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" odern Organic Synthesis: An Introduction is based on the lecture notes of
a special topics course in synthesis designed for senior undergraduate and
! beginning graduate students who are well acquainted with the basic con-
cepts of organic chemistry. Although a number of excellent textbooks covering
advanced organic synthesis have been published, we saw a need for a book that would
bridge the gap between these and the organic chemistry presented at the sophomore
level. The goal is to provide the student with the necessary background to begin
research in an academic or industrial environment. Our precept in selecting the topics
for the book was to present in a concise manner the modern techniques and methods
likely to be encountered in a synthetic project. Mechanisms of reactions are discussed
only if they might be unfamiliar to the student. To acknowledge the scientists whose
research formed the basis for this book and to provide the student access to the origi-
nal work, we have included after each chapter the relevant literature references.
The book is organized into the following nine chapters and an epilogue:

e Retrosynthetic analysis: strategies for designing a synthetic project,
including construction of the carbon skeleton and control of stereochemistry
and enantioselectivity

o Conformational analysis and its effects on reactivity and product formation

o Problems for dealing with multiple functionality in synthesis, and their
solutions

° Functional group transformations: classical and chemoselective methods for
oxidation and reduction of organic substrates, and the availability and
utilization of regio-, chemo-, and stereoselective agents for reducing
carbonyl compounds

» Reactions of carbon-carbon © bonds: dissolving metal reductions,
conversions to alcohols and enantiomerically pure alcohols, chemo- and
enantioselective epoxidations, procedures for cleavage of carbon-carbon
double bonds, and reactions of carbon-carbon triple bonds

= Formation of carbon-carbon single bonds via enolate anions: improvements
in classical methods and modern approaches to stereoselective aldol
reactions

» Methods for the construction of complex carbon-carbon frameworks via
organometallics: procedures involving main group organometallics, and
palladium-catalyzed coupling reactions for the synthesis of stereodefined
alkenes and enynes

e Formation of carbon-carbon n-bonds: elaboration of alkynes to
stereodefined alkenes via reduction, current olefination reactions, and
transposition of double bonds

e Synthesis of carbocyclic systems: intramolecular free-radical cyclization,
the Diels-Alder reaction, and ring-closing metathesis

e An epilogue featuring selected natural product targets for synthesis
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Synthetic Design

HaC

’/;,,/\
H E CHs

Pumiliotoxin C, a ¢is-decahydroquinoline from
poison-dart frogs, Dendrobates pumilio.

" RETROSYNTHETIC ANALYSIS’

In character, in manners, in style; in all things, the supreme excellence is simplicity.
Henry Wadsworth Longfellow

“{ hemistry touches everyone’s daily life, whether as a source of important
drugs, polymers, detergents, or insecticides. Since the field of organic chem-

strong incentive to invest large resources in synthesis. Our ability to predict the use-
fulness of new organic compounds before they are prepared is still rudimentary.
Hence, both in academia and at many chemical companies, research directed toward
the discovery of new types of organic compounds continues at an unabated pace. Also,
natural products, with their enormous diversity in molecular structure and their possi-
ble medicinal use, have been and still are the object of intensive investigations by syn-
thetic organic chemists.

Faced with the challenge to synthesize a new compound, how does the chemist
approach the problem? Obviously, one has to know the tools of the trade: their poten-
tial and limitations. A synthetic project of any magnitude requires not only a thorough
knowledge of available synthetic methods, but also of reaction mechanisms, commer-
cial starting materials, anatytical tools (IR, UV, NMR, MS), and isolation techniques.
The ever-changing development of new tools and refinement of old ones makes it
important to keep abreast of the current chemical literature.

What is an ideal or viable synthesis, and how does one approach a synthetic proj-
ect? The overriding concern in a synthesis is the yield, including the inherent concepts
of simplicity (fewest steps) and selectivity (chemoselectivity, regioselectivity,
diastereoselectivity, and enantioselectivity). Furthermore, the experimental ease of the
transformations and whether they are environmentally acceptable must be considered.

Synthesis of a molecule such as pumiliotoxin C involves careful planning and
strategy. How would a chemist approach the synthesis of pumiliotoxin C?' This chap-
ter outlines strategies for the synthesis of such target molecules based on retrosyn-
thetic analysis.

E. J. Corey, who won the Nobel Prize in Chemistry in 1990, introduced and pro-
moted the concept of retrosynthetic analysis, whereby a molecule is disconnected,
leading to logical precursors.? Today, retrosynthetic analysis plays an integral and
indispensable role in research.

The following discussion on retrosynthetic analysis covers topics similar to those in
Warren’s Organic Synthesis: The Disconnection Approach® and Willis and Will’s
Organic Synthesis.>® For an advanced treatment of the subject matter, see Corey and
Cheng’s The Logic of Chemical Synthesis.*®
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Basic Concepts

The construction of a synthetic tree by working backward from the target molecule
(TM) is called retrosynthetic analysis or antithesis. The symbol => signifies a reverse
synthetic step and is called a transform. The main transforms are disconnections, or
cleavage of C-C bonds, and functional group interconversions (FGI).

Retrosynthetic analysis involves the disassembly of a TM into available starting
materials by sequential disconnections and functional group interconversions.
Structural changes in the retrosynthetic direction should lead to substrates that are
more readily available than the TM. Synthons are fragments resulting from discon-
nection of carbon-carbon bonds of the TM. The actual substrates used for the forward
synthesis are the synthetic equivalents (SE). Also, reagents derived from inverting the
polarity (IP) of synthons may serve as SEs.

transform synthetic

™ — synthong | =-==----- > | equivalents
or reagents

Synthetic design involves two distinct steps®: (1) retrosynthetic analysis and
(2) subsequent translation of the analysis into a “forward direction” synthesis. In the
analysis, the chemist recognizes the functional groups in a molecule and disconnects
them proximally by methods corresponding to known and reliable reconnection reac-
tions.

Chemical bonds can be cleaved heterolytically, homolytically, or through con-
certed transform (into two neutral, closed-shell fragments). The following discussion
will focus on heterolytic and cyclic disconnections.

heterolytic L |, . _]. +[
cleavage —CI7_(}7“‘ — '"(13 .?——- or —~?. (ID—
homolytic || | |

—C—C— > —Ce C—

cleavage | [ ' ]

=
concerted
transform @ — Q + H

Donor and Acceptor
Synthons’:¢

Heterolytic retrosynthetic disconnection of a carbon-carbon bond in a molecule
breaks the TM into an acceptor synthon, a carbocation, and a donor synthon, a
carbanion. In a formal sense, the reverse reaction — the formation of a C—C bond — then
involves the union of an electrophilic acceptor synthon and a nucleophilic donor syn-
thon. Tables 1.1 and 1.2 show some important acceptor and donor synthons and their
synthetic equivalents.*
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Common Acceptor Synthons

Synthon

R* (alkyl cation = carbenium ion)

Ar* (aryl cation)
+
HC=0 (acylium ion)

R6=O (acylium ion)
HO—C=0 (acylium ion)

9
CHoCH.C—R

CHy—CH,C=N
(+3H20H (oxocarbenium ion)
RéH—OH (oxocarbenium ion)

R2(+)—OH (oxocarbenium ion)

Synthetic equivalent
RCI, RBr, RI, ROTs

+ —
AI’NQ X

?
HC—X (X = NRy, OR)

I ,
RC—X (X=CI, NR,, OR)
CO,

CH2=CH(L1—R (R = alkyl, OR)
CH,=CHC=N

HCHO

RCHO

R,C=0

0
VAN

)

Br\/U\/R“

a Note that o-halo ketones also may serve as synthetic equivalents of enolate ions
(e.g., the Reformatsky reaction, Section 7.7).

Common Donor Synthons

Synthetic
Synthon Derived reagent equivalent
R™ (alkyl, aryl anion) RMgX, RLi, RoCulLi R—X
"CN (cyanide) NaC=N ' HCN
RC=C" (acetylide) RC=CMgX, RC=CLi RC=CH
)OJ\ O—( ate) Iy /ﬁ\
H/&eno ate /K (M = Li, BRy)

+ -/ + / /

Ph3P~C\ (ylide) PhsP—C\-H X" H—C—X

R~ NO, (a-nitro anion)
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Often, more than one disconnection is feasible, as depicted in retrosynthetic
analyses A and B below. In the synthesis, a plan for the sequence of reactions is draft-
ed according to the analysis by adding reagents and conditions.

