Chapter 15



Figure 15.1

The three critical
determinants of a
synthesis

SCALE —

how much product
is needed?

PURITY —
constitutional isomers
allowed?

only one constitutional
isomer allowed?

REAGENTS —
reagents that
must be avoided
reagents that
must be used

only one
diasterecisomer
allowed?

only one enantiomer
allowed?




Synthetic targets of theoretical interest

* highly strained and energetic
molecules: cyclobutadiene and
Ladenburg benzene (prismane)

* Platonic solid hydrocarbons:
tetrahedrane, cubane and
dodecahedrane

* Stable carbenes: N-heterocyclic
carbenes
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Elegance or, "What constitutes a good
organic synthesis?”

Generally agreed features of an elegant synthesis
— regiochemical control
— stereochemical control
Hendrickson definition of an “ideal synthesis” (1975):

— A synthesis which: "...creates a complex molecule...in a sequence of only construction
reactions involving no intermediary refunctionalizations, and leading directly to the target, not
only its skeleton but also its correctly placed functionality.”

Atom economy (Trost, 1991):

— the major goal is to minimize the number of atoms in the reactants that do not end up in the
final product

— dramatically affected by the advent of transition metal-catalyzed synthetic reactions
Step economy (Wender, 1997):

— every step in a synthesis costs time, money, and effort, and every step of a synthesis has an
economic and environmental impact.

— reducing the number of steps in a synthesis is critically important.
Redox economy (Baran, 2010):

(# of construction rxns) + (# of strategic redox rxns) J

— % ideality =100 L
(total # of steps)



Figure 15.2

(impractical)

E , crtical new,
T ! reactions !
& - [practical]] @ i\ developed |
o =
e (T
o . (ideal) a
=
=] 0
- (3]
=
=
=
‘ past limit of present limit future limit of '
complexity of complexity complexity past  present future
TARGET COMPLEXITY —— TIMEPERIOD ——

The relationship between target complexity and
step economy over time



Modified Bertz fragment complexity
indexes (N)




Calculating Bertz complexity indexes

Complexity index, C. = (2N In N).
— N = sum of fragment indexes
C.=(2NInN-n_Inn,).

— n. = number of pairs of atoms related by the symmetry of
the molecule

heteroatom coefficient, H=n, + 1
n, = number of heteroatoms

Heteroatom complexity index, C, = (2HIn H—h_In h )

— h, = number of heteroatom pairs related by molecular
symmetry

Total complexity index, C,,, = C. + C,



Figure 15.4

N=1Zn,=0
C=59.6

Complexity indexes for some common reactions



Organic reactions in synthesis

* How we learn

reactions first A+B>C

_ A+B—>7? [Answer: C]
e Different ways to

look at a particular A+?>C  [Answer: B]

reaction
?+B—>C [Answer: A]

* The question posed 247> C
by synthesis



A specific example
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F | g ure 1 5 . 5 MODERN SYNTHETIC REACTIONS

ENANTIOSELECTIVITY

Reaction gives a single enantiomer, or a product

highly enriched in one enantiomer, from an achiral
precursor

1980s
DIASTEREOQSELECTIVITY

Reaction gives the product as a single

The rlse Of diasterecisomer, or a mixture highly enriched in one
diasterecisomer. Product from an achiral precursor

will be racamic.

sophistication in L ==
orga niC Synth eSiS REGIOSELECTIVITY

Reaction gives the product as a single regioisomer,
or as a mixtures highly enriched in one regioisomer

1870s
CHEMOSELECTIVITY

Reagent reacts predominantly, but not always
exclusively, with one functional group in the molecule

EARLY SYNTHETIC REACTIONS




Table 15.1

* The reactions in this table are grouped
according to the number and type of bonds
involved into the following categories:

— one-bond C—C bond-forming reactions
— one-bond C—X bond-forming reactions
— multibond reactions

— oxidation and reduction reactions

— rearrangement reactions



Table 15.1 A: One-bond (C—C)
reactions

[pNE-BﬂND (C—C) HEA::TlGst

R R
R-M 4 O —= R-OH
be >

A

R R R

=M
X 0

O - — O

0 0 OH O
T HLH — n)\/“‘n
R R
R 0 R O
H”L*ﬂ 2 HLH — R’L‘“\“ﬁn
X )

R
0
: R

R

Grgnard addition

Wittig reaction (X=PRs); McMurry reaction (X=0)
ozonolysis; Lemieux-Johnson cleavage, etc.

Friedel-Crafts acylation
Gattermann-Koch formylation
Vilsmeier-Haack formnylation

aldol addition; Baylizss-Hillman reaction; atc.
retro-aldol fragmentation

aldol condensation

alkylation of enolates



Table 15.1 B: One-bond (C—C)

X
2 J + e=-n - =" alkylation of alkynides
H
O R O
RO + My — o )\(“\n Michael addition
R R
0 0 0 O : :
JL ? b Claisen condensation
B “OR A ~— B~ = retro-Claisen fragmentation
R R
R H R H : .
O + 0O —  HO OH pinacaol reaction
-— n glycol cleavage
== Fi_. — £ .
R ¥ Heck coupling (X=halogen; ¥=H)
\\‘L-E.nf + X iR {?‘.‘ {f_\} Suzuki coupling (X=halogen; Y=B{ORa))

R———H + X A TR F—== /N Sonogashira coupling




Table 15.1 C: One-bond (C—X)
reactions

o

OMNE-BOND (C—X) HEAGTIEINS]

R

Q

c:—hﬂlcganaﬁn;._sulfen]rlatinn. salenylation etc.
a-hydrogenolysis

—=

)
= I

allylic/benzylic halogenation, etc.
alllicbenzylic hydrogenolysis, etc.

