tBuNH, GO ’N 5 2a. LDA, THF
H:,CHO ————3 =N-tBu -
8 ~H,0 8 2b. HaC
Hsc Br
2¢c. HY, H,0
CH
] 2
HsC H 3.PhgPCCOE HsC CO,Et

=\_/)~°
HaC

Step 3 The stabilized ylide is generated in situ by the treatment of the precursor
phosphonium salt with NaH.

T
[
@]
|
l
Q
I

g
COLH
HO/\/\ e
H _
Solution:
o « A DHPpTSOH
/\/\H 2a. n-Buli, THF, /\/\/\)\

HMPA
72%

3. Ho, Lindlar's cat.

Zb'\(\/\Br
4. p-TsOH, MeOH (:\/;OH 5.PCC,CHyCly 20

Yo,
et

86% 84%
6a. [Phag(CH2)4COZH]Br—
6b. n-Buli, THF, DMSO | CO,H
6c. HY, H0 —
95%

Reference: Reyes, E. D.; Carballeira, N. M. Synthesis 1997, 1195.
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h.
H H
o : :
A\ ; : : OHC— ; B :
\\ "\ H H
Solution:

H
o 1. PhaP=CHa : 2. 240 °C
D e
\—7% toluene BN\ xylene
\_‘; i \__*_’; G (sealed tube)

Cope rearrangement

3a. 0sOy4 (1.1 eq)
Et>0 : pyridine (2 : 1), ~78 °C

3b. ag NaHSO3 workup
4. NalOy4 (excess), THF, H0O

83%
(Steps 1-2)

Reference: Nozoe, S. Tetrahedron Lett. 1976, 195.

i.
0 o
HO e . HOT( )mQ
}Z‘OK "'o)<

Solution:

0 . - o 0
HO wQ 1. PivCl, pyridine, 0 C> PivO w0
h X 2a.NaH, CS,, THF o I
HO 0 2b. Mel 0 0

A

M
3. n-BusSnH eSS
AIBN (cat.) 80%
toluene, heat w0
4a. DIBAL-H (2 eq) e
Et,0, -78 ° to 0 °C o'\

4b. Rochelle's salt 81%
workup

Steps 2-3 Barton-McCombie deoxygenation.

Reference:  White, J. D.; Jeffrey, S. C. J. Org. Chem. 1996, 61, 2600.



CHAPTER 9

Syntheses of Carbocyclic Systems

Overview

Chapter 9 describes various methods for the synthesis of carbocyclic
systems. The preparation of such systems can be achieved either by connecting
two atoms within a single molecule (intramolecular reaction) or joining together
two separate molecules (intermolecular reaction).

Problem 1 focuses on reagents for the synthesis of carbocyclic systems.
Problems 2—4 address selectivity issues associated with carbocyclic systems. The
syntheses of TMs in Problems 5 and 6 require the selection of specific reagents to
achieve chemo-, stereo-, or enantioselective cyclizations.

Key Concepts

° Intramolecular free radical cyclizations
o Acyloin condensation
o Pinacol coupling
o McMurry reaction

e Cation-n cyclizations

* Pericyclic reactions
o Diels-Alder reaction

* Ring-closing olefin metathesis (RCM)
o Grubbs catalyst

186
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SOLUTIONS TO CHAPTER 9 PROBLEMS
The more challenging problems are identified by an asterisk (*).

1. Reagents. Give the structure of the major product expected for each of the
following reactions. Be sure to indicate product stereochemistry where |

applicable.
a.
1. TMSBr, CHyCly, =40 °C
- BnO 5 \/[O]\/ E’?OM 2. PDC, 4 AMS, CH,Cly, 1t
e iy
\/l>< (OMe)z 3. NaH, THF, 0 °C to rt
Solution:

1. TMSBr
CHCly,

BnO Q Q _ -0 ..
4 A MS
CHQC'Q, rt
3. NaH, THF BnO‘,I?O
———
0°Ctort
(0]

A

Step 1  Lewis acid—-mediated MOM deprotection.
Step3  Intramolecular HWE reaction.

Reference: For an analogous reaction sequence, see Taillier, C.; Gille, B.;
Bellosta, V.; Cossy, J. J. Org. Chem. 2005, 70, 2097.

b.
e} a. TiClz, Zn(Cu)
DME, heat
Me/u\/\/\n/ n-Bu —> B
5 b. H>O workup 79%
Solution:
0 a. TiClz, Zn(Cu) Me
n-Bu DME, heat
Me -
o b. H>O workup Bu

McMurry coupling B
79%
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Reference: McMurry, J. E.; Kess, K. L. J. Org. Chem. 1977, 42, 2655.