Retrosynthetic analysis A

c-C
0o FG /OCf disconnection OCI
/\/U\Ph j /\/i :> /\_ + + Ph
™ donor acceptor
synthon synthon
P
X =Br, | /\/ — /\/ng )L
SE of donor synthon SE of
acceptor synthon
Synthesis A
a O

.

B MgBr ———-—————)» -—-——-—-»
B ELO P b 1e0. 11 /\)\Ph ol ™

IP reconnection

Retrosynthetic analysis B

0 0
/\)L<Ph p— /JJ, + P > PhyCuli

™ acceptor donor U/
synthon synthon
PhLi
0]
/\)J\ U d
Cl
Ph—Br
SE of acceptor synthon
SE of
donor synthon
Synthesis B
n-BuLi .
| ——
Ph-Br THF, 78 °C PhLi
0]
. /\/“\0;
2 PhLi + CuBr —T—H—F—> Ph,CuLi ——>» TM
cuprate
reagent

Alternating Polarity The question of how one chooses appropriate carbon-carbon bond disconnections is
Disconnections®®* related to functional group manipulations since the distribution of formal charges in
the carbon skeleton is determined by the functional group(s) present. The presence of

a heteroatom in a molecule imparts a pattern of electrophilicity and nucleophilicity to

the atoms of the molecule. The concept of alternating polarities or-latent polarities



1.1 Retrosynthetic Analysis 5

(imaginary charges) often enables one to identify the best positions to make a discon-
nection within a complex molecule.

Functional groups may be classified as follows:42

E class: Groups conferring electrophilic character to the attached carbon (+):
—NH,, —OH, —OR, =0, =NR, —X (halogens)

G class: Groups conferring nucleophilic character to the attached carbon (—):
—Li, —MgX, —AIR, —SiR3

A class: Functional groups that exhibit ambivalent character (+ or —):
—BRj, C=CR,, C=CR, —NO,, =N, —SR, —S(O)R, —SO,R

The positive charge (+) is placed at the carbon attached to an E class functional
group (e.g., =0, —~OH, -Br) and the TM is then analyzed for consonant and dissonant
patterns by assigning alternating polarities to the remaining carbons. In a consonant
pattern, carbon atoms with the same class of functional groups have matching polari-
ties, whereas in a dissonant pattern, their polarities are unlike. If a consonant pattern
is present in a molecule, a simple synthesis may often be achieved.

o O OH Br OH
Consonant patterns: Positive charges are placed at /U\/U\ )\;\/L
carbon atoms bonded to the E class groups. Ph~"+ ~" % Ph Ph T+ > ph

Dissonant patterns: One E class group is bonded

(0] OH
10 a carbon with a positive charge, whereas the /[J\;Y )\/'*\‘_/
other E class group resides on a carbon with a Ph™+ Ph™+ 7
OH NHo

negative charge.

Examples of choosing reasonable disconnections of functionally substituted mol-
ecules based on the concept of alternating polarity are shown below.

One Functional Group

Analysis
OH OH
b aj\ a l\
SENATE — N7 "
™ donor acceptor
synthon synthon
S MaBr )O]\
FGI U H
SE
O b 0]
b
P T+ :> e + _/U\
acceptor donor
synthon synthon
" Q

e AN

SE
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Synthesis (path a)

0]

A

Mg H
/\/Br Et—-6> /\/MgBr —_— e
>
OMGBr | 1t H,0
—Ee TM
workup

In the example shown above, there are two possible ways to disconnect the TM,
2-pentanol. Disconnection close to the functional group (path a) leads to substrates
(SE) that are readily available. Moreover, reconnecting these reagents leads directly to
the desired TM in high yield using well-known methodologies. Disconnection via
path b also leads to readily accessible substrates. However, their reconnection to fur-
nish the TM requires more steps and involves two critical reaction attributes: quanti-
tative formation of the enolate ion and control of its monoalkylation by ethyl bromide.

Two Functional Groups in a 1,3-Relationship

Analysis
HO 0] OH 0
S - )\ |
/+L \_/J+J\ Ph  — - F *‘k Ph
™ donor acceptor
(consonant pattern) synthon synthon
FGiI U j\
0 . O X Ph
/U\ - /U\ St
> (X=0Cl,Br)
SE
HO O b HO o)
b a ) )J\
/+L E\_/EJ+L PR — + f pn
TM acceptor donor
synthon synthon

O O
B
SE SE

Synthesis (path a)

o
0 -+
)J\ LDA OLi CI/U\Ph
THF, —78 °C /&
LDA = LiN(-P1),
HO O
o o PSS
[H] Ph
J I m -
Ph  selective O OH

reduction? )J\/L
Ph

not the desired TM
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Synthesis (path b)

L.

O - +
/U\ LDA OLi
> —
Ph THF,-78°C Ph
oL'o HO O
! H*, HyO
—2
Ph workup Ph
desired TM

The consonant charge pattern and the presence of a B-hydroxy ketone moiety in
the TM suggest a retroaldol transform. Either the hydroxy-bearing carbon or the car-
bonyl carbon of the TM may serve as an electrophilic site and the corresponding
o-carbons as the nucleophilic sites. However, path b is preferable since it does not
require a selective functional group interconversion (reduction).

Two Functional Groups in a 1,4-Relationship

Analysis
+
/U\/§ j )J\ +
:/’L\[( 0
donor acceptor
or synthon synthon
O -
| o} L NRo
)4\““/5 N Br/\[(
Y /K o /K 0
e} .
™ enolate enamine SE
(dissonant patterns) i /ﬁ\
SE SE
Synthesis
0O

O NR \)J\
HNR, 2 Br.
— S — =

(= H20)

+ -
NR2 Br
H* H,0
—— TM
o)

The dissonant charge pattern for 2,5-hexanedione exhibits a positive (+) polari-
ty at one of the o-carbons, as indicated in the acceptor synthon above. Thus, the
o~carbon in this synthon requires an inversion of polarity (Umpolung in German)
from the negative (—) polarity normally associated with a ketone o-carbon. An appro-
priate substrate (SE) for the acceptor synthon is the electrophilic a-bromo ketone.
It should be noted that an enolate ion might act as a base, resulting in deprotonation
of an a-halo ketone, a reaction that could lead to the formation of an epoxy ketone
(Darzens condensation). To circumvent this problem, a weakly basic enamine is used
instead of the enolate.
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In the case of 5-hydroxy-2-hexanone shown below, Umpolung of the polarity in

the acceptor synthon is accomplished by using the electrophilic epoxide as the corre-
sponding SE.

Analysis
(@] O +
)J\—/Jr\‘( — )J\— * \o?
OH donor acceptor
or synthon synthon
o _
. Li
)_j\t: s O Li C[)>/
:/\K )\
OH SE
™ enolate
(dissonant patterns) /[OJ\
SE
Synthesis
1) -+ 0]
__—_—___>
THF, =78 °C
O
H+, H-0
—» TM
- workup
O Li

The presence of a C—~C—~OH moiety adjacent to a potential nucleophilic site in a
TM, as exemplified below, points to a reaction of an epoxide with a nucleophilic
reagent in the forward synthesis. The facile, regioselective opening of epoxides by
nucleophilic reagents provides for efficient two-carbon homologation reactions.

o
R)J\/YR

OH OH

R/\O"E/\/R R/\E,EYR

’ OH

_ REVERSAL OF THE CARBONYL GROUP POLARITY (UMPOLUNG)®

In organic synthesis, the carbonyl group is intimately involved in many reactions that
create new carbon-carbon bonds. The carbonyl group is electrophilic at the carbon
atom and hence is susceptible to attack by nucleophilic reagents. Thus, the carbonyl
group reacts as a formyl cation or as an acyl cation. A reversal of the positive polari-
ty of the carbonyl group so it acts as a formyl or acyl anion would be synthetically
very attractive. To achieve this, the carbonyl group is converted to a derivative whose
carbon atom has the negative polarity. After its reaction with an electrophilic reagent,
the carbonyl is regenerated. Reversal of polarity of a carbonyl group has been
explored and systematized by Seebach.%>¢