T
]
1

-

o, _.&o
x

—

— ©—}{ aromatic nitration, halogenation, ete.

R
R
S— p> Y nucleophilic substitution (Sy1, S2, stc.)

Q



Table 15.1 D: Multibond reactions

(MULTI-BOND REACTIONS]

FJ):G T }:f_x acetalthioacetalketal formation
: g X acetalthioacetalketal hydrolysis
e e g pilf slectrophililc addition of HX
|:;> —'{ — HH} {Hx base-promoted elimination (E1, E2, E1ch)
i R . . R R eloctrophililc addition of XY, hydroxylation, etc.
F!} _iﬁ e ik % ‘E Y raductive elimination

— R R alkene metathesis
| | n R

R H H
RFG - :}=< Wittig'McMurry reactions
A AR ozonolysis, Lemieux-Johnson oxdation, ete.

r



Table 15.1 E: Multibond reactions

R R H H
p>=( _ >-v< cyclopropanation (Simmons-Smith, etc.)
R H H
R R H H
p)_{ _ }H. .-":: epoxidation
R HOR
A R R
0 A @{ Darzens condensation; sulfur ylide addition, etc.
Hd R
R
A._R O >
j[ L R [242] cycloaddition
R—X
"R X !

I j . O [442] cycloaddition (Disls-Alder reaction)
o



Table 15.1 F: Oxidation and reduction

R R R R
)= +—= H)—H

R R R R

R R ROR
S

R R R R

R R R R

X
I
1

R R R R
0 HO
R s—= )R
R 3

5 o, R
AP
R R X

reactions

-
hyadrcgenation
dehydrogenation
-

epoxidation

>
addition of halogens: hydroxylation, elc

reductive eiimination
-4

- -

reduction of carbonyl compounds
oxidation of alcohols

-t

b
a-halogenation, sulfenylation, sulfonation, etc
hydrogenclysis of a-halocarbonyl compounds, efc.
-

>
allylic halogenation, oxidation, elc
allylic hydrogenolysis
-




Table 15.1 G: Oxidation and reduction
reactions

R R R
>‘=O — H acylbin condensation
RO O OH
L
R - R R McMurry reaction
R>:o - R> - <R ozonolysis; Lemieux-Johnson oxidation
-
R R R e
pinacol reduction
R>=O -— HOF? GROH penodate oxidation
-
R R H
>=o i ><H Wolff-Kishner, Clemmensen or related reductions
R R

© - @ Birch reduction
X
O - O nitration, halogenation, etc. of aromatic rings



Table 15.1 H: Rearrangement reactions

R X Y R
R—)—( — R —)—( Wagner-Meerwein rearrangement of cations
R R R R
R R X R
HX —)—é XH B —— HR pinacol rearrangement
R R R R
0 R O R
Hx - HR Favorskii rearrangement
R R Y R
O R
9—9 —- 0=C=X Hofmann, Curtius, Lossen rearrangements
Y-X
O R Baeyer-Villiger rearrangement (X=0; Y=0)
}— R — »— b 4 Beckmann rearrangement (X=NOH; Y=NH)
R R Schmidt reaction (X=0; Y=NH)
e ~
X" —— X Cope (X=CR,) and Claisen (X=0) rearrangements
= ™ other sigmatropic rrearrangements

e -— electrocychzation
P
n n



Table 15.2

* The reactions in this table are are grouped
according to their stereochemistry into the
following categories:

— suprafacial (syn) additions

— antarafacial (anti) additions

— eliminations

— reactions with retention of configuration
— reactions with inversion of configuration



Table 15.2 A: Stereocontrolled
reactions—suprafacial additions (1)

RT R? R R?
Y=( —— HO=—0OH hydroxylation
Ha Rs Hs Hs
R R2 R R2
>_{ — H—% %-H hydrogenation
Ha Rs Hs Hs
R R?
Qle——p2 — — Lindlar hydrogenation
H H
R" R R' R?
b — }\ /(: epoxidation
H: Hi Hs O R4
R R2

R" R®
F2=< — H-}—Q-EHE hydroboration
a B Hy Ry

R R? .
Rl—=——nR2 . }-{ hydrometallation;
- H M M:AL Zr, etc.




Table 15.2: Stereocontrolled
reactions—suprafacial additions (2)

R R? R R°

>=< — >V< cyclopropanation
Hy Rs Ha ¥ Ry

H1 HE Fl1 HE

Y=( — = Ha R4 Diels-Alder cycloaddition
Rz R, —_

HE Hq_ HE HE-
Ft-| HE F:l'l HE
:3_{ — = Re=—R 1,3-dipolar cycloaddition
Bz Hy K. ol



Table 15.2 C: Stereocontrolled
reactions—antarafacial additions

|[ANTARAFACIAL ADDITIONS]
=1 e R RZ
)= —— Hos—Eon
Rz Rs Hz Ri
R' R? R! R?
= = xSy
3 Ha Ra R4
R'" H

anti-hiydroxylation

halogen addition, etc.