1a. LDA, THF, -78 °C

© ~ 1b. TMSCI -
 a 2a. taluene, 160 °C (sealed tube)

Me 2b. aq HCI workup
Solution:
1a. LDA
0 THF, =78 °C T™MSO 2a. 160 °C
> —_—
Z 1b. TMSCI F toluene
Me Me Intramolecular

Diels-Alder reaction

2b. ag. HCI
e
7 Me Me

TMSO o~
c

Reference: For an analogous synthesis, see Yamamoto, H.; Sham, H. L. J. Am.
Chem. Soc. 1979, 101, 1609.

d.
0O
_ 1a.LDA, THF,-78°C
1b. 2,3-dibromopropene - D
+BUO 2a. MeLi (1.1 eq.), E,0,~78°100 °C  go0,

2b. 10% HCIO4 workup

Solution:
0 1a. LDA, THF, 0 Br
/ -78 °C 2a. MelLi (1.1 eq.)
1b. \/u\ g = 2b.10% HCIO;
+BuO Br gr  FBuO workup
73%

Br

H\"' Br Br
Me{OH Me Me
IS R ot
— . = [ - —
+Bu0 7y +Bu0% FBUOH o
D

85%
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Reference: Toyota, M.; Ilangovan, A.; Kashigawi, Y.; lhara, M. Org. Lett.
2004, 6, 3629.

o) 1. TrisNH-NH,, MeOH
2a. s-Buli (2 eq), hexane, TMEDA
-78°t00°C
> E
-40 ° ° o,
2b. TMS\/\CHO 0°to0°C 55%

2c¢. HoO workup

Solution:
0] N-NHTris ) )
2a. s-Buli (2 eq) Li
1. TrisNH-NH» hexane, TMEDA
_— >
MeOH -78°100°C
80% Shapiro reaction
Tris = 2,4,6-triisopropylbenzene
2b. TMS i
N CHO HO N SiMeg
—-40°t0 0 °C
2c. H0 workup
E
69%

Reference: Jones, T. K.; Denmark, S. E. Helv. Chim. Acta 1983, 66, 2377.

f.
Boc
/\/hll P Cly(ChxgP),Ru=CHPh (cat.)>
H CHQC'Q, reflux 93%
CO,Me
Solution:
Boc
l Clo(ChxgP)sRu=CHPh (cat.) Z
AN F >
: CHuCly, reflux
CO,Me . st N™ "CO-Me
ring-ciosing metathesis Boc
F

Reference: Rutjes, F. P. J. T.; Schoemaker, H. E. Tetrahedron Lett. 1997, 38,
677.
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g.
1. PhaP=C(Me)CO,Et 4a. DIBAL-H (2.5 eq)
CHoCly, reflux hexane, CHoCly, =78 °C
2. PCC, CH,Cl» .- G 4b. Rochelle's salt workup - G2
0" OH 3. PhgP, CBry, Zn, 86% 5a. n-Buli (4 eq), hexane, THF' 82%
CHoCly, rt : ) ~78°t00°C
5b. HoO workup
Solution:
1. PhgP=C(Me)CO5Et 4a. DIBAL-H (2.5 eq)
CHyCly, reflux hexane, CHyCly,
2. PCC, CHxCly > Bro ~ _Me ~78 °C .
3. Ph3P, CBry, Zn, 4b. Rochelle's salt
O OH CHCly, 1t Br o1 CO,Et workup
86%
5a. n-Buli (4 eq) 5b. HO
hexane, THF workup
Br..~ X Me > . Me p————e——p X Me
~-78°t00°C I l I l
Br . .
97% OH | L OLi | G2 OH

85%

Step 1 Wittig olefination gives the (E)-alkene as the major product (93 : 7).

Step 5 Corey-Fuchs alkynylation.