Umpolung in a synthesis usually requires extra steps. Thus, one should strive to
take maximum advantage of the functionality already present in a molecule.
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"traditional" approach
8 _
O
V.
RS+ RTT™

A\ - Nu

Umpolung approach (E* = electrophile)

1l Il 1l
e I A e U
formyl anion when R=H
acyl anion when R = alkyl

The following example illustrates the normal disconnection pattern of a
carboxylic acid with a Grignard reagent and carbon dioxide as SEs (path a) and a dis-
connection leading to a carboxyl synthon with an “unnatural” negative charge (path b).
Cyanide ion can act as an SE of a negatively charged carboxyl synthon. Its reaction
with R-Br furnishes the corresponding nitrile, which on hydrolysis produces the

desired TM.
a 0
‘/([)L 2 R\_ 4 oH ] R\/MgBr C02
R\_/ OH o SE

: b ~

™ - A. = R_Br Nd CN
Umpolung * OH SE SE
approach

Since formyl and acyl anions are not accessible, one has to use synthetic equiva-
lents of these anions. Several reagents are synthetically equivalent to formyl or acyl
anions, permitting the Umpolung of carbonyl reactivity.

Formyl and Acyl Anions The most utilized Umpolung strategy is based on formyl and acyl anion equivalents
Derived from derived from 2-lithio-1,3-dithiane species. These are readily generated from 1,3-
1,3-Dithianes®'  dithianes (thioacetals) because the hydrogens at C(2) are relatively acidic (pK, ~31).°
In this connection it should be noted that thiols (EtSH, pK, 11) are stronger acids com-
pared to alcohols (EtOH, pK, 16). Also, the lower ionization potential and the greater
polarizability of the valence electrons of sulfur compared to oxygen make the divalent
sulfur compounds more nucleophilic in Sy2 reactions. The polarizability factor may
also be responsible for the stabilization of carbanions o to sulfur.®

OH H (R) _
oy o= e (5"
OH H (e g., TSOH
1,3-dioxane ( an acetal)
pKa~

SH H (R) o
< + O:< Lewis acid > < ><
SH H (e.g., BFg’OEtg)
1,3+ d;thnane (a thioacetal)
pK, = 31
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The anions derived from dithianes react with alkyl halides to give the correspon-
ding alkylated dithianes. Their treatment with HgCl,—HgO regenerates aldehydes or
ketones, respectively, as depicted below.

< S><H _nBuli_ -Buli i S L'
H THF
S -25°C
formyl anion SE

%wa (1° or 2°)

R H9012
0]
:<H “Thgo <: ><
HyO, MeOH
aldehydes

: S><R n- BuLl : E L‘
H THF
S 25°C
acyl anion SE

¢R'—~x (1°)
R HgClg
o= C hael

o HQO MeOH
ketones

Dithiane-derived carbanions can be hydroxyalkylated or acylated to produce,
after removal of the propylenedithiol appendage, a variety of difunctional compounds,
as shown below. In the presence of HMPA (hexamethylphosphoramide,
[(Me,N),P=0]), dithiane-derived carbanions may serve as Michael donors.” However,
in the absence of HMPA, 1,2-addition to the carbonyl group prevails.

{O) R O OH

M
R =%
S L' 1.R'X H H

2. Raney RXR’

Ni (Ho)
] 1,2-additions
, HCOEL or ,
l R’CHO i HC(O)NRy’ i R’'CO5Et lCICOg Et lCOg
(0] O O (0]

Y




TMEDA = NN\, N'tetramethylethylenediamine
(Me,NCH,CH,NMe,); used to sequester Li* and
disrupt n-BuLi aggregates.

1.2 Reversal of the Carbonyl Group Polarity (Umpolung) 11

An instructive example of using a dithiane Umpolung approach to synthesize a
complex natural product is the one-pot preparation of the multifunctional intermediate
shown below, which ultimately was elaborated to the antibiotic vermiculin.®

S L| S Lit
< ( >—-Me
Br\/\{‘ (\S -
‘0 THF THF

78°t0-5°C  © 7uh  =30°100°C

f
E
wn
_iO
Z =2
ik
gt
i
f
<
(o)
L‘”

oL S -20°C S
d. ﬁ
HCNMes s
-78°10 10 °C MeS
——
+
e. H,H0 SM several _ \ermiculin
workup H @] OH 8 steps

Acyl Anions Derived from
Nitroalkanes’

The o-hydrogens of nitroalkanes are appreciably acidic due to resonance stabilization
of the anion [CH;NO, pK, 10.2; CH;CH,NO, pK, 8.5]. The anions derived from
nitroalkanes give typical nucleophilic addition reactions with aldehydes (the Henry-Nef
tandem reaction). Note that the nitro group can be changed directly to a carbonyl
group via the Nef reaction (acidic conditions). Under basic conditions, salts of sec-
ondary nitro compounds are converted into ketones by the pyridine-HMPA complex
of molybdenum (VI) peroxide.” Nitronates from primary nitro compounds yield car-
boxylic acids since the initially formed aldehyde is rapidly oxidized under the reac-
tion conditions.

NO»
/\"’\‘l//o base /“\ﬁ//o Na+ R’ CHO )YR/
| | _ —
o 0 Henry reaction OH
acyl anion SE _mixture of
diastereomers
O
TiClg, H:0 /U\/R,
or -
HoS0y4, HO OH
Nef-type reactions
R NO, base R 10 | MoOsepy<HMPA R
NNz _base | g o
{pyridine) | R’ o~ =
nitronate - HNO>
anion

An example of an o-nitro anion Umpolung in the synthesis of jasmone (TM) is
depicted next.
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Analysis

FGl

i

jasmone

O 0O
/O
7 = — = -
/l O (
+ = +
/ \{ 1,4-dicarbonyl Il| [l

(dissonant)
0 NO»
//M (
I SE SE
i i
%)kx = H-" + _M
SE i

Synthesis

MgBr] Et,0, —15 °C
/\.’T./\/ —_—ee e
1b. sat. NH,CI |

workup 83%
1,2-addition
2. HoCrO, 0 8a. o,
HoSOy o NaOCH3
H,0, Et,0 (U\/¥/\ 3b. sat. NaCl
-15°C 78% workup'w'
1,4-addition

Jones oxidation
(two-phase system)

(0]
4.10N H2804 ==
-10 °C O
Nef reaction
100% 72%

5a. EtOH, NaOH
reflux o

5b. H,0 workup o

intramolecular aldol,
dehydration

jasmone

O-Protected cyanohydrins contain a masked carbonyl group with inverted polarity.
The o-carbon of an O-protected cyanohydrin is sufficiently activated by the nitrile
moiety [CH;CH,CN, pK, 30.9]"" so that addition of a strong base such as LDA

Acyl Anions Derived from
Cyanohydrins'®
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generates the corresponding anion. Its alkylation, followed by hydrolysis of the result-
ant alkylated cyanohydrin, furnishes the ketone. The overall reaction represents alky-

lation of an acyl anion equivalent as exemplified for the synthesis of methyl
cyclopentyl ketone.'% ‘

OH CI)CHM e(OEt)
| Ho,C=CHOEt
RCHO + HCEN === R—C—CN ——— R—C—CON
& cat. H H
cyanohydrin O-protected
cyanohydrin
OCHMe(OEt
™ [ ©EN | OCHMe(OEY)
Tar s |RTC—ON ——> R—C—CN
THF - |
Li R’
a. dilute aq. HCI
(protecting group o)
hydrolysis) _ i
b. dilute ag. NaOH R/C\ R’
(cyanohydrin elimination)
Me Me

O/L\OEt a. LDA, THF 0" "OEt
/k ————————»  HC
HaC~ “CN b-K::Jr,Br NC
o)

80%

~100%

An attractive alternative to the above protocol involves the nucleophilic acylation

of alkylating agents with aromatic and heteroaromatic aldehydes via trimethylsilyl-
protected cyanohydrins.'®