Birch Beduction



Table 15.2 D: Stereocontrolled
reactions—eliminations

E2 elimination
(anti)

reductive elimination
syn or anti, depending on
leaving group)

! R?
R 3_ Rs
R R?
Ry Ry
R R2
H§=<H4
Rl g2

Cope elimination [ X=N)
(syn at low temperatures)
selenoxide elimination (X=5e)

(syn)

aster pyrolysis (X=0, Y=alkyl)
xanthate pyrolysis (X=5, Y=5R)
(syn)

Diels-Alder cycloreversion
(syn)



Table 15.2 E: Stereocontrolled
reactions—retention of configuration

1 2 1 2
H:: - iﬁ i e & electrophilic substitution
;; ‘{ f talli
A, M X of organometallics
H%){ H;i}{ carbene (Y=CH,) or
= i nitrene (Y=NR) inserion
R H H i
R! R! : :
k}{ kﬂ hydrogenolysis over Ni
R H A Mu
2 2
® -Rs R!
R i Re W i
= 5 R B agner-Meerwein
0P Ry 3 rearrangement
> Ra H-f@ Rs
] o rR! xR Baeyer-Viliger oxidation
R >)I\H —— R ;Pi’ T Beckmann rearrangement
R." 1 R O Schmidt rearrangement
R :
O
; R _X. Hofmann rearrangement
H>)Lx«"'" — R G*D Curtius rearrangement
Sl | 2 Ry Lossen rearrangement



Table 15.2 F: Stereocontrolled
reactions—inversion of configuration

[INVERSION OF CONFIGURATION |

=} R Sn2 substitution:

ﬁx — ﬁH X=halogen, sulfonate
Rz & R hu Mitsunobu reaction (X=0H)
R'O R® R R°

—=  Ny=— OH epoxide ring opening

Rz Ry s R
A! R! .

kx EH hydrogenolysis over Pd

R H



Figure 15.6

REALITY (TANGIBLE) POSSIBILITY (CONJECTURAL)

CH,CHj & CH,CHj
OL, -meeree (O wde (L = (L
O O O O
REACTION TRANSFORM
Occurs in real world Hypothetical only
Forward (synthetic) direction Backward (retrosynthetic, antithetic) direction
Converts reactant to product Converts target to precursors or synthons

 Comparing reactions and transforms
— reactions describe real events
— transforms describe conjectural possibilities



Figure 15.7

Et Et @ CHs

@ Ha/Pd-C C MeoCuLiTHF + RBr 3 EHE.
Q7 0 : 0

Alternative synthons for 3-ethylcyclohexanone.



Figure 15.8

target molecule

7 |\

pI‘E.'GLlI‘E or precursc:r prec:urs::nr

precursor precursor precursor precursor precursor
Aq,1 Az Az, A1 Asz
etc etc etc etc etc

A retrosynthetic tree



Figure 15.9

. . 90 81 73 66 59
linear synthesis A B C D E F
90 81
convergent A— B — C 73
synthesis 90 > - F
D — E

Comparing linear and convergent syntheses



Table 15.3 A

retro-Grignard addition
HO _":.;IF‘ — D“\H ©R retro-alkynide anion addition
R R R R
>_=i-_< —_— kn =t retro-Wittig transform
g R B =) retro-McMurry transform
D -
R ¥ N — retro-acylation
- ;—{’H — ! ®O0=C-R retro-formylation

O O
— retro-aldol transform
JI\-I—EJ“"H HJ\‘ H'Jl‘*ﬁ retro-Reformatskil transform
R

Bond " R

0 0 |
d Isconnection ~ Jl\l,;{L\H s HJ\ HJLH retro-aldol condensation transform
S f ” "‘
8] O X
( D ) t ranstorms HJ\F“H — HJ\ kH retro-alkylation of enolate
] R
X
R—==jy, = R—=0 |\ o retro-alkylation of alkynide anion
R
X
E. v~ — E L.‘ retro-alkylation of nitro compounds
I R 3 R (E=NO,), sulfoxides (E=SOR),
R dithianes (E=(5H),, etc.

O
retro-Michael addition transform
A = K on
R



Table 15.3 B

T o 7 retro-Claisen condensation transform
nj\r‘aﬂ“n — HJ\ ———
S b H < e
HO oH — o O retro-pinacol t arm
B O n d R R i R 3 ;
d i sconne Ct i on D} : -{GH " }:G D—ﬁ/ retro-acyloin condensation
Ar Ar
( D I S) t ran Sfo rms D};{m — >=:j D:{ retro-benzoin transform

A r: } retro-Heck coupling
— retro-Suzuki coupling
QE%H — @" X retro-Sonogashira coupling




Table 15.3 C: Fuctional Group
Interchange (FGI) transforms

x_< : > 0= retro-hydride
R R reduction/reguctive ammaton
retro-oxaxdation
R R ) R R
>:< — HHX retro-elimination
R R R R retro-electrophilic addition
y_\ —— R—=—R retro-alkyne hydration
R R
R R
X-( ? Y‘( retro-SNL SN2
R R
? ’ x/x retro-ketalthioketal hydrol
v etro-Kelalthioketal nyarolysis
R R < R)\R retro-ketal'thioketal formation
O S R-C=N retro-nitnle reduction
/l\ < - retro-oxime dehydration



Table 15.3 D: Fuctional Group
Interchange (FGI) transforms

OH 0 A
HMH — H-Jl\‘(i\ﬂ retro-Wharton reaction
N 5 °

@H m— QH refro-Birch reduction

0 R A
A— R —> = retro-epoxidation
H H R R
R H
:;.: — R——n retro-Lindlar hydrogenation
H H
H H

e — A—==—R retro-Birch reduction



Table 15.3 E: Fuctional Group Removal
(FGR) transforms

T Lr — T MR tro-allylic hal tio
retro-allylic halegenation,
R)v R R)%Y)( R oxidation, etc.
2 S