Reference: Oppolzer, W.; Robyr, C. Tetrahedron 1994, 50, 415.

h.
™\ Na (> 4 eq)
0__0 COoE TMSCI (2.2 eq)
COLEL >
Me toluene, reflux 97%
Solution:
TMSO
0.0 CO2E:30 o, _NaTwmsc 0.0 OTMS
2 ——
Me toluene, heat Me
silyl acyloin condensation H
97%

Reference: Blanchard, A. N.; Burnell, D. J. Tetrahedron Lett. 2001, 42, 4779.
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L/\ (£)-CH5CH=CHCHO |
ZNHCO,Bn 110 °C C 76%

(sealed ampule)

Solution:

CHg

|k/\ (E)-CH3CH=CHCHO CHO
= NHCO,Bn 110 °C - ,

(sealed ampule) ‘NHZ

|
76%

Reference: Overman, L. E.; Jessup, P. J. J. Am. Chem. Soc. 1978, 100, 5179.

TsOH (cat )
J
toluene, reﬁux 93%

Solution:
O
Me B Me T Me l O
H -H 2 0 o
toluene N Diels-Alder
reflux cycloaddition  MeO o)
OMe +0OMe OMe
L
enol ether — J
protonation 93%
Endo adduct

Reference: Kodama, M.; Kurihara, T.; Sasaki, J.; Ito, S. Can. J. Chem. 1979,
57,3343.
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2. Selectivity. Show the product(s) obtained and the appropriate reagent(s)
necessary for each of the following transformations.

0]
ve - AN
€ ' benzene, 100 °C (sealed tube)
MeO 2a. NaOH, H,0, dioxane, 40 °C 77%
o 2b. aq HCI workup
Solution:
(0]
Q M Me
& 4 ANZ
MeO benzene, heatr MeO )
0 0
86%
0
2a. NaOH, H,0 Me

dioxane, 40 °C _

2b. ag HCI workup o MeO

H
0

A
90%
trans-isomer

Step 1 The more electron rich, methoxy-substituted double bond is less
dienophilic than the methyl-substituted one; hence the cycloaddition
occurs selectively at the methyl-substituted double bond.

Reference: Woodward, R. B.; Sondheimer, F.; Taub, D.; Heusler, K
McLamore, W. M. J. Am. Chem. Soc. 1952, 74, 4223.

b.
MeO,C l\:/le‘:‘ 2 MeO,C “:Aetl 3.Na
: steps : TMSCI
0] o —> MOMO OoOMOM ——>» B
. - tolt;lene 90%
A ol reflux °
H MeCOgMe H MeCOgMe

72%
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Solution:
MeOoC Moy MeO,C Moy

z 1. NaBH,4, MeOH z

6] 0] =  MOMO OMOM
T .2. MOMCI, EtgN <
: COM : M
H Me bivie CHQC’Z_ H M8C02 e
72%

toluene
reflux

silyl acyloin H Me
condensation B

Reference: Sieburth, S. M.; Santos, E. D. Tetrahedron Lett. 1994, 35, 8127.

3. TiCly
Zn(Ag)
DME o
heat 56%
MeO MeO
69%
Solution:

1a. Oz, MeOH, -35 °C
1b. MesS

2. NaOMe, MeOH, rt

-

MeO

69%

3. TiCls, Zn(Ag)
DME, heat

MeO

Step 2 Epimerization of C(8) to the more stable C(8)-H, isomer.
Step 3 Intramolecular McMurry coupling.
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Reference: Mikami, K.; Takahashi, K.; Nakai, T. J. Am. Chem. Soc. 1990, 112,

4035.
*d.
‘ - ‘
Mes~-N N N-Mes
Ll (0.12 equiv)
I Ru==
CI, | Ph
x PCy3 o D
Me CHoCly, reflux, 3h 85%
i-Pr (tricyclic product)
Solution:
‘ - ‘
Mes-N ~ N-Mes _
c, | o ~Catie
Ru==
o _\ph Me 4
Cl ’
PChX3 0y /
CHyClp, reflux, 3h Me
i-Pr i-Pr
— - -1 -
tandem
ring-closing
metatheses
Me
i-Pr i-Pr
- -
MeOZC
: S, "Me

[Ru]=CMe5 Me

-Pr

D
82%

Reference: Boyer, F.-D.; Hanna, I.; Ricard, L. Org. Lett. 2004, 6, 1817.
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3 H
OH 1. CH,C(OEt), steps :_COpEt
~ > E = MOMO
Meozc/l\/\/\/ phenol <:L/\/
125 °C H
Solution:
' CO2Et 2. NaBH
OMOM (:DH 1. CHgC(OEY)3 MOMO EtOH 4
/l\/\/\/ - F
MeQ,C A phenol MeQO,C r, 8 h
125 °C H
Johnson ortho ester
Claisen rearrangement
CO,Et 3. I, PPhg, imidazole H
MOMO Et,0, CHaCN t_COoEt
HO = >  MOMO™
H 4. LHMDS, THF, 0 °C Z
H
Step 2 Chemoselective reduction of the a-alkoxy ester.
Step 3 Ester enolate alkylation (5-exo-tet cyclization).