OTMS a. LDA, THF
|

MezSiC=N —78 °to 25 °C
PhCHO ———» Ph—C—CN =
cat. Znl, | b. i-Prl
H
TMS = Me3Si
OTMS Q

1 a.H" H,0
Ph—C—CN ———» pp
[ b. ag. NaOH
-Pr
95% overall
Acyl anion synthons derived from cyanohydrins may be generated catalytically

by cyanide ion via the Stetter reaction.'®® However, further reaction with elec-
trophiles is confined to carbonyl compounds and Michael acceptors.
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o "0 ¢ & o
R—C'3“ + R'—CHO —> R—lC—CI)—H’ = R—?—iC—R’
CN CN H YON H

O OH
—> R“Ié—C:J—R’ + CN
H (catalyst)

@\ N % cat. NaCN
CHO Bh /\)J\ pp  DMF

0
1,4-addition
J l Ph O Na' J | Ph O
—
o Zph 0 Ph
HO CN
93%

Acyl Anions Derived from The o-hydrogens of enol ethers may be deprotonated with fert-BuLi.'? Alkylation of
Enol Ethers the resultant vinyl anions followed by acidic hydrolysis provides an efficient route for
the preparation of methyl ketones.

OEt O
a. -BuLi QEt b. R—X
A T A | N
HoC” ~H g?fc HoC” TLi | ¢ HTHO HC™ "R
enol ether acyl anion

equivalent

Acyl Anions Derived from Treatment of lithium acetylide with a primary alky! halide (bromide or iodide) or with
Lithium Acetylide aldehydes or ketones produces the corresponding monosubstituted acetylenes or
propargylic alcohols. Mercuric ion-catalyzed hydration of these furnishes methyl

ketones and methyl o-hydroxy ketones, respectively.

_ cat. HgSO4 ﬁ
R—Br+ [Li—-C=C—H| —»> R-C=C-H —————> ¢
(1° only) HxSO4 HO R ™CH3
OH
, THF I
RCHO + [Li-C=C-H] ———> R-C—C=C—H
(or ketone) —78°C H

o)
cat. HgSO4 HO
—————> R~ CH
HoSOy4, HO | s

1| STEPS IN PLANNING A SYNTHESIS®*

In planning an organic synthesis, the following key interrelated factors may be involved:

e Construction of the carbon skeleton o Control of relative stereochemistry

e Functional group interconversions e Control of enantioselectivity
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Construction of the Reactions that result in formation of new carbon-carbon bonds are of paramount
Carbon Skeleton importance in organic chemistry because they allow the construction of complex
structures from smaller starting materials. Important carbon-carbon-bond-forming

reactions encountered in organic syntheses are summarized in Table 1.3 and include

o Reactions of organolithium and Grignard reagents, such as RLi, RC=CLi, RMgX,
and RC=CMgX, with aldehydes, ketones, esters, epoxides, acid halides, and
nitriles

» Reactions of 1° alkyl halides with “C=N to extend the carbon chain by one carbon

o Alkylations of enolate ions to introduce alkyl groups to carbons adjacent to a
carbonyl group (e.g., acetoacetic ester synthesis, malonic ester synthesis)

o Condensations such as aldol (intermolecular, intramolecular), Claisen, and
Dieckmann

e Michael additions, organocuprate additions (1,4-additions)

o Friedel-Crafts alkylation and acylation reactions of aromatic substrates

o Wittig reactions, and Horner-Wadsworth-Emmons olefination

¢ Diels-Alder reactions giving access to cyclohexenes and 1,4-cyclohexadienes

e Ring-closing olefin metathesis

able 1 Summary of Important Disconnections™

™ Synthons SE (substrates) Reaction type

™~ OH — /k_ + +\OH )\/ng + HCHO 1,2-addition

+"0H /L MgX + <1 1,3-addition

U
N

)\/\Br + NaCN Sy2

c “CN
OH O O O
: OH (0] ol
‘ : aldo
I " + : \/[L H * H condensation
(0] (0] 0] O
A | P 12-addition
‘ S — \/]+ t T OR \)LOR + OR (Claisen
condensation)
(@] 0] 0] O
‘\)J\ o 0 1 4-addition
f — Y L ichaa
CO2R CO.R CO.R addition)

O
i o ol - o0 CHO COR
| 2 _-_j _ Wittig reaction
\ﬂ/ o t Ph3P+ + PheP* B
H
P O0Me _~ H__COMe
] . j + ] Diels-Alder
CO.Me S cycloaddition

H” >COMe
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Below are summarized some important guidelines for choosing disconnections of
bonds. Thus, the initial stage of the retrosynthetic analysis key fragments are recognized,
which then can be recombined in the forward synthetic step in an efficient way.’

e Disconnections of bonds should be carried out only if the resultant fragments can
be reconnected by known and reliable reactions.

i/o\é\/\ a O =\
©/b a :> ©/

™ straightforward disconnection
~U b
+ -

O o

bad disconnection

Disconnection via path a leads to synthons whose SEs can be reconnected by a
nucleophilic attack of phenoxide on the propyl bromide to furnish the desired
TM. On the other hand, disconnection via path b would require either attack of
n-PrO~ on bromobenzene to reconstruct the TM, a reaction that is not feasible, or
displacement of a benzenediazonium salt by n-PrO™ M*.

* Aim for the fewest number of disconnections. Adding large fragments in a single
reaction is more productive than adding several smaller fragments sequentially
(see Section 1.4, convergent vs. linear synthesis).

* Choose disconnections in which functional groups are close to the C—C bonds to
be formed since the presence of functional groups often facilitates bond making
by a substitution reaction.

e It is often advantageous to disconnect at a branching point since this may lead to
linear fragments that are generally more readily accessible, either by synthesis or
from a commercial source.

0 0
0O O
Ph OFEt — + o+
----- PhMOEt NN
0o O
mrﬂ\/J\oa Br~ N
SE SE

» A preferred disconnection of cyclic esters (Jactones) or amides (lactams)
produces hydroxy-carboxylic acids or amino-carboxylic acids as targets.
Many macrocyclic natural products contain these functional groups, and their
syntheses often include a macrocyclization reaction.

0
COOH

X = <;y%H
)n )n

X =0, NR
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o Punctional groups in the TM may be obtained by functional group interconversion.

n-Cy4Hg H FGI |
— > n-C4Hg—C=C--CHOH
H CHoOH

™ U
n-C4Hg—C=C~ + TCH,OH

n-C4Hg—C=CLi CHo=0
SE SE

> Symmetry in the TM simplifies the overall synthesis by decreasing the number of
steps required for obtaining the TM.

OH
FGI 'J\'
3Cs  3C's
™ U

i
e 40—
0]
I
M 0" H  BMg_~_
SE SE SE

 Introduction of an activating (auxiliary) functional group may facilitate carbon-
carbon bond formation. This strategy works well for the synthesis of compounds
exhibiting a dissonant charge pattern. After accomplishing its role, the activating
group is removed.

M:Ph 1/k:>Pth(’f +

O COgkt

™ A
(dissonant pattern)

Q
l\)‘>:O

OoE

—

o

Ph\ﬂ/\Br +
0]

COLEt
SE SE
2a. OH”
Et02C\)J\ 1a. base > A b H ™
1b. Ph 3.4
e (- COy)

]

o There is no simple way to disconnect the TM shown below (dissonant charge
pattern). However, the presence of a 1,6-dioxygenated compound suggests
opening of a six-member ring. A variety of cyclohexene precursors are readily
available via condensation and Diels-Alder reactions or via Birch reductions of
aromatic compounds.
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(o]
H FGI
HaC — —
CH; O
™
CHs CHs
FGI
—
HO CHg o

e Disconnection of an internal (E)- or (Z)-double bond or a side chain of an alkene
suggests a Wittig-type reaction or an alkylation of a vinylcuprate, respectively.

R, .l R 2 R__O . R -
11_/: :\/ ::> % [Phgp/\/ X
ab H
™ SE SE

o The presence of a six-member ring, especially a cyclohexene derivative, suggests
a Diels-Alder reaction.