8) X (@) H retro-a-halogenation,
>\—(—R — HR sulfenylation,
R R =) R selenylation, efc.
retro-nitration,
Q X | ’ @ halogenation, etc.
X v H H v’ X retro-Hofmann-Loffler-
b p— b Freylag reaction;
retro-Barton reaction, elc.
R , R
/1< NHR — k H retro-nitrene insertion



Table 15.3 F: Fuctional Group
Addition(FGA) transforms

R—H e R=M retro-protonolysis
R R R R
Ho—H @ —— :}_{: retro-hydrogenation
R R R
Vo X
retro-deoxygenation
H}E“F! R R e
H H RS SH
—_— retro-desulfurization
R 5B
! y R e R tro-hyd Iy si
. retro-hydrogenolysis
H&H(H — R “H_ R
R R
0 H Q X
‘}\ (R —= ‘} {nR retro-o-reduction
R R R R
H X
@ { =] —, {F! retro-hydrogenolysis



Table 15.3 F: Rearrangement (REARR)
transforms

R X i 4 R ,
: Wagner-Meerwein
HH> ' <F§ HH} .<F! rearrangement of cations

R R X R
H}{%—(—}{H - f} { R pinacol rearrangement

R R R R
Q R O R
}—{—:{ ¢ ‘f‘} LR Favorskil rearrangement
R R ¥ R

c 5 Hof Curti

— ==Y ofmann, Curtius,
_}?‘_H T URCaR Lossen rearrangements
X 0 R Baeyer-Villiger rearrangement (X=0; ¥=0)
; Backmann rearrangemsant (X=NOH; Y=NH)
R — b
H}\"— F?_ Schmidt reaction (X=0; Y=NH)
R R

R H H 3]
I I = 2 2 olefin metathesis
R R R R

XX P Cope (X=CR,) and Claisen (X=0)
L\/ — rearrangements
= S other sigmatropic rrearrangements
=
e
n

electrocyclization

1



Table 15.3 G: Ring Disconnection (DIS)

transforms

g, =

] = | +j retro-Diels-Alder cycloaddition
p Z

R 1R f. . g R
F‘j?'x# = T i retro-[3+2] dipolar cycloaddition
R—F1. f il

7 § R"R YO

i retro-[2+2] cycloaddition
o)

' : = refro-carbene addition
hi<qg = tro-D densatl
,I/.xj B J_L + :CRs retro-Darzens condensation

Rg*® R™ R

retro-sulfonium ylide addition



Table 15.3 G: Ring Reconnection (REC)
transforms

R R A R
_\FG D:{ — }_{ retro-ozonolysis transform
= = =1 = retro-Lemieux-Johnson transform
R R R R
R>=D D% — HDHGH retro-glycol cleavage transform
R R R
O O O
FE’JLH ,JJ\H — H/-,%HL o aldol condensation transform
H R
1 T ™1 Idol addition transf
aldol addition transform
N L.
H R
O O o O
FE"J‘L'DH /JLFE —_— Fﬁ)l\(lL . Claisen transform
R R
O O
0 JH — g J\/GDEH retro-decarboxylation transform
g R
H

O R O retro-Eschenmoser-
PN \::-K . — R \P\r( & Tanabe fragmentation



Table 15.4 A

Acceptor Synthons Donor Synthons
a’ d’
- 0
Cl—Ts CI—F ]@ s’R ) N.RR ) P,RR
0 'S IN-R  IR-
X@® < Tf cl, X R R R
0 S=0
, , - R -R
B o ©O0-R OS-ROSe
a- d®
( R-X  X=Cl,Br, I, OTs, OMs, OTf, etc. _
o . e e ‘o [ R-Li R-Mgx
R R-Y~ Y=R,S~, RsN~, R0V, etc. R 1 s T
2
r® 2© 7~ Ao, TiCly, SnClg, ZnCly, ete.
a d’
(Y 0
_ X = Cl, OCOR, SR', OR!, B )
FG4<G_) R)LR ¥=0.NR, R)J\X OPOCl,, etc. © C=N © C=C-R
o) 7 FG{@ SiRs S NO,
)NL"'R:? JI x=onick, oTiC, etc R—é R—(O} R—5
| R”opoc, R Cl S

Fuhrhop-Penzlin designation

of synthons (1)



Table 15.4 B

i Q x-cB oT W92
= 1 ra Sa
X\.)J\ OMs, etc \A
X

/ \ X =0(H), N(H)R, S(H), etc.

)\\r\x X = ClI, Br, OTs, OMs, etc.
o

d2

FG
1@

e

d3
CO,R
FG SR [
1<® © CO,R
X
O=

Fuhrhop-Penzlin designation

of synthons (2)



Fuhrhop-Penzlin disconnections

o
:3 D‘\ \“j/x\qﬂ/ %
© j = 0l III.‘ b4 % —_— o
S
\{I:]}/ ‘\]C'J \r[:;;

0
o (15.14) df;-lﬂg (15.15)
0 0
H,,,Jl\/H — H,,JL\.;:;, R®  (15.16)
d?

=R > X9 RO (@gs17)

Disconnections reveal a and d synthons
 the asynthon may be a R synthon
 the dsynthon may be a R synthon



Figure 15.10

5 — BME
Consonant and dissonant : en
molecules no n O

Dissonalt difunctional
relationship is enclosed in e n -

the red highlight box 1 )



FGA transforms
applied to the
twistane target
molecule.

