e substitution
e S, 2-C(sp?
e addition-elimination — C(sp?)=0

Substitution at saturated carbons

| |
R—Cl)—X + Nu- —— Nu—(|3—R + X~

Substitution at carbonyl groups

ﬁ 7 i
C + Nu:~ R—C—X C + X
/N | 7N\
R X Nu R Nu

FG Interconversion

(1) conversion of ROH to reactive alkylating agents

(2) S,2 reactions (various FG transformations)

(3) cleavage of C-0O bonds in ethers and esters by S\ 2 and S,1 reactions
(4) carbonyl substitution reactions

(5) protective groups reactions (,summer part of OS")



(1) Conversion of Alcohols to Alkylating Agents

A. Sulfonate esters

- OH poor leaving group Leaving group K
CF,S0; (triflate) 1.4 x 10
) . . p-Nitrobenzensulfonate (nosylate) 4.4 x 10°
pr_eparatlon of SE: p-Toluenesulfonate (tosylate) 3.7 x 10*
primary, secondary ROH —» ROZs CH,S0; (mesylate) 3.0% 10*
(tertiary ROH — alkenes) I~ 91
Br~ 14
CF,CO5 2.1
- standard methods: CI- 1.0
TsCl/py, MsCl/py, E- 9x 107
p-Nitrobenzoate 55x107°
T1,0/py-CH,Cl, CH,CO; 1.4%10°°

- alternative method:

ROLi + CISO, O CH; — ROSO, Kj%cm3



(1) Conversion of Alcohols to Alkylating Agents

B. Halides

- ROH most common precursores
Preparation of RX:

1) harsh conditions (HX)

unsubstituted primary ROH — RBr (hot HBr), S\ 2
unsubstituted primary ROH — RCI (HCI-ZnCl,), S, 2
unsubstituted tertiary ROH —» RX (HX) S 1

(for non-acid-sensitive ROH, rearrangements)

2) non-metallic halides (SOCI,, PCl3, PBr;) S\2
non-participing solvents (chlorinated solvents, pyridine)

O

I
ROH + SOCl, — ROSCI + HCI

O

~
CI R-OS-Cl — R-Cl+ SO, + Cl



(1) Conversion of Alcohols to Alkylating Agents
B. Halides
Preparation of RX:

2) non-metallic halides (SOCI,, PCl;, PBr,)
participing solvents (ethers) 2x S\ 2 0O

]
ROH + SOCI, — ROSCI + HCI

0
/T \ | /— \ /N
Q O + ROSCl — §  ©O-R +8S0, + C- —= R-Cl +3 O
__/ \__/ __/

retention
modification (SOCl,/benztriazole) Ng/N:@
NN

|
<:>—0H + SOCI, H - Qm

92%




(1) Conversion of Alcohols to Alkylating Agents

B. Halides

Preparation of RC| (summary):
- all possibilities (Syi - internal nucleophilic substitution, DCM)

D O
4 J‘?lr R
El’-— Cl — el T + HCI ",-'
H fDH — - ._; Hn;ﬁ,ﬂ' G| S 5 il C| ‘”H
/R : R'
_—— \ “ L S
| e
0O
0 S
R ! R S
AN N . “07Cl
T )t
R R
SHE EhE SNl
R R R
R’ R R
FetenioT

imyersion retention


https://en.wikipedia.org/wiki/File:SNi_reaction_mechanism.svg

(1) Conversion of Alcohols to Alkylating Agents
B. Halides
Preparation of RX:

2) non-metallic halides (SOCI,, PCl;, PBr,)

PRI, ROH + PBr, —~ (RO);P + 3 HBr

(RO);P + HBr — RBr + O=P(OR),

I
H

c|>H
o=F|>(OR)2 + HBr — RBr + o=||DOR
H H

1 |
O=FI’—OR + HBr — RBr + O=P(OH),
H



(1) Conversion of Alcohols to Alkylating Agents
B. Halides
Preparation of RX:

3) via alkoxyphosphonium ions (P(lll)-electrophile)

E
/
RoP +E—Y— RP| <= RP'—E+Y

Y
R3P*—E + ROH—R3P*—OR + HE

R,3P+_OR + Nu™ — R’3P=O + R—Nu

Electrophiles: halogens, positive halogen sources, DEAD



(1) Conversion of Alcohols to Alkylating Agents
B. Halides

Preparation of RBr:

3) via alkoxyphosphonium ions (Ph;P/Br,) inversion [Br B }
A =0

PPh3 + BI’2 _— Br2PPh3
Br.PPh, + ROH —= ROP*Ph,Br + HBr
Br + ROP*Phy—= RBr + PhP=0

Example
H,;C CgHy7 H,C CgHy7

HO B



(1) Conversion of Alcohols to Alkylating Agents
B. Halides
Preparation of RCI:

3) via alkoxyphosphonium ions (Ph;P/Cl, or CCl,, CI;CCOCCI;)
PhsP + CCl, — PhsP*—Cl + ~CClj
I I
PhsP + Cl,CCCCl; — PhsP*—Cl| + ~CCI,CCCl,

PhsP™—Cl| + ROH —— PhsPT—OR + HCI
Ph,P*—OR + cm — PhsP=0 + R-—CI

Example
O

CH I CH
M c,ccccl, oM

H CH,OH  PPh, H  CH,CI
99%




(1) Conversion of Alcohols to Alkylating Agents
B. Halides
Preparation of RI:

3) via alkoxyphosphonium ions (modifications)

imidazole
work-up (base)

O
I

/X
N Ny, + ROH — RI + Ph,PH

\—/

Ph,PCI + H—
Example

CH30 CH,OH N ,Q
° 2 (/T\I Y CH,O CH,l

I
H

75%

10



(1) Conversion of Alcohols to Alkylating Agents
B. Halides
Preparation of RX:

3) via alkoxyphosphonium ions — Mitsunobu reaction (DEAD)
- very mild conditions
- with different types of nuclephiles (RlI, RCOOH, RCONHR, ArOH, ArSH, etc.)

PhsP + ROH + C,H.0,CN=NCO,C,Hs — PhsPOR + C,Hs0,CNNHCO,C,H;

C2H5020NNHCO202H5 + CH3| — CQHSOQCTNHCOQCQHS + I~

CHj
Ph;P"OR + I — Rl + PhyP=0

Example
1) PhgP, CHj

CH3 g
- %é CoHsCON=NCO,C,H;

2) CHyl | 90%

11



(1) Conversion of Alcohols to Alkylating Agents
B. Halides
Preparation of RX:

4) via benzoxazolium cations

- very mild conditions
- preparation of RCl and RBr

C2Hs CoHs CoHg
+|l| +|1] I.|\l
Example C,H

R,N*CI”
CHs(CHz)s?HCH3+ +I\!‘>—CI 2~ CHjy(CH,)sCHCH,4
OH S EtsN |

Cl

76% 12



(1) Conversion of Alcohols to Alkylating Agents
B. Halides
Preparation of RX:

5) double conversion via sulfonates

- allylic alcohols

- preparation of RCl and RBr (LiCl, LiBr)
- solvents: DMF, acetone

Example
Ph,C=CHCH,CH,OH 1)tosyl chloride  ph,C=CHCH,CH,Br
2) LiBr 89%
CHOH CH,Br

1) tosyl chloride
2) LiBr, acetone E>
94%

13



\
(2) Introduction of FG by Nucleophilic Substitution (C-sp3)

General

- S\ 2 preffered (to avoid carbocations)

- LG:RSO; 21">Br >CI”

- RCI (allylic, benzylic)

- iImportant solvent effects:

1) hydrocarbons, halogenated solvents, ethers — unsuitable

2) acetone, acetonitrile — more polar, low solubility of ionic compounds

3) alcohols — good solubility, nucleophility of hard anions low (solvation)

4) polar aprotic solvents (DMF, DMSO, HMPA, N,N-dimethylacetamide,
N-methylpyrrolidone) — good solvents for salts, selective cation
solvation, anions usually show enhanced nucleophilicity

crown ethers, PTC

NS
(o 003 [O j C[ :O
K/O\) K/o\)

14

15-crown-5 18-crown-6 dicyclohexano-18-crown-6



\
(2) Introduction of FG by Nucleophilic Substitution (C-sp3)

Nitriles

RX, RSO;R" + CN-
solvents: ROH/H,O

Na, K, Ag salts
Examples
H,0, C,H-OH
@—CHQCI + NaCN @CHQCN
reflux 4h
80-90%
NaCN
DMSO
CH5CH,CH,CH,CI CH3CH,CH,CH,CN
90-160°C 93%
NaCN
H,O, decane
CHs(CH,)sCH,CI ~ CHj(CH,)sCH,CN

C16HasP™(C4Ho)3
105°C, 2h

95% e



\
(2) Introduction of FG by Nucleophilic Substitution (C-sp3)