Reference: Kim, D.; Lee, J.; Shim, P. J; Lim, J. I; Jo, H.; Kim, S. J. Org.
Chem. 2002, 67, 764.

Stereochemistry. Predict the stereochemistry of the major product formed
for each of the following reactions.

a.
1. ANA0TMs
BnO  COzMe 160 °C (sealed tube)
A - A
Me 2. HF, CH4CN, rt 97%
3. PDC, 4 A mol. sieves, CH,Cly
Solution:
B
BRO  COMe AN otMms B " H
aMe 160 °C (sealed tube) Me Me
Z > *
Me 2. HF, CH4CN, MeO,C MeO,C
H &
OH H

OH
~100% (2 : 1 ratio)
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BnO
" H
3. PDC, 4 A mol. sieves Me
O
A
97%

Reference: Kan, T.; Hosokawa, S.; Nara, S.; Oikawa, M.; Ito, S.; Matsuda, F.;
Shirahama, H. J. Org. Chem. 1994, 59, 5532.

b.
0]
180 °C
+ — Y > B
i}— Me X toluene 70%

(sealed tube)

Solution:

O
N 180 °C
—-—_—..._._.__).
i}‘Me > toluene
st

(sealed tube)

70%
(cis-syn adduct)

yH
X\ Me\\a“(/\

&t 5
consider the polarization o? </
of a vinyl group Endo-I Endo-il

(polarity mismatch)

Reference: Ireland, R. E.; Thompson, W. J. J. Org. Chem. 1979, 44, 3583.

O a. LIN(TMS),, TMSCI
OSEM THF, =100 °C
OJJ\/ b. warm to rt

> C
'TB Et c. 5% aq HCI workup 71%
o~ O

SEM = CH>CH»SiMeg
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Solution:
a. LIN(TMS),, TMSCI 0
J_osem THF, =100 °C H 9sem
0 b. warm to rt HO .
= c. 5% aq HCl workup \
T Et . v E‘l’

0”0 0% -0

SEM = CH,CH,SiMeg Cc

71% (> 20 : 1 de)

Step a Silylation of the ester enolate to give a silyl ketene acetal.

Step b [3,3] sigmatropic shift (ester enolate Claisen rearrangement) via a chair
transition state on the sterically more accessible f3-face of the butenolide
(B below).

TMSO
/K/OSEM TMSO

S — YR, -

H % OSEM product
0 O

O

chair TS-A (disfavored) chair TS-B (favored)

Reference: Burke, S. D.; Pacofsky, G.J. Tetrahedron Lett. 1986, 27, 445.

d.
e O
\/u\/\ Hyp, Pd/C 5
——
".NHCOQBn HC‘, EtOH 95%
Solution:
e 0] Me 0]
“.\\/U\/\ H2: Pd/C ©“.»\/l]\/\
...___—.._*»
"'NHCOan HCI, EtOH “
Me
H
—H,0 Mo PdC
—_—
N/ HCI EtOH /\
H

95%
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This is one of the finest single-step transformations in the chemical literature.
Note that five reactions are achieved in one pot: hydrogenation of two double
bonds, Cbz deprotection, intramolecular imine formation, and convex-face alkene
hydrogenation that establishes the n-Pr stereocenter.

Reference: Overman, L. E.; Jessup, P. J. J. Am. Chem. Soc. 1978, 100, 5179.

*e.
SiMesPh
Me Ivieo
Xx-Me 4 BF;OEty, CHoClp, ~78 °C c
. b. ag NaHCOg3 workup o
“0
L__0OBn
Me
Solution:
SiMesPh
Me 1vieo
X Me a. BFS‘OEtg
> -
. CHJCl,, -78 °C
O
M OBn Lewis acid-assisted formation of
€ the more stable 3° carbenium ion ,’
FqB 5=

b. ag. NaHCOg4
-RgSIF
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It is not obvious which cyclization conformation predominates (e.g., chair-chair
vs. chair-boat). 1 : 1 mixture of diastereomers was obtained.