Figure 15.11



Figure 15.14

RIS SR

(15.27) % a\ri / (15.28)

X d/ (15.23) \J - T
AR " o
X 1-.“1, Y H” "

Y

(15.30) (15.29)

* Possible DIS transforms of the first-generation synthon
15.14



One compound that can act as
synthon 15.29

The decalin must be cis fused or
the required ring closure cannot
happen.

The reactive conformation is
shown in red.

(15.31)



Figure 15.13

Retrosynthesis
of synthon
15.29

H
X I A | X ™ X X X X
T — i L == Ll
[
H

(156.29) (15.32) (15.33) (15.34)

39. Gauthier, J.; Deslongchamps, P. Can. | Chem. 1967, 45, 297.



Figure 15.14

H H

HO. | OH  Ha(170-60am)  Ho OH  CrOs, Ha80, 0 0
S Mi, 160°C, 5 h @" HO m
(15.35) (63%) H (43%) H

(15.36) (15.37)

o OEt
HG{DEt a, ETOH HfOET o) OEt
—20 to 0°C, 60 min OEt

(65%)
(15.37) (15.38) (15.39)

L, NHs
(99%) l THF, EtOH

OEt

o
1) MsCl CHzCls, —10°C Ot
5 3 ¥ | e
MsO B py, CHzCl; HE
2) (COgH)z, Et0, HO

(58%)

(15.31) (15.40)

Synthesis of the key intermediate 15.31 for cyclization to the twistane ring system.



Figure 15.15

Completion of
the synthesis of ,

. T —— O
twistane = G NaH, dioxane - :
MsO 7 A5h .,

* protonais
sterically more (15.31) (16.41)
accessible to the (CHzSH)p, BF»OEt,
base than proton Ll

b, so its |
abstraction is [® . Ha-m; EtOH ,8;;5
favored L

kinetically (15.22) (15.42)

(quant.)




Chemoselectivity

LOH
L _on | (15.43)
- - OH

These three different alcohols can be distinguished
by acetylation with acetic anhydride in pyridine
— primary alcohols react rapidly with this reagent

— secondary alcohols react at a moderate rate with this
reagent
— tertiary alcohols do not react with this reagent




Figure 15.16

Pa

8 & B e G G G
a
(1549 9 e (15.46)
Py Pa. P
GGz Gj 3'?-1
G
g f Fl"l‘m 4 :
(16.45)
,-F'EI // ‘q\-\\ P"Ix I:nlEla-h
Gy Gz G "Py C Gy Gp Gg P4
R Gy HMGJ«
(156.48) (15.47)

Orthogonality in protection of functional groups

— Note how it is possible to remove just one, or a select set
of protecting groups



Figure 15.17 A

The reaction of a
prochiral substrate with
an achiral reagent
proceeds through
enantiomeric transition
states of equal energy,
and gives a racemic
product; the same
reaction in a chiral
environment (e.g. with a
chiral reagent, or in the
presence of a chiral
catalyst) proceeds
through
diastereoisomeric
transition states of
different energy, and
thus gives a product
enriched in one
enantiomer.

ENERGY

X i ::[
-5 -ﬂ‘"gi"'\-\.
d C

b Gﬁa

o
T |
M

X

Reaction Coordinate



Figure 15.17 B

The reaction of a
prochiral substrate in
a chiral environment
(e.g. with a chiral
reagent, or in the
presence of a chiral
catalyst) proceeds
through
diastereoisomeric
transition states of
different energy, and
thus gives a product
enriched in one
enantiomer.

ENERGY

i Fd_i
i K .E'd_i
a"é“c k:r
- c*j‘a

Reaction Coordinate



Table 15.5

Protecting groups for alcohols

Class Examples
—OAc, —OCOPh, —OCOBu’, —OCOCH,CCl, (Troc),
esters —OCO,Bu’ (Boc), —OCO,CH,Ph (Cbz),

—OCO,CH,CH(o-C.H,), (Fmoc)

ethers —OMe, —OCH,Ph, —OCH,C,H,0Me (PMB), —OCPh, (Tr)

— OCH,0OMe (MOM), —OCH,OCH,CH,OMe (MEM),
— OCH(Me)OEt, —OCMe,OMe (MOP), —O(C.H,0) (THP),
__OCH,OCH,CH,SiMe, (SEM)

acetals and
ketals




Table 15.6

Conditions for removing protecting groups from

alcohols
Class Conditions
e KOH, H,O (base hydrolysis); HCl, H,O (acid hydrolysis); LiAlH,,
SR Et,O (reduction); H,, Pd-C (Cbz esters)

BBr,, CH,Cl,; TiCl,, CH,Cl,, -78°C; Ce*", EtOH (PMB ethers); H,,
Pd-C (benzyl ethers)

acetals  and [ SO, H,0O, THF; Bu,NF, THF (SEM )

ethers

ketals
. . Me,COCI
p!valate esters arg highly Vs ase N\ 0 con
hindered, and resist standard ROH >])\0'F‘ —%—= ROH (15.50)
hydrolysis conditions “\_LiAH, E,0




Table 15.7

Representative conditions for the removal of

ester protecting groups

KOH, RNH,  H,SO, LiEt,BH, H,, TFA
H,0 H,0 THF Pd-C
R—OAC R—OH R—OH R—OH R—OH _ _
R—OCOPh R—OH R—OH R—OH R—OH _ _
R—OCOBY' _ _ _ R—OH _ _
R—OBoc R—OH R—OH R—OH R—OH _ R—OH
R—OCbz R—OH R—OH R—OH R—OH R—OH _
R—OFmoc R—OH R—OH _ R—OH _ _




Benzylic ether protecting groups

* benzyl ethers are PhCH,Br. Nak
formed under .
Williamson ether

e OR

. ROH 15.51

conditions N é (15.51)
: .