Oxygen Nucleophiles

H,O, RO, RCOO"
nucleophile x base (substitution x elimination)
Na, K, Ag salts

ROH from RX

not frequently used
BnX — BnOH
Examples

K,CO4
NCOCHZCI NC CH,OH
H,0,100°C

2 5h 85%

O o)
[ NaOH, H,0 [
A B " e ()
| 4 h, 25°C |
Cl OH

92% 16



\
(2) Introduction of FG by Nucleophilic Substitution (C-sp3)

Oxygen Nucleophiles

ROR” from RX
wide synthetic importance
alkoxides (phenoxides)
Williamson ether synthesis

Examples
CH, O NaH, TMF, CH}<O
CH o) DMSO, CHj o O
* 0 e " cH
XCHS PhCH,CI b, ST
HO "'0 CHS heat, 3 h PhCH,O O CH;, 95%
OH OCH,CH,CH,CH,

NO, K,CO, NO,
+ CH,CH,CH,CH,Br —
75-80%

17



\
(2) Introduction of FG by Nucleophilic Substitution (C-sp3)

Oxygen Nucleophiles
RCOOR’ from RCOOH
via diazocompounds (R""CH,N,)

fast, clean, reactive alkyldiazonium intermediate
toxic, explosive (TMS-diazocompounds)

+

preparation of CH,N,

Q.0 NH
Y No. NaOH KOH iy
/O/ NS0 ——= HC=N, =—— OEN‘H r}u’N“‘o
HsC Cf CHg

18


http://upload.wikimedia.org/wikipedia/commons/d/d9/Preparation_of_diazomethane_from_Diazald_and_MNNG.svg

\
(2) Introduction of FG by Nucleophilic Substitution (C-sp3)

Oxygen Nucleophiles
RCOOR’ from RCOOH

Examples

[>—CH,CO,H + CH,N, — [>— CH,CO,CH,

79%

R

BnO O
BHC&C)B/O
BnO O BnO "
Bnmo O
BnO AllO
vii(15 R = CH,OH SEt
viii(16 R =COOH (83%)
17 R=COOBn (49%)

(vii) TEMPO, BAIB, CH,Cl,/H,O: (viii) PhCHN,, EtOAc. 1



\
(2) Introduction of FG by Nucleophilic Substitution (C-sp3)

Oxygen Nucleophiles

RCOOR’ from RCOO- and R X

- RXor RSO;R™

- carboxylate anions not very reactive nucleophiles

- solvents: DMF, acetone (R’I)

- reactivity order for carboxylate salts: Na* < K* < Rb*< Cs*

- Cs* (minimum ion pairing, high solubulity)

- even for hindered esters (not available via Fisher esterification)

Example
O 0
| |

18-crown-6
(CH,),CCO, K" + BrCHzc@ Br (CHS)SCCOECH,?C@ Br

95%

20



\
(2) Introduction of FG by Nucleophilic Substitution (C-sp3)

Oxygen Nucleophiles

Examples
CH, CH, CH,
acetone |
CH, CO, K" + CH3(|3H(CH2)5CH3 56°C CH, O,CH(CH,)sCH,4
CH, | CH, 100%
~u, 0O CO,CH
-, O COLH CHgl, KF, cp, O 2~113
CHs © DMF, 25°C >L J o
A O —_— N CH
CHX ¥ CH 18h cHy O KT
AN 3 3
300 Nk CH,
CHs 84%

21



\
(2) Introduction of FG by Nucleophilic Substitution (C-sp3)

Oxygen Nucleophiles

RCOOR’ from ROH via Mitsunobu reaction
mild conditions

Examples
OH Ph,P
S - CHs DEAD
CH = 0:= X
* H HCo,cH, PhCOMH
89%
CH
33 CHs
PhsP ;
: DEAD
HO™
CH,=CCH, Zn(O5SAr), ArSOg

CH2=CCH3 96%
22



\
(2) Introduction of FG by Nucleophilic Substitution (C-sp3)

Nitrogen Nucleophiles

1) Direct alkylation of neutral amines by R"X
- complications (multiple alkylation)
- usefull for R",N* X-
H+
RNH, + R"—X — RHR’ + X~

H+ ) +
RIN_IR’ + RNH,= RHR + RNH;

+ +
RHR’z + RNH; == RNR’, + RNH,

+
+ RNR’, + R—X — RNR’. + X~
RNR’ + R—X — RHR’Q + X~ . ’
H

- preparation of RR"NH/RNH, (reductive amination)