QCOQH i_G;l> J é] I/COZH :> < . /Ir
SE

COoH

“CHg "'CHs HsC
SE
o The structural feature of an o, B-unsaturated ketone or a B-hydroxy ketone in a
six-member ring suggests a double disconnection coupled with functional group

interconversions [Michael addition followed by intramolecular aldol condensation
(Robinson annulation)].

0 0 o]
=000
g o] o) o)

Functional Group
Interconversions (FGI)"

Functional groups are the keys to organic synthesis. They can be converted into other
functional groups by a wide variety of transformations such as by substitution, dis-
placement, oxidation, and reduction reactions. Also, they may be used to join smaller
molecular fragments to form larger molecules or to produce two smaller molecules
from a large one. A number of selected functional group interconversions often
encountered in organic synthesis are shown in Table 1.4a-k.
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Selected Functional Group Interconversions

a. Alkyl Chlorides

SOCl, + ZnCly
PCIg or PCls +

R—Cl = ROH | ppp s cyy —[PhaP—Cl] CI
[PhgP + CCly] —> [PhgP—CClg] CI™

“No HCl is formed; high yields of 1° and 2° alkyl chlorides; Angew. Chem., Int. Ed. 1975, 14, 801.

b. Alkyl Bromides

PBrg .
ROH { [PhgP + Brp] —» [PhgP—Br] BT
+ —_—
R—Br — [PhgP + CBry] —» [PhaP—CBrg] Br
RCOOH ------ HgO + Bry”
R —=CHo -~mmmmn . . s
RCH,CHy—Br —> CH=CH, HBr + free-radical initiator
RCH:CHQ """"" a. BH3'THF, b. BI’Z + NaOCH3

by, Org. Chem. 1961, 26, 280; see also Hunsdiecker reaction, Org. React. 1957, 9, 332.

c. Allylic and Propargylic Bromides

Allylic bromination ——> alkene ------- NBS + free-radical initiator
e OO A~ O oo ° c
RCH=CHCHBr —> { RCH=CHCH,OH Nabr, BFs-OFt,
RCH=CHCH,0OH ------- NBS, Me,S
RC=CCHzBr ——> RC=CCHOH ------- CBry, PhgP

¢ Tetrahedron Lett. 1985, 26, 3863.  Tetrahedron Lett. 1972, 13, 4339.

d. Alkyl Iodides

+
ROH  --mms [(PhO)3P + CHgl] —* [(PhO)3P—CHg] ~ ¢
R—l > < RBr - Nal in acetone, heat’
ROTS ~-eeee Nal

¢J. Chem. Soc. 1953, 3, 2224, /Finkelstein reaction: Chem. Ber. 1910, 43, 1528; see also
J. Org. Chem. 1977, 42, 875.

{continued)
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Selected Functional Group Interconversions (continued)

e. Nitriles
RCHy—CN { RCHy—X ------- NaC=N in DMSO B
RCHoCONHyg  -----=- oxalyl chloride + DMF + CH3C=N
(Vilsmeier reagent)
RCONHy ------- (CF3S0,),0¢ or (CHO), + HCOOH"

R—CN :> .
{ RCH=NOH ------- TBSCI, imidazole*

R—CN —> R%C=0 - TsCH,NC, +BuOK’

8 Synthesis 1999, 64. " J. Org. Chem. 1996, 61, 6486. ' Synth. Commun. 1998, 28, 2807.
/ Org. React. 2001, 57, 417.

f. 1° and 2° Alcohols

RCHyCOOH ------- a. LiAlH4; b. H3O* or
BHg, THF
RCHoCHoOH ——> < RCHoCOOR’ ------- a. LiAlHg; b. HzO*
RCHoCHO ------ NaBH,, EtOH
RCH=CH, ---===- a. BHs, THF; b. NaOH, H>0»
R_ R_
CH—OH —> C=0 - NaBHy, EtOH or
R R’ a. LiAIH4; b. H3O*
“CH—OH ——> RCH=CH, - 1. Hg(OAC)s, Ha0;
ch 2. NaBH4, NaOH

g. 1°,2° and 3° Amines

RCONHy =----n- a. LIAIH4, Et,O; b. HzO*
=] NJemm— a. LIAIH,, Et,0; b. Hs0*
RCHO =--rem NHg, NaBHsCN, EtOH
RCHNH ——> (reductive amination)
RCHoOH ------ 1. MsCl; 2. NaNg; 3. PhgP, H,0*
RCHoNg ----n- HoN—NMey, FeClge6H,0'
RCHoNHR® —> | RCONHR' - a. LIAIH,, Et,0; b. Hz0*
2 RCHO —-emev R’ NHyp, NaBH3CN, EtOH
(reductive amination)
RCHNR, —> | RCONR7 o a. LIAIH 4, Et,0; b. Hz0*
e RCHO - R5 NH, NaBH3CN, EtOH

(reductive amination)

* Tetrahedron Lett. 1983, 24, 763. 'Chem. Lett. 1998, 593.
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h. Aldehydes and Ketones

~ RCHoMgX === a. Me,NCHO (DMF); b. HgO*
RCHyCH,OH ------- PCC, Swern™
or Dess-Martin oxidation”
RC=CH - a. SiaoBH; b. NaOH, H,O5
RCH,CHO ﬁ < RCHoCH=CHg ------- a. Oz, =78 °C; b. MeoS
RCHsCOC! ------- H,, PtBaS0O,° or LIAIH(O#Bu)s”
RCHoCOOH ------- thexylchloroborane
RCHoCOOR’ ----v- a. -BUoAIH, =78 °C; b. HgO*
|_ RCHACN --omeee a. FBULAIH, —78 °C; b. HaO*
R\ RCOCI ------- a. (CHg),Culi, =78 °C; b. H30™*
CH/CZO —> { RCOOH -emeem- a. MeLi (2 eq); b. H30*
s RC=CH ------- HgSOy, HsO™*
R\
/CH~OH ------- Jones, Swern,
R R or NaOCI, HOAc oxidation
=0 —
B s RCOCI| --=---- organometallic reagents ?
_CH .
RC(ON. 2 e a. R’Li or R"MgX; b. H3O ™"’
. OCHs
C=0 ==  benzene ------- RCOCI + AICls
PH

" Synthesis 1981, 165, Org. Synth. 1986, 64, 164. " J. Org. Chem. 1983, 48, 4155.
?Rosenmund reduction: Org. React. 1948, 4, 362. ? Tetrahedron 1979, 35, 567.
9 Tetrahedron 1999, 55, 4177. " Weinreb amide: Tetrahedron Lett. 1981, 22, 3815; see also

J. Org. Chem. 1991, 56, 2911.
i. Carboxylic Acids
("RCHoCHO ------- Jones reagent or NaClOy, HxO
RCHoCHoOH  =------ PDC, DMF or
NagCr207, H2804
RCH,COOH —> < RCHCN ------- H30* or HO ™, heat
RCH,COOR’ ------- a. LiOH, THF, Hz0; b. H50*
RCH,COO#+Bu ------- CF3CO2H, CH2Clp, 25 °C
_ RCHoPh ----e- RuO,4’
RCH=CHy ------- NalOg4, KMnQOy, t-BuOH, H,O
RCOOH — { RC(O)CHg ------- LiOCl, chlorox’

SJ. Org. Chem. 1981, 46, 3936. ' Org. Prep. Proc. Intl. 1998, 30, 230.