* simple benzyl
etehrs are best

cleaved by
hydrogenolysis .
* p-methyxybenzyl MEG@ OR
(PMB) ethers can 7 base N
be cleaved by ROH (16.52)
oxidation with ceric "\ CANEtoH L.
e

amminium nitrate
(CAN) (PMB ether)



Acetals and Ketals

* formaldehyde acetals MeO__0._Cl
include methoxymethyl o g TRy SG;M (15.53)
(MOM) and (2-methoxy- ~_ HolmeoH T .
ethoxy)methyl (MEM) (MOM ether)
ethers Me0 ™~
i / pase N lf{l“ (15.54)
TiCls, CHoCla “OMe
* tetrahydropyranyl ethers ‘\ 78°C " (MEM ether)
are easily formed, but ) o

have the disadvantage

O
that a new chiral center ROH i e (\
is formed N\ tesouro 7

THF

(15.55)

(THP ether)



Protection of 1,2- and 1,3-diols

cyclic ketals based on Me,C(OMe)s
acetone (acetonides)

e / TsOH
are widely used to } ):{ ) (15.56)
protect diols ™\ HeS0sH0

THF
acetonides are much

more readily formed

from cis-1,2- OH '.

cyclohexanediols Oy-O" MexCO, HS04 :Zj'_{} o -
than from the trans H;QIJLDH M'g\[ et
isomers, as B o' O

iIIustra‘ged by the g

acetonides of i ke o0 s
glucose (15.57) and O _Mezco, Hasoy /\‘J < (15.58)
galactose (15.58) HO “~OH o ©

OH )|"D




Table 15.8: Stability of protecting
groups toward various reagents

Conditions— | Aqueous  Aqueous Lewis Strong Metal Fluoride Hydrogen, Hydride Cy
Group| acid base —— acid base alkyls anion catalyst  reductant LRiaen
—OR a
COCHL AT | . b .
COTr 4 e b .
—OCOR e f g T TToTooTmTmmmemmmmTT h™ T
—OCbz___ | e .. h . b h .
_—OFmoc_ [ e £ i h T b h™ T
_TOBoc__ | __e_ ______ f_ . k A .. h .. h .
—OSiR; e £ [ m T
—OMOM | e T T T T a T T
—OMEM | e T T a T T
JEE o 1 < 7
N R

Where no indication is given, one may assume that the group is generally stable under the conditions specified.
a. Susceptible to strong Lewis acids (BBr;, TiCly, etc.)

b. Susceptible to hydrogenolysis, especially over Pd

c. Electron-rich benzyl ethers can be cleabed by oxidation with reagents such as CAN and DDQ

d. Usually used with trifluoroacetic anhydride

e. Susceptible to acid-catalyzed hydrolysis or alcoholysis

f. Susceptible to base-promoted hydrolysis or alcoholysis

g. Only esters that have an a hydrogen; generally a problematic side reaction in reactions of ester enolates

h. Reduced by complex metal hydrides (LiBH,4, LiAlH,, etc.); not generally susceptible to reduction by NaBH,
i. Cleaved by Grignard reagents, alkyllithiums, etc.

J. Cleaved by bases, including tertiary amines; mechanism is Elcb

k. Isobutylene is formed in the E1 elimination of the tert-butyl group

1. Cleaved by alkyllithiums, but not by Grignard reagents

m. Ease of cleavage is slowed by increased steric bulk of the groups on silicon

n. Silyl fluoride and ethylene are formed in this fragmentation by the Elcb or E2 mechanism



Figure 15.18

QOCHO OMOM OMOM
OMe
OmMe 1) K2COg, HO 0 ome 1) LIBHg, THF (20.63)
2) CICH,OMe, K,COy 2) DCC, MEEEG THF, 30-35°C
AcHN | py, CF3C0O-H HCHN
0 Ph

AcHN . THF-CH.Cls (87%)
(87%)
( E.EL‘I} (89%) (15.61) .[1 5.62)
OMOM OMOM
Clic OMOM
— ome Hz Pd-C OAc
Acs0, p1_,.r MeOH OMe OMe CrOg=2py
AcHN | (95%) AcHN 1 (quant.) CHaCla
o O.__-Fh AcHN T
D e OH OH
Ph Ph
(15.64) (15.85) (15.66)
thaﬁ
MeO MagBr
Pu:HN
(15.63)
(15.67) (15.68)

The use of protecting groups in steps of Wiesner's synthesis of 13-desoxydelphonine
involving construction of the A ring



Table 15.9

Relative stabilities of silyl ether protecting groups

Silyl ether Introduction In Acid In Base
(RN OTMS) Me;SiCl, imidazole, DMF 1 1

RN OSiEt; g

(RN OTES) Et;S1Cl, imidazole, DMF 64 10-100
RN OSiMe,Bu’ Bu'SiMe,Cl, imidazole, DMF 2%10* 1510
RN OTBS Bu'SiMe,OTTf, 2,6-lutidine, CH,Cl,

RN OSi(Pr); (i-Pr);S1Cl, imidazole, DMF 7%10° 1x10°
RN OTIPS (i-Pr);SiOTf, 2,6-1utidine, CH,Cl,

RN OTBDPS

t-Bu(Ph),Si1Cl, imidazole, DMF




Deprotection of silyl ethers with
fluoride

|
OTBDMS I OH
g ':"“\/ y G’J(\/
Wﬂ /\M{}
< I SH  TBARTHF . o K. 3 (S

= N "
O H . P H N
', TEDMSO (90%) | TEDMSO

MeOsC MeOsC
(15.69) (15.70)

tert-Butyldimethylsilyl (TBDMS) ethers resist hydrolysis, but
can be cleaved with fluoride anion. TBDMS ethers of primary
alcohols are cleaved most rapidly.