Reference: For an analogous transformation, see Li, W.-D. Z.; Yang, J.-H. Org.
Lett. 2004, 6, 1849.

4. Reactivity. Propose a mechanism for each of the following transformations
that explains the observed regioselectivity and stereochemistry of the
reaction.

HCOH, H3PO,
75 °C

Solution:

O  HCO.H
HzPOy4

75 °C

% Nazarov
Me Me O cyclization

“H

oxocarbenium
intermediate

7 o
- H+ tautomerize
,.__.....—.——»

Me Me Me Me

Tautomerization of the enol ether furnishes the more stable cis-fused [4.3.0]
bicyclic system.

Reference: Mateos, A. F.; Barba, A. L.; Coca, P.; Gonzalez, R. R.; Hernéndez,
C. T. Synthesis 1997, 1381.
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Me OH OH
W CF3COzH %
—-—-.——-—..—-—-»
: Me

Solution:

Me\/\xg CF3C02H
-H0 \\\
Me
ﬁ I basic
+ “OCCF3 %CCF workup %
Me

tertiary
carbenium ion

b.

Me

A basic aqueous workup is sufficient to hydrolyze the trifluoroacetyl ester to yield
the TM.

Reference: Volkmann, R. A.; Andrews, G. C.; Johnson, W. S. J. Am. Chem.
Soc. 1975, 97, 4777.

a. CH3CN AN
4A mol H

NH :
—-—-—-—-——-—.—»
MegSi” 7 HJ\/\/kOMe b. CF3CO,H N

c. NaCN
CN
79%

Solution:

a. CH3CN

/\)/\/ sieves
—————————
MegSi J\/\)\OMe b. CF3COzH NS

-H0 _
-2 MeOH CF3CO,
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N
H
c. NaCN
..__..-.-._—-———>
N
CN.
79%

Step a Imine formation.
Step b Two acid-catalyzed cyclizations: allyl silane addition to an iminium ion
followed by intramolecular imine alkylation and loss of MeOH.

Step ¢ Exo-face addition of CN .

Reference: Amorde, S. M.; Judd, A. S.; Martin, S. F. Org. Lett. 2005, 7,2031.

*d

H
CO,Et H COxEt - CO,Et
condmons I H H
O O
cis trans
xylene, heat, 5 h 51% 15%
Et,AICH, 0 °C, 20 min 0% 90%
Solu,tion:
CO,Et
o) —_— L/\/
0 boat
H
:‘E:COQEt
o
H™: H
\/O
cis fused trans fused

A chair conformation (lower in energy than a boat conformation) is required for
the formation of the trans fused product. Lewis acid-promoted intramolecular
Diels-Alder reaction proceeds at 0 °C in the presence of Et;AlCI leading to the
trans-fused product. Presumably, there is not sufficient energy to achieve the
boat conformation to form the cis fused product.
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Reference: Chen, C.~Y.; Hart, D.J. J Org. Chem. 1993, 58, 3840.

*e.
a. TiC|4, CHgClg
~78°100°C
b. H,O workup B
Me ~CHO
Solution:
. H .
OTiCl, : LOTICl3
+ ey,
+
Me

Reference: Willmore, N. D.; Goodman, R.; Lee, H. H.; Kennedy, R. M. J. Org.
Chem. 1992, 57, 1216.

5. Synthesis. Supply the missing reagents necessary to accomplish each of the
following syntheses. Be sure to control the relative stereochemistry where
appropriate.

o O Me :Me

Ph’u\/lL Ph

Ph Ph
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Solution:
o o LiH (>2eq) o o TiClz (2 mol eq) Me Me
/U\/U\ Mel (excess) LiAlH,4 (8 mol eq) N
B = £
Ph Ph DMF F‘h/u>(lk Ph THF, reflux
0°Ctart Me Me (Hs0 workup) Ph Ph
McMurry coupling 46%

Reference: Baumstark, A. L.; McCloskey, C. J.; Witt, K. E. J. Org. Chem.
1978, 43, 3609.

b.
(0]
0]
HO\/\/\\\/\ — |
H
Solution:
COsEt
1a. (COCl),, DMSO 2. Br 2
s CHoCly —50°C Oy | A -
L/\/Il T EN > . Zn, THF, NH,Cl
-50°Ct00°C Reformatsky reaction
Swern oxidation
0]
0
EtO 0
HO 2.NaH, THF 3. toluene, heat
_—— -
| lactonization Diels-Alder
xn reaction -

H

Reference: For the preparation of starting alcohol, see Spino, C.; Crawford, J.;
Bishop, J. J. Org. Chem. 1995, 60, 844.