(continued)
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Selected Functional Group Interconversions (continued)

j. Alkenes

R—X; R—OTs ------- -BuOK or DBU (E2 elimination)
R—OH ------- KHSOQ4 or TsOH or HzPOy (dehydration)

Alkenes :__>

Lindlar catalyst + Ho

Ni(OAC), NaBH 4, HoN(CH,)oNH, a”fésnes

RC=CR’ 4 4 'sia,BH; 2. AcOH
Li°, lig. NHg, #BuOH — trans alkenes
RCHO or R,CO  ------- Wittig reagent (ylide)
2
k. Alkynes
(" RCH=CHy ------- 1. Bry, CCly; 2. NaNH,, NH3 (lig.)
HC=CH ------- 1. n-BuLi; 2. R—Br (1° alky! only)
0
RC=CH — < o — 1a. LDA; b. CIP(O)(OEt)y;
AN
CHs 2a. LDA; b. H,0O"
RCHO (MeO),P(0)CHNy, +-BuOK"” -
T T 1. CBry, PhgP, Zn dust; 2a. n-BuLi;
b. H,O"
RC=CR" ——> RC=CH -~ a. n-BuLi; b. R"—Br (1° alkyl only)

“ Org. Synth. 1986, 64, 44." J. Org. Chem. 1979, 44, 4997. " Corey-Fuchs procedure;
Tetrahedron Lett. 1972, 3769; for examples, see Helv. Chim. Acta 1995, 78, 242.

Control of Relative It is important to use stereoselective and stereospecific reactions (where applicable),
Stereochemistry such as
e S\2 displacement reactions; E2 elimination reactions
s Catalytic hydrogenation of alkynes (cis product)
e Metal ammonia reduction of alkynes (trans product)
* Oxidation of alkenes with osmium tetroxide

e Addition of halogens, interhalogens (e.g., BrI) or halogen-like species
(e.g., PhSCI, BrOH) to double bonds

° Hydroboration reactions
= Epoxidation of alkenes; ring opening of epoxides

e Cyclopropanation

Control of Enantioselectivity Control of enantioselectivity will be discussed in the corresponding sections on car-

bonyl reduction (Chapter 4); alkene hydrogenation, epoxidation, and dihydroxylation
(Chapter 5); aldol condensation (Chapter 6); allylation and crotylation (Chapter 7);
Claisen rearrangement (Chapter 8); and the Diels-Alder reaction (Chapter 9).
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CHOICE OF SYNTHETIC METHOD

The choice of a method for synthesizing a compound derived from a retrosynthetic
analysis should be based on the following criteria:

o Regiochemistry, the preferential addition of the reagent in only one of two
possible regions or directions, exemplified by the preferential alkylation of
2-methylcyclohexanone by the derived enolate at C(2) and not at C(6)

o Chemoselectivity, selective reaction of one functional group in the presence of
other functional groups, exemplified by the preferential reaction of an aldehyde
in the presence of a keto group

= Stereoselectivity, the exclusive or predominant formation of one of several
possible stereoisomeric products, exemplified by the preferential formation of
cis-3-methylcyclohexanol on reduction of 3-methylcyclohexanone with
lithium aluminum hydride in THF or Et,0

o Efficiency, fewest number of steps

° High yields in each step; of paramount concern in any chemical reaction is the
yield

e Availability and costs of starting materials

o Most environmentally friendly route. Ideally, the atoms of the substrate and any
additional reagents used for the reaction should appear in the final product, called
“atom economy”'* —no by-products are formed, isolation of desired product is

facilitated, and waste disposal is minimized (e.g., the Diels-Alder reaction and
metal-catalyzed reactions such as the example below'):

Ph OH
0] .
vanadium
\\ Ph + )J\ ————I——>
Ph H catalyst N
OH 0] Ph
94% vyield
Z:E=91:9

o Simplicity of selected procedures. Over the years, a large number of reagents
have been developed that require special techniques for handling. If possible, one
should use procedures that are less demanding in their execution.

e [Isolation and purification of reaction products.'® Despite recent advances in
methodologies for the synthesis of very complex molecules, one important aspect
of synthesis has not changed much over the past decades: isolation and
purification. A recent excellent review entitled “Strategy-Level Separations in
Organic Synthesis: From Planning to Practice” discusses various techniques for
the separation of reaction mixtures.!” The yield and hence the utility of every
reaction is limited by the ability to separate and recover the reaction product from
other materials.

o Possibility of a convergent synthesis or a “one-pot process” (cascade or tandem
reactions).

Linear and Convergent
Syntheses®"!#

The overall yield in a multistep step synthesis is the product of the yields for each sep-
arate step. In a linear synthetic scheme, the hypothetical TM is assembled in a step-
wise manner. For the seven-step synthesis of the hypothetical TM below, if the yield
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of the intermediate at each step is 80%, the overall yield will be 21% (0.87 x 100); for
a 70% yield at each step, the overall yield would be only 8%.

A—B—C—D—E—F—G—H

™
B c D E F
A—Y 5 Ag—Y 5 agc—Y » ABCD—Y—» ABCDE—L—»

G\v H\'
ABCDEF ——% ABCDEFG ——=» TM

Since the overall yield of the TM decreases as the number of individual steps
increases, a convergent synthesis should be considered in which two or more frag-
ments of the TM are prepared separately and then joined at the latest-possible stage
of the synthesis. The overall yield in a convergent synthesis is the product of yields
of the longest linear sequence. For the synthesis of the above TM, only three stages
are involved in the convergent strategy shown below, with an overall yield of 51%
(0.8° x 100).

stage 1
A+B —» A—B
AT

stage 2
stage 3

J» —» A—B—C—D
c+D —» C—D
— —» A—B—C—D—E—F—G—H

} —> E—F—G—H
G+H —> G—H
Al

It should be noted, however, that the simple overall yield calculation is some-
what misleading since it is computed on one starting material, whereas several are
used and the number of reactions is the same! Nevertheless, the increased efficien-
cy of a convergent synthesis compared to the linear approach is derived from the
fact that the preparation of a certain amount of a product can be carried out on a
smaller scale.

Another important consideration in choosing a convergent protocol is that failure
of a single step in a multistep synthesis does not nullify the chosen synthetic approach
as a whole, whereas failure of a single step in a linear scheme may require a revision
of the whole plan. An example of a triply convergent protocol is the synthesis of the
prostaglandin PGE, derivative shown below, where the three fragments were prepared
separately. The two side chains were then coupled sequentially with the cyclopen-
tenone.'? Introduction of the first fragment involved conjugate addition of the nucle-
ophilic vinylic organocopper reagent to the enone, followed by trapping of the result-
ing enolate with the electrophilic side chain.
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Analysis

o)
&‘\‘\\:/\/\COOMe
o /'\/\_/\/\/

A
&

o oTBS

TBS = silyl protecting group

three principal fragments for a convergent coupling

Synthesis

WIS — T COOMe

o\~
#\O TBS

Convergent syntheses involve consecutive reactions, where the reagents or cata-
lysts are added sequentially into “one pot,” as illustrated in the example below.?

Oun

Analysis

Synthesis

/l\ L 4 add A b.aggg

N
/k THF \]M/ d. workup ™
-78 °C oLt 87%

LDA
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DOMINO REACTIONS (ALSO CALLED CASCADE OR TANDEM REACTIONS)*!

Domino-type reactions involve careful design of a multistep reaction in a one-pot
sequence in which the first step creates the functionality to trigger the second reaction
and so on, making this approach economical and environmentally friendly. A classi-
cal example of a tandem reaction is the Robinson annulation (a Michael reaction fol-
lowed by aldol condensation and dehydration).

CH3
CHs O
/\[( NaOEY, EOH__
Etx0, -10 °C o CHg
VK Michael addition

aldol
condensation

C@ KOH heat
Hzo)

deh ydration

l intramolecular

COMPUTER-ASSISTED RETROSYNTHETIC ANALYSIS

Computer programs are available that suggest possible disconnections and retrosyn-
thetic pathways.”> Such programs utilize the type of systematic analysis outlined
above to identify key bonds? for disconnection and plausible functional group inter-
conversions. In doing so, “retrosynthetic trees” of possible pathways that connect a
synthetic target to simple (and/or commercially available) starting materials are gen-
erated. The strength of such programs is their thoroughness — in principle, all possi-
ble disconnections for any target molecule can be considered. For any molecule of
even moderate complexity, however, this process would lead to a plethora of possible
synthetic routes too large for any synthetic chemist to analyze in a reasonable amount
of time. Fortunately, synthesis programs generally also include routines that rank the
synthetic pathways they produce based on well-defined criteria such as fewest num-
ber of synthetic steps (efficiency), thus allowing chemists to focus their energy on
evaluating the viability and aesthetic appeal of key disconnections. Still, each program
is limited by the synthetic strategies (transforms and FGI) contained in its library of
possible reactions. Synthetic programs are unlikely to ever replace creative chemists,
but this is generally not the intent of those who have created them.