Figure 15.19

CCly

Meuzc\l)f\/

OH (83%)
(15.71)
[EGEH
?H OMOM
Me0,C OTBDPS
EDCI, DMAP
OMPM CH,Cl,
(B0%)
(15.74)
0
DMP OJLV”\OMGM
CHaCla

|
Me(.C OTBDPS
iy \g”"\.f

(15.77)
0
N ?J“‘/\‘DMDM
B0, OTBDPS
TMSO CO.Me
{15.79)

H 0{ ME“@_/Gﬁ”H

PhsCBF,, Etz0, 0°C

Sequence from Hashimoto's synthesis of the zaragozic acids

OH
o—J( 10% HCI, H:0
C o H2T 0 \eo,c. N oH TB_DPS':'
2 THE imidazole
(86%)
(15.72) (15.73)
0 0
GJL\«ADMGM DDQ, CHLCla DJ'I\/“GMGM
MeO,C. " _OTBDPS MeO.C.. __ _OTBDPS
phosphate
OMPM butfer OH
pH 7
(15.75) (98%) (15.76)
0
N_‘gq‘.__,ﬂﬂgEt NE D’JkaAGMGM tMEaSIJENH
LHMDS, THE i 0 ! oTBORS imidazole
~TB*C
HO CO:Me
(70%)
(15.78)



Reaction synopsis

Protection of Alcohols

, @)
R-OH — A R-OH — R
R-0O

Alkyl ethers
formation: RX, base; R=Me, PhCH,, p-MeOC,H,CH,; etc.
cleavage: BBr,, CH,Cl,; H,, Pd-C (allyl, benzyl); DDQ, CAN (PMB ethers);
HCO,H (trityl ethers)
Silyl ethers
formation: R,SiX, EtN(i-Pr),; X=Cl, OTf
cleavage: TBAF, THF; etc.
Acetals/ketals
formation: ROCH,-Cl, base; R=Me, Me(OCH,CH,),, DHP, TsOH; etc.
cleavage: H,0O"; TiCl,, CH,Cl,, etc.
Carboxylic esters
formation: Ac,0, Py; Me,COC]I, py; PhCOCl, KOH, H,O; etc.
cleavage: K,CO,, MeOH; NaOH, H,O, THF; NH,, H,O; etc.
LiBH,, Et,O; LiAlH,, Et,O; etc.
Mixed carbonate esters
formation: Boc,O, Py; Cbz(], Py, etc.
cleavage: TFA (Boc); H,Pd-C (Cbz); etc.



Protection of aldehydes and ketones

Formation of ketals is often complicated by
formation of enol ethers



Entropic factors in ketal formation

H H GH'
/E{:} + 2 ROH
R

+ HoO  ASreact<0

(15.85)

. G+HDJ—-H}<G}+H{} ASiaact 0
H}= ! — So 2 react

(15.86)

The AS, ... for the formation of ketals from open-chain alcohols is
negative; the AS, ... with diols is approximately zero. Formation of
cyclic ketals is entropy-favored over formation of open-chain ketals



Table 15.10

Re | ative ketal rate ketal rate ketal rate

rates for CXZ] 1 (X3 130 @Oj 8.02
hydrolysis ’

of cyclic QZ} 30.6 [XZ} 172 @f} 259

ketals by ] ] "
0.003M (X< 200 [LX )< 165 |0 e 230
HCl in . "

dioxane- QDC 0.888 | X X 765 @ZX 11.3
z;%tig) QZX 0.335 @ZX 2.67 @ZX 308




Ketal formation: relative rates

The least hindered

ketone carbonyl group BHp
ts first (CH;0H)5, CgHg (15.87)
reacts firs T Tso, 8

Saturated ketones react 0

faster than a,3- ol _(CHeOH) TsOH ’JY, (15.88)

unsaturated ketones - ”{;mm

Ketal formation in o, [3- & (CHiOH)p, TSOH Ji:b s
unsaturated ketonesis koot
usually accompanied by

double bond migration
where possible




Table 15.11

dioxolane k dioxolane k dioxolane k
o) 0 0

<] 1 —~ ] 5130 > ] 54300
0 0 7540° 0

<Of 1.52 —<Of o107 ><Of 55100
0 0

{ i 0.223 — :é 713
® 0

Relative rate constants (L mol™ s) for the acid-
catalyzed hydrolysis of 1,3-dioxolane and its
derivatives at 25°C



Dithioketals

s 48
0 0 CSH.EF;;-E’:EG Ss 0
Me (D 075 e el r‘ﬂ 07579 /59
o] o]
SiEts SiEt
(90%)
P P L
(15.90)

Dithioketals are formed by
Lewis acid-catalyzed OMOM {\\
condensation of thiols (or :
dithiols) with ketones

l,, NaHCO,

(90%) | {esCO-HLO, 0°C, 15 m

Hydrolysis of dithioketals can be
accomplished with mercury halides, or by
oxidation and subsequent hydrolysis

OTBS




Reaction synopses: Protection of
aldehydes and ketones

HIFD HI I:IH“ HIFD HI SH.
R r OR R r SH

Acetals and ketals

* formation: MeOH, TsOH, PhH, A; HO(CH,),0OH, TsOH, PhH, A; etc.
* cleavage: H,SO,, H,O, THF; (CO,H),, H,0; etc.