OH

Me
)\H/\/ [ o 5 Me
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Solution:
Me

/k"/\/ 1CI 2. Cly(ChxgP),Ru=CHPh (cat.)
0 B
EtSN CH,Clo %}\l CHoCly, reflux
°

O 0 Me
90%

Step 2 Grubbs’s first generation ring closing metathesis (RCM) catalyst was
employed.

Reference: Bassetti, M.; D'Annibale, A.; Fanfoni, A.; Minissi, F. Org. Lett.
2005, 7, 1805.

OPMB OB omMomMm  OPMB 0OBn

/\/\/\/I\ e MeOZC N

Solution:

oPMB  oBn - MOMOCH,COoH ?PMB OBn
Z CH5Clo, 1t " 5
2 2Clo,
OH MOMO’\Or

93%
OPMB
2a. LHMDS /\/s\/\/?i" 2b. warm to rt
TMSCI, EtzN " 2c. dil. HCI workup
THF, 78 °C o) 3.CHoNp, EO
30 min MOMO/\(
OSiMes

OMOM OPMB  OBn

MeOQC X
86%

Step 2a—c  Ireland Claisen rearrangement.
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Reference: Kim, D.; Lee, J.; Shim, P. J.; Lim, J. L; Jo, H.; Kim, S. J. Org.
Chem. 2002, 67, 764.

aQ, — —
0 0 OH
CHO

OH
Solution:
1a. (/‘);cm, Et,O
<:Q 1b. ag NH,CI s
o  2a HSCH,CH,OH, BFg-Et,0, J
Et,0 ™ (@]
2b. sat'd NaHCO3
82%
3a. Sia,BH, THF
3b. NaOH, H,O Mg(H
202 . ‘g( 9) OH
4a. CrO3-2py, CH,Cl, o TiCly, THF
4b. ag NaHS0O4-H,0 o) OH
ba. HgClz, CaCO3, 08003, 90%

MeCN, H,0 H o 90%
5b. aq NH,OAC 80% (80 : 20 cis : trans diols)
Reference: Corey, E. J.; Danheiser, R. L.; Chandrasekaran, S. J. Org. Chem.

1976, 41, 260.
f.
MeO,C.J_0O
e
MeO,C = O
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Solution:
H 1. DIBAL-H 3. RCM
MeO,C J\I:O Et,0, 78 °C (Grubbs catalyst)
™0 2. vinylmagnesium 4. Dess-Martin
MeO.C 5 bromide

oxidation
THF,-78 °C o rt .

o>< A~otBs
=0 CH2C|2, 40 °C, 3d
0] H 4 + 2 cycloaddition
80% endo selectivity

Steps 1-2 See Tetrahedron 2000, 56, 2195.
Step 4 Swern oxidation resulted in aromatization of the 1,4-quinone.

Reference: Lee, W.-D.; Kim, K.; Sulikowski, G. A. Org. Lett. 2005, 7, 1687.

g.
HaC
O
—
CHs
HaC

Solution:

0 1. HS(CH,)oSH (excess)

Diels-Alder H : 2)2 )
@ + reaction O BF3-Et,0 .
/ 2. Raney-Ni (Ho) -
0 0
H | _. FHO e LiAH, THF

3. O3, CH,Cly, -78 °C OHC l:> 5b. HY H,0

4 4.Mez8,MeOH QMG .~ 6. CBry, PPhy
CHO
Br__. SR 2a LA, THE . F HG
O 7b.HY H0 HaC O _ CHy

Br/\‘\‘ 4 H3C\\“ 4 CH3

CH,Br CHj HsC
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6. Retrosynthetic Analysis.

a.  Propose a synthesis of (~)-coniceine using a ring-closing metathesis (RCM)
procedure as a key step. Show (1) your retrosynthetic analysis and (2) all
reagents and reaction conditions required to transform a commercially
available starting material to the target molecule.