PROBLEMS

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

1. Functional Group Interconversion. Show how each of the following
compounds can be prepared from the given starting material.

A CJ(CHp)gOH —— 3 EtO,C(CHp)6CN

CO.H CHoNH,
g —

b.
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D
*e,
(R) . (S)
HO OH pr” 0O OH
ES
THPO™ " & s OW
o) o)

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.

a.
I(CHo)sCl ——»> <:>:o

b. 0
i H
ol —
n-Pr =
0]

C.

[l
CICHy(CHp) o~ C=C—(CHp)4CHz — CHg(CHy)gC(CHp)3CH=CH(CHp)4CH3
cis

d. o
@]
(j Q)LMe
—
OMe
*e. 0 0

/\/U\ H ’ AN CO-Me

ES

[T

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.

a.
//%\? -
0

(x)-multistriatin

b.
/\H/w f—

o)
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¢ Me
=
Me” | "OH
Me
(x)-terpineol
d. O OH
n-CsH 11 =
HO gingerol

OMe
€. O
5o =
f. o
Yz
—
OH
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, synthetic equivalents) and (2) the synthesis of each TM.

a. 0 cl
o) OH
-
o)
OMe OMe
b. 0
(R) O

0 0 - :
N\H/\/:\ OH
0] (R)
O
*(-)-pyrenophorin
(antifungal compound)

c. Me CHQOH

/\/Br
E></\/\( r/\/\(
e. Me\
N\/g NHMe
Ph
Valium

(tranquilizer)
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Stereochemical Considerations In
Planning Syntheses

Chemical synthesis always has some element of planning in it.
But the planning should never be too rigid.
R. B. Woodward

CONFORMATIONAL ANALYSIS'

olecules that differ from each other by rotation about single bonds are called
conformational isomers or conformers. Derek H. R. Barton (1918-98;
Nobel Prize, jointly with Odd Hassel, in 1969) showed that the chemical and
physical properties of complicated molecules can be interpreted in terms of their spe-
cific or preferred rotational arrangements and that a knowledge of the conformations of
molecules is crucial to understanding the stereochemical basis of many reactions.?

Acyclic Systems?®
Ethane
The eclipsed conformation of ethane is ~3 kcal/mol less stable than the staggered con-
formation (~1 kcal/mol for each eclipsed H/H pair).” Any conformation between stag-
gered and eclipsed is referred to as a skew conformation.

Ha HiHo

l

eclipsed

dihedral angle: 0°
H{—C—C—Hy

H{—H, distance: 2.29 A

T
=+
T T
T
-
Il
T T
T I
o

staggered

dihedral angle: 60°
H{—C—C—H,

Hy—H > distance: 2.44 A

The instability of the eclipsed form of ethane was originally postulated to result
from repulsion of filled hydrogen orbitals. However, state-of-the-art quantum chemi-
cal calculations now indicate that two main factors contribute to the preference for the
staggered conformation of ethane.* First, the eclipsed form is selectively destabilized
by unfavorable four-electron interactions between the filled C-H bonding orbitals of

*1 keal/mol = 4.184 kJ/mol.
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each pair of eclipsed bonds. Second, the staggered conformer is selectively stabilized
by favorable orbital interactions between filled C-H bonding orbitals and unfilled
C-H antibonding orbitals of antiperiplanar C~H bonds (hyperconjugation).

The energy required to rotate the ethane molecule about the C—~C bond is called
its torsional energy. Torsional strain is the repulsion between neighboring bonds
(electron clouds) that are in an eclipsed relationship.

Propane

The CH,-H eclipsed interaction imposes 1.4 kcal/mol of strain on top of the 2.0
kcal/mol H-H torsional strains in the eclipsed conformation of propane. The 0.4
kcal/mol of additional strain is referred to as steric strain, the repulsion between
nonbonded atoms or groups.

H CH3 H
H CHj3
—_—
~
HH HH H H
H
3.4 kcal/mol 0 kcal/mol

Types of interactions:

» eclipsed H—CHg = 1.4 kcal/mol
o 2 eclipsed H—H = 2 kcal/mol

Butane

A potential energy plot for rotation about the C,—C; bond in butane shows unique
maxima and minima. There are two kinds of staggered conformations, gauche (steric
strain) and anti, and two distinct eclipsed conformations (torsional and steric strain).

H3C CHj3 CHs
H CHg
HH HH H H
H
eclipsed gauche
5.4 kcal/mol 0.9 kcal/mol

e eclipsed CH3—CHg = 3.4 kcal/mol
e 2 eclipsed H~H = 2 kcal/mol

HaC H CHg
H H
HH H>CHs H H
CHj
eclipsed anti
3.8 kcal/mol 0 keal/mol

¢ 2 eclipsed H—CH3; = 2.8 kcal/mol
e eclipsed H—H = 1 kcal/mol

2.4 A
ooy

25A
[H I—f\\‘H
H

H H
H

gauche conformation
steric strain




21 Conformational Analysis 33

At room temperature, n-butane is a mixture of 70% anti and 30% gauche confor-
mations. To separate these two species, one would have to slow down the intercon-
version by working at —230°C!

Ring Systems In addition to torsional strain (eclipsing interaction) and steric strain (nonbonded
interaction), the compression of internal bond angles in ring systems leads to an addi-
tional type of strain: angle strain.

Cyclopropane

Compression of the ideal 109.5° Csp® bond angle to an internal bond angle of 60° in
cyclopropane results in considerable angle strain, which is manifested by “bent
bonds.” Six pairs of eclipsed hydrogens adds an additional ~6 kcal/mol of torsional
strain. Total strain is ~27 kcal/mol.

HH H

HH H

bent bonds typical sp® bond
poor overlap = weaker bonds

The poor orbital overlap in cyclopropane allows for C~C bond cleavage under
conditions where typical Csp’~Csp® bonds are stable. For example, cyclopropanes
undergo hydrogenolysis.’ Activated cyclopropanes (i.e., bonded to an electron-with-
drawing group) are cleaved by nucleophiles, as illustrated below.®

HQ, cat. Pt02
HOAC rt
CO,CH3 CO,CH3 CO5CH3

93% (97:3 mixture)

COEt  phg Na” Phs\\/<COzEt
Xy — S

COxEt COoEt
resonance-stabilized
anion
Hy0 COoEt
._..____>
workup PhS COEt

Cyclobutane

Spectroscopic measurements indicate that cyclobutane is slightly bent (puckered), so
that one carbon atom lies about 25° above the plane of the other three. This slightly
increases the angle strain (~88° internal bond angle) but decreases the torsional strain
(< 8 kcal/mol) until a minimum energy balance between the two opposing effects is
reached. Total strain is ~26 kcal/mol.
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TL

wA{ keal/mol HE
Cyclopentane

There would be no angle strain in cyclopentane if it were planar (108° internal bond
angle); however, if planar, there would be ~10 kcal/mol torsional strain.
Consequently, cyclopentane adopts a puckered, out-of-plane conformation that strikes
a balance between increased angle strain and decreased torsional strain. Four of the
carbons are in approximately the same plane, and the hydrogens of the out-of-plane
methylene group are nearly staggered with respect to their neighbors. In this confor-
mation, the hydrogens at three of the five carbons can adopt quasi-equatorial or quasi-
axial positions. The cyclopentane ring is not static but is in constant motion in such a
way that each carbon alternates as the point of the envelope. Total strain, after puck-
ering, is 6 kcal/mol.

WL

H H

envelope conformations of cyclopentane

Cyclohexane

Cyclohexane is the most important of the carbocycles; its structural unit is widely
encountered in various natural products. It can adopt a chair conformation that is
essentially strain free. The chair form of cyclohexane has two distinct types of hydro-
gens: equatorial and axial.