H

|
R,C=0 + RNH, + H* == R,C=NR’

H

|
R,C=NR’ + BHsCN- —=  RCHNHR' 23



\
(2) Introduction of FG by Nucleophilic Substitution (C-sp3)

Nitrogen Nucleophiles

2) Gabriel synthesis 7 9 N .
| :: N_<R, 2 NaOH | ; g: HN—(R

,imidation” with stabilized PhthN- o 5 N
amides (less nucleophilic) ‘ 2 .
deprotection (N,H,/ROH) L Cﬁwm: o

various heterocycles (indole, benzimidazole, succinimide, etc.)
solvents: DMF, ionic liquids

Example
O 0

@i'\”ﬁ + BrCH,CH,Br  — @;‘(NCHQCHQBr

O O  70-80% ”



\
(2) Introduction of FG by Nucleophilic Substitution (C-sp3)

Nitrogen Nucleophiles

Watch out!
Examples
N-alkylation ) NaH, O
benzene
NCH,
2) CHsl

(CH50),S0,

O-alkylation benzene K,COy,
o 2 OCH,4
NH 80°C N

60—-70%

25



I
(2) Introduction of FG by Nucleophilic Substitution (C-sp?3)
Nitrogen Nucleophiles

3) Nucleophiles used in Mitsunobu reaction
a) sulfonamides
b) carbamates
c) various heterocycles (indoles, etc.)
d) azides

Example

on TsNCH,CH(OCHs),

: OCH.Ph DEAD, PPhs . OCH,Ph
TsNHCH,CH(OCHy),
CH; OCH,Ph CHj OCH,Ph

OCHj, OCHj,3

26



\
(2) Introduction of FG by Nucleophilic Substitution (C-sp3)

Nitrogen Nucleophiles
3) Nucleophiles used in Mitsunobu reaction

Example

CHg,
I (|3H3

O N0
_ O N 20
o)) 0 :
2 | | + Ph;P PhCHQO
N \ iPrO,CN=NCO,iPr VL W
O |

H CO,C(CHy)s PhCH,OCH,
PhCH,OCH, O~ OH

CO,C(CHg)s
PhCH,0  OCHzPh
PhCH,0  OCH:Ph

27



\
(2) Introduction of FG by Nucleophilic Substitution (C-sp3)

Nitrogen Nucleophiles

4) Ny
- Na*, Lit

Sy2 mechanism

solvents: DMF, DMSO, alcohols

PT conditions

Examples
OH N,

(3|'|:J,\%\/\/?\/\¢CH2 1) CH3SOLCl, (CoHg)3N CH3\T//\/\/'\/\//CH2

: 2) NaN., HMPA :
CHy CHj3 ) NaN, CHg CHj; 57%

R,N*CI
CH;CH,CH,CH,Br + NaN, W-- CH5;CH,CH,CH,N,
2 ’
100°C, 6 h 97%

28



\
(2) Introduction of FG by Nucleophilic Substitution (C-sp3)

Nitrogen Nucleophiles

4) Ny
Mitsunobu conditions
diarylphosphoryl azides

Examples
CH CH
;0 PhyP 2
\ DEAD N
: (PhO),PN, SN
HO z | N3 =
H o) H  60%
o

OH I Nj

(PhO),PN4 B
/ CHs Ry (/t@/\/\ CH,
O O 90%

29



I
(2) Introduction of FG by Nucleophilic Substitution (C-sp?)
Sulfur Nucleophiles
Thiolates (RS

strong nucleophiles
negative x neutral sulfur compounds (sulfides, thioamides, even sulfoxides etc.)

Examples
C,HsOH
CH;S™Na* + CICH,CH,OH —~ .  CH4;SCH,CH,OH
75-80%
25°C . 25°C .
(CHa)oS + CHgl —~  (CHy)3S™l (CH3),S=0 + CHgl —— (CH,).S=O01I
12-16 h 72h

30



\
(2) Introduction of FG by Nucleophilic Substitution (C-sp3)

Phosphorus Nucleophiles

trivalent P
good nucleophiles (neutral, anionic)

room temp

PhsP + CHlBr PhsPCH, B

2 days

Michaelis-Arbuzov reaction
phosphite esters (via unstable trialkoxyphopsphonium intermediate)

0
(RO),PCH,R  +  RX

(RO)sP + XCH,R —— (RO);P*CH,R
X

O

[(CHg),CHOLP + CHgl —»  [(CHg),CHOLLPCH; + (CHj),CHI
85-90% 31