(-)-coniceine

Retrosynthetic analysis:
Wittig

acylation

Synthesis:

1. Boco0O, NaOH, dioxane

& 2. Mel, K,COg, DMF & 4. PhgP=CHy, THF
N~ ~COzH > CHO

3a. DIBAL-H (1.1 eq) N 5. 10% HCI, MeOH
H toluene, —78 °C Boc (Boc deprotection)
L-Proline 3b. Rochelle's salt workup 6. HOOCCH,CH=CH,
67% DCC, THF
ChX3P
F|¥/CI
7. u=\ 0.05 eq)
(—)\/ cl”]  Ph (
N PChX3 8. H2, Pt02
> > M
toluene, 18h, rt 9a. LiAlH,, THF 88%
OM 9b. NaOH, H,0
workup

53% 66%

Reference: Arisawa, M.; Takezawa, E.; Nishida, A.; Mori, M.; Nakagawa, M.
Synlett 1997, 1179.
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b.  Propose syntheses of pumiliotoxin C using (1) an intramolecular Diels-
Alder cycloaddition as a key step and (2) via a conjugate addition of a side
chain, either the C(5)-methyl or C(2)-n-propyl group.

Me
H

N 2"':/\
HH
pumiliotoxin C

(1) Intramolecular Diels-Alder cycloaddition approach

Retrosynthetic analysis:

Me Me
H H
- FGl wg IMDA "X
= i =
N N N
HH HH H
IMDA = Intramolecular . :
Diels-Alder reaction a;\gsggg?tgtre\:mgm&e
"l with the imine form
Me™ X
NS
H
O)\R
A
Synthesis:
1. Me
CHO
Me/\/\/l mol. sieves Me™ ™S 3. 230 °C, 20h;
HoN H/\ 2. FPrC(O)CI N\N H/\ toluene
EtaN, CH,Clp ) IMDA
0] -Pr
A
82%
Me Me
H H
4. Hy, Pd/C, MeOH
NT e~ 5. n-Buli, THF B NN
H )\ 6. HCI (crystallization) H H
0”7 NiPr HCI
90% 57%

Diastereomeric
mixture
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Reference: Oppolzer, W.; Flaskamp, E.; Bieber, L. W. Helv. Chim. Acta 2001,
84, 141.

(2) Conjugate addition of the C(5)-methyl group

Retrosynthetic analysis:

Me Me
H wan H
FGl _
p— Mé
H lNl n-Pr o) H ﬁ n-Pr O “n-Pr

MezCuLx
H SE
07 :H! ﬁ n-Pr
SE
Synthesis:
a. MesCuli
Etzo
_"’, umiliotoxin C
m b. NH4CI P
H>O

86%

Stereoselective methyl addition occurs from the ‘convex’ face (the 3°-amide is
inert to the cuprate reagent).

Reference: Ibuka, T.; Inubushi, Y.; Saji, I.; Tanaka, K.; Masaki, N. Tetrahedron
Lett. 1975, 323.
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(2) Conjugate addition of the C(2)-n-propyl group

Retrosynthetic analysis:

Me == Me,CuLi
. SE
M Me O 0 @]
*H s H + H
seliositiee
N “'n-Pr N “n-Pr o “n-Pr LY “'n-Pr
SE
OH O 0 0 CH O
FGI % N F_—Q’S N
NTnPr dol N7 “n-Pr N7 Enpr
H H condensation H HH
CHz O CHa O
, = f O
N N
HH H
SE
+
nmPr = n-PrMgCl
SE
Synthesis:
CH Q CH O
i (U\/” 1. n-PrMgCl, CuCl i (“j 2. NalQy, 0OsOy4 (cat.)
o l}l BF3°Et,0, =78 °C ot I}l ",n_Pr
CO,Ph CO,Ph
88%
O O 0
| 3. TsOH, 4a. Me,Culi,
’i benzene X BF3°Et,O
——————— e
. “ 47 °C o 4b. MeOH, o
N n-Pr r;l n-Pr _93°C I n-Pr
CO.Ph CO,Ph CO,Ph

83% 81% 87%
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Me

H
5a. LDA, THF 6a. Ho, PtO»
= e
5b. PhN(Tf) 6b. HCI N~ “n-Pr
HH
+ HCI
87%

Step2 Lemieux-Johnson reaction.
Step 6a Catalytic hydrogenation reduces the vinyl triflate moiety and cleaves the
Cbz protecting group.

Reference: Comins, D. L.; Dehghani, A. J. Chem. Soc., Chem. Commun. 1993,
1838. :