HBaXml

%Hﬁequmonal = m

Hotaial HOCequatorial

Cyclohexane is a dynamic structure, and the chair conformations rapidly flip. Its
room temperature 'H-NMR spectrum displays a broad singlet at & 1.43 ppm (spin
averaging), which resolves at —106°C into absorptions at 6 1.20 (axial H’s) and at &
1.66 (equatorial H’s) ppm. The interconversion of the two conformations has an
enthalpy of activation of 10.8 kcal/mol.
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[T = =

chair half chair twist boat
0 keal/mol 10.8 kcal/mol 5.5 kcal/mol

(!
70kmo \—7
!
A = T = O

chair half chair twist boat

The boat form is an alternate conformation of cyclohexane. Actually, by a slight twist,
the nonbonded interactions in the boat form can be reduced (twist boat conformation).

1.83A
[

H H
OO*—&HH H#%

H H

twist boat H H twist boat

5.5 kcal/mol H H 5.5 kcal/mol
boat

~7 keal/mol

Although the chair form of cyclohexane is the preferred conformation, other con-
formations are known and in some systems are required.

Q
OH o
H heat
HOC —
-HO
H twist boat

(a lactone)

The lactone moeity acts as a stereochemical bridge, maintaining the hydroxyl and
carboxylic acid groups in a cis relationship.

EVALUATION OF NONBONDED INTERACTIONS

Monosubstituted

Stereoanalysis of monosubstituted cyclohexanes involves two distinct stages’:
Cyclohexanes

1. Determination of the topology of the molecule

2. Assessment of the topology and its effects on the course of a reaction

Because of the 5.5 kcal/mol difference between the chair and the higher-energy twist
form of cyclohexane, the vast majority of compounds containing a six-member ring exist
almost entirely in the chair form. If a six-member ring system can be said to be in one
chair conformation, then for the purpose of synthetic planning, stereochemical predictions
can, in many instances, be made with considerable confidence. The factor that contributes
to the instability of a monosubstituted cyclohexane is the presence of an axial substituent.
The destabilization caused by an axial substituent (e.g., CH;) is due to its 1,3-diaxial inter-
action with the two hydrogens on the ring (n-butane gauche-type interactions).
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two gauche butane-type interactions:
C(1)~CHg § C(38)~Hay and C(1)~CH3z § C(5)~Hax

AG° =-(2 x 0.9) = ~1.8 kcal/mol

The equilibrium population of any conformer is given by
AG®=-RTIn K,
Therefore, we can compute the equilibrium composition of the two methylcyclo-
hexane conformers as shown below:

AG°= -RT In K, (axial == equatorial)

At 25 °C (298 Kelvin): AG®= — (1800 cal/mol) = — (1.987 cal/degemol) (298 K) In K,

nK, = 1800 =3.04 =91 = [equatorial conformer]
9 1.987 x 298 [axial conformer]

[axial conformer] + [equatorial conformer] = 1

% equatorial conformer = -%— (100) =95 %

Table 2.1 shows the population dependence of the favored conformation on K,
and —-AG°.

Often interaction energy values of conformations are reported as potential ener-
gies E by assuming that the difference in free energy AG® between isomers is equal to
E and that AE may be equated with AH° and AS°® ~ 0, which is probably true for
methylcyclohexane.

AG® = AH® — TAS®

It should be noted that AS may not be equal to zero in some di- and poly-
substituted cyclohexanes. However, since the entropy term AS° (in cal) will be
relatively small compared to AH® (in kcal), we assume that AS® ~ 0 and hence
AG® ~ AH®.

Conformational energies for axial-equatorial interconversion for a number of
monosubstituted cyclohexanes have been reported. These are often referred to as
A values and allow us to estimate steric effects in reactions.

Population of the Favored Conformation at 25 °C

K, (25°C) 1 2 4 10 100
—AG° (kcal/mol) 0 0.41 0.82 14 2.7
Population % 50 67 80 91 99
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The strong preference of the fert-butyl group to occupy an equatorial position
makes it a highly useful group to investigate conformational equilibria. Thus, a tert
butyl group will ensure that the equilibrium lies on the side in which the tert-butyl
group occupies the equatorial position. Note, however, that a tert-butyl group does not
“lock” a system in a single conformation; conformational inversion still takes place,
although with a high energy barrier.

Disubstituted Cyclohexanes Depending on the substitution pattern, three principal interactions dictate the confor-
mational equilibrium:
1. The presence of a single axial substituent (butane-type gauche interaction)

2. The interaction of a pair of 1,2-diequatorial substituents (butane-type gauche
interaction)

3. The interaction of a pair of cis-1,3-diaxial substituents (1,3-diaxial interaction;
Table 2.2)

trans-1,2-Dimethylcyclohexane

H H H
H HaC
H H = CHg
H ] H -~ CHa
H H
H CHg H

four 1,3-diaxial CH3—H interactions one gauche CHz—CHg interaction
=4x 0.9 = 3.6 kcal/mol =1x0.9 = 0.9 kcal/mol

AG° =~(3.6 -0.9) = -2.7 kcal/mol

cis-1,2-Dimethylcyclohexane

H
H H H
. CH
H%H < H I H ®
CH H
HH T %k, H CHs

two 1,3-diaxial CH3—H interactions  two 1,3-diaxial CHz—H interactions
one gauche CH3;—CHg interaction one gauche CH;—CHj interaction
= 1.8 + 0.9 = 2.7 kcal/mol =1.8+ 0.9 = 2.7 kcal/mol

AG°=0

Large steric interactions result when two groups are situated syn axially, as in
cis-1,3-dimethylcyclohexane:

H H
H
H% H —_ M\ CHg
CHg CHg CHs

two 1,3-(?ia>.<ial CHz—H int‘eractior\s no 1,3-diaxial interactions
one 1,3-diaxial CHz—CHg interaction no gauche interactions
=1.8 + 3.6 = 5.4 keal/mol

AG° =~ 5.4 kcal/mol
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1,2-Diequatorial and 1,3-Diaxial Interaction Energies (kcal/mol)’

R’ R
R
R R’ 1,2-Diequatorial 1,3-Diaxial
-Cl1 —Cl1 0.7-1.5 5.5
~CH, ~CH, 0.75-0.80 3.6
-OH -OH 0.35 1.9
—CH,4 -OH 0.38 1.9-2.7
-CH, CO,Et 0.2 2.8-3.2

Evaluation of Destabilization
Energies (Ep)

Corey and Feiner” have developed a computer program (LHASA) for conformational
analysis and for determining the destabilization energies (Ep) in substituted cyclo-
hexane derivatives. In the following discussion, we will adopt their A, G and U des-
ignations and use the corresponding E, values for evaluating steric interactions.

Each substituent R has associated with it three appendage interaction values
(Table 2.3):

1. An A; value for R-H 1,3-diaxial interactions
2. A Gg value for gauche R-R’ 1,2-diequatorial interactions

3. A Uy value for R-R’ 1,3-diaxial interactions

A, G, and U Values of Cyclohexane Derivatives (kcal/mol)*’

Mmﬁﬁ

GR+ GR ED UR + UR
+[Ar + ARl

RorR’ A G U
F 0.2 0 0

Cl 0.4 0.5 0.4
Br 0.4 0.8 0.4
I 0.4 1.0 0.4
OH, OR 0.9 0.2 0.9
NHR 1.3 0.3 1.3
NR, 2.1 0.5 2.1
N= 0.5 0.1 0.5
N= 0.2 0.1 1.2
C= 1.3 0.2 0.9
Aryl 3.0 1.2 1.1
C= 0.2 0 1.2
CO,H, CO,R 1.2 0.5 1.2
CHO 0.8 0.3 0.8
CH,R 1.8 04 1.8
CHR, 2.1 0.8 2.1
CR, 6.0 2.5 6.0

“ No values are given for cis-1,2-axial-equatorial interactions because inversion leads
again to a 1,2-equatorial-axial interaction. This is not the case for the trans-1,2-
diequatorial isomer, since inversion affords a diaxial conformer. For conversion of kcal
to kilojoules, use 1 kcal/mol = 4.184 kJ/mol.
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It is assumed that conformational effects are additive, that is, the destabilizing
interactions operate independently of each other. However, this is not always the case.
The magnitude of the E,, values for polar substituents may be affected by the polarity
of the solvent, by hydrogen bonding, and 