Dithioacetals and dithioketals
* formation: HS(CH,),;SH, BF;; etc.

* cleavage: HgCl,, CaCO,; HgCl,, CdCO,; NBS, H,O; Mel, MeCN-H,0;
etc.



Reaction synopses: Protection of
carboxylic acids

HO, R'O HO N
=0 - =0 =0 — Yo
A A A -

Esters

* formation: CH,N,, Et,O (R'=Me); R'OH, DCC; Me,C=CH,, H,SO, (R=Bu?);
etc.

* formation: MeOH, TsOH, PhH, A; HO(CH,),OH, TsOH, PhH, A; etc.
* cleavage: H,50,, H,0, THF; (CO,H),, H,0; etc.

* cleavage: K,CO,;, MeOH; TFA (R'=Bu?); Et,NH (R'=Fm); dimedone, Pd(OAc),
(R'=allyl); LiAlH,, Et,0; H,, Pd-C (R'=allyl, benzyl); etc.

1,3-oxazolidines
* formation: 1) (COCl),, CH,Cl,; 2) HOCH,CMe,NH,; etc.
* cleavage: HCI, H,0; etc.



Table 15.12

Carbamate protecting groups for amines

Protected amine Acronym Representative  conditions for incorporation and
removal
s L r Boc On: (Boc),0, NaOH, H,0, 25;C
o N Off: 3 M HCl, EtOAc; etc.
0
)]\ R On: CbZ-Cl, N32C03, HQO
P N0 H Cbz, orZ Off: Hy, Pd-C
0
O. O)J\ ”’R Froc On: Fmoc-Cl, NaHCO;, dioxane-H,O
O Off:piperidine, DMF; etc.
0
I R On: Troc-Cl, py
Clie” 07N Troc Off: Zn, THF, H,0 (pH 4.2); etc.
0 L :
. On: Teoc-O-succinimide, NaHCO;, dioxane-H,O
MesSis gy Teoe Off: TBAF, KF, MeCN
0 , _
S J\N’R Aloc On: H,C=CHCH,OCOCI, py

H

Off: (Ph;P),Pd, dimedone, THF




Reaction synopses: Protection of

amines
O
0
N~-R ~—— R-NH; — = HMNJLK
H
Amides O

« formation: RCOCI, (RCO),0; etc.
. cleavage: HCI, H,0, A; KOH, H,0-EtOH, A; etc.; acylases, buffer

Carbamates
. formation: ROCOCI, base (R=t-Bu, PhCH,, etc.)
. cleavage: HCI, H,0O; KOH, EtOH; etc.; TFA (R=t-Bu); H,, Pd-C (R=PhCH,); etc.

Phthalimides
. formation: phthalic anhydride, CHCI;, A; etc.
. cleavage: H,NNH,, EtOH, 25°C; KOH, H,0, EtOH, A; etc.



Protection of alkenes

@ Brz, CHoCls

Zn, HOAc

Protection by
additionto the
bond, followed by
deprotection by an
elimination reaction

addition of
bromine/reductive
elimination

epoxidation/deoxyg
enation

hydroboration/dehy
droboration

Diels-Alder
cycloaddition/
cycloreversion

[
[=

~ Mo(CO)g, PhH
A

H” ~COo,Me

= 9-BBN, THF

i

-

=il

| MezC—NO

O+ [

X

Y

—_—
o e ———

A
(FVF)

Br
U (15.100)
“Br

S0,Ph
- H (15.102)
o)

H” ~CcO,Me

R

(15.103)

X
Ij S*r (15.104)
N



Protection of alkynes

\’%AGH BF ;+OEt,

J CAN, Me,CO

93
(15.105)) | R DV%%

Dicobalt octacarbonyl reacts with the alkyne to give an
organometallic complex without the alkyne © bonds.

The alkyne is regenerated after the reaction by oxidation
of the organometallic complex



Reaction synopses: Protection of
alkenes

Halogen and halogen-like adducts
A_B X, CHoClp
DIC = M, H-acid -
protection: Br,, CH,Cl,; etc.
deprotection: Zn, HOAc; Mg, Et,0; etc.

epoxides
A__B A__B
[O]
ot
D7 C [H] sl
protection: ~ m-CPBA (simple alkenes); or

H,0O,, KOH (conjugated enones or esters
deprotection: N,=C(CO,Me),, Rh,(OAc),, PhH, A; or

Mo(CO),, PhH, A; etc.
vicinal diols and acetonides
O B
AIB oso, A s Me,C(OMe),, TSOH Ai0><
D >c  1)ImC=S D T>c  H2SO4 HO, THF  #+~0
2) (MeO)zP OH s



Reaction synopses: Protection of
alkynes

€o.(CO), (OC)3Co-Co(CO);

O o A

R R
protection: Co,(CO),, CH,Cl,; etc.
deprotection: K;Fe(CN),; or CAN; etc.




