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Reactive Intermediates

carbocation radical

carbanion carbene




carbocation

Nomenclature

carbonium ions > carbenium ions

-onhium
T H
H | +
\\|

ammonium ion

G. A. Olah (1971)
H

H—C—H + FSOzH-SbF; —

IL “magic acid”

methanonium ion

“carbonium ion”




Structure

planar (sp?) O

120 ° }5—

e X-ray

CH,

H3C_(|: + Sb2F11
CH;

Laube T. et al J. Am. Chem. Soc. 1993, 115, 7240.

CH,

| '35
H3C——(|3+ SbFsCl

CH3 Yannoni, C. S. et al J. Am. Chem. Soc. 1989, 111, 6440.




@ racemization of chiral alkyl halides under solvolytic conditions

Sy1 conditions




Stability of a Carbocation

S[HEPOEESFEHIRILF— (1A VHERH)

Ion+ D(R* - H)(kcal/mol) S &(ppm) 13C NMR
CH; 314.6 &

CH;3CH; 276.7 ik sy

(CH3),CH" 249.2 CH, e
" H 255

(CH3)3C 231.9 A o b

CH2=CHCH;r 256 H;C CH; 3

CH,=CH" 287 in SO,CIF-SbF;

PhCH5 238

SISV II>2H/>TVIL>TH/RS>EZIL (KH8)

Inductive Effects
Hyperconjugation




Carbanions

Structure
sp® hybridization

e C
0>
Covalent-Ionic

£ -
C—M -~ - C + M depending on the nature of the metal, the medium,
covalent ionic and the substituents

XAy (BEREEE)

Mg (1.2) > Li (1.0) > Na (0.9) > K (0.8)
-— HEESH A AVESH =

HIVNRNZAYVDEREE

Na_
0 #0 S
HﬁMOEt ‘_H3C)\/U\0Et
Na

1A ViEEan




=5 (aggregation)

ZIWFIWIFULRRIEKR IT—TFTILREERFTSEELTVS.
RERRET, #RLER, NMR ('13C-SLi Ay 7Y > %), X-ray

MelLi (& THF T, 4&#&




AIWNRZAYDLEEHICEEZ RIFTEF
1. FEMIfES & DHER
# Y = C: allylic, benzylic carbanion

8 s Y = O: enolate

Y = N: metalloenamine

2. RFRDEMK

RC=C > RC=CH > RCH,—CH,
pKa 25 44 50

s-character sp (50%) sp? (33%) sp3 (25%)

3. Inductive and Field Effect

O

I

Me




4. S,PREDATFORFICLDEEIL
pr-dniEs
—fglc, E=EHORTE, p MEHOERD NSV HRER-EFEEESEL.
Lh L, FZABHOEREFICHERINEDZEESH H 5.
EEOnHES : 1EDEFHA-T (EFRIE) pHMERLTOERDICKSEE
pr-dm #8 : 2EDBIHA >l pHELEDAMEDERD IC L A

pr-d e

FAHBFHERORRRFOMICEETZHD1 58LV 1 6 IERFHESULIILEY

+ - + =
R3P:CR2 R3P_CR2 RZS:CRZ RzS—CRZ

o4

111
||

SEED ab initio 5T8H 5, WETR prn-d tHEERARHEOEETRBWVWEZINTWS,
ftiic, polarizability, negative hyperconjugation Ic X 2 ZE{LEBHIRIEES N TLS.




5. FEEH
4n+2m EFH

0.=©

6 BF

BEEED a-AIVIN=A >V RE({LRE
NO, > RCO > COOR > 802 >CN = CONH2 >Hal>H >R

XAFAVDENR
(o) M ti2(x10°9)

(@)
M Et Li 31
Ph Ph Na 0.39

CH, K 0.0045




Radicals

Early Evidence for the Existence of Radicals
Gomberg (1900)

N
<

15 @%

o Y

CPh3

X A\
Lankamp, Nauta, and MaclLean (1968) ( i ;




Stable Radicals

Ph

1
.INN
N Ph
NO,

NO, comercially available

Detection of Radicals

EPR (Electron Paramagnetic Resonance) (ESR: Electron Spin Resonance)

Structure of Radicals

planar

Generation of Radicals




Carbenes

(9§D B30 </®

singlet triplet




Generation of Carbenes

R
\_ (?I' o0 A .
—N=N": R,C:
4 hv singlet
carbene

e e

Cl i
H—:C—CI + base —» _:,‘C—CI — CCl; + CI |
Cl Cl

+ .. triplet
+ H,C=N=N: —— SH + 3CH£T + N crallll?beene

M

b

N

S: photosensitizer




Reactions of Carbenes

Stereospecific

H H

p— :CH,

H;C  CHj singlet

.CH,
singlet

H CH3

/,, @ g

H CH3
singlet

carbene All spins paired



.CH,
triplet

H CH3

/,,q) g

H CH3

triplet
carbene l

slow

—_—

¢ \CH3 spin flip

rotation l

", sCHs slow
fl
S spin flip

H,C



Effects of Structures on Reactivity

@ Electronic Effect
inductive, field, resonance

@ Steric Effect

@ Stereoelectronic Effect




Inductive and Field Effect

@ Inductive Effect
Electronic effects transmitted through the sigma bonds

@ Field Effect

Electronic effects transmitted through space or solvent

molecules

8+ &

H. O+ cP-

O Q COOH

pKa=6.07




Steric Effect (1)

@ In the cases that a reaction proceeds much faster or much
slower than expected on the basis of electrical effects alone

An example in which steric effects decrease reaction rates

R—Br + EtOH R—OEt

R relative rate
CH, 17.6
CH;CH, 1
CH;CH,CH, 0.28
(CH3),CHCH, 0.03
(CH3)3CCH, 4.2 x 106




Steric Effect (2)

@ Esterification of 2,4,6-trimethylbenzoate

COOMe

CHy (]
Me + Me Me O—H
MeOH, H;0 , e /e 3
1y
Me Rk

o

& sp hybridization

conc. H,SO; Me Me MeOoH Me

L
' o




Steric Effect (3)
An example in which steric effects increase reaction rates

Hydorolysis of RCl by an S\ 1 mechanism

CH,
CH, CH4CH, |
H3C+CI CH3CH2+C| RIsCap 0.45
H3C_$H
CH,

cH

H,C—CH

H3c+0|
CH,

“%m

relief of steric congestion resulting from
sp? (109.5 °) from sp? (120°)

"B-strain" (back strain)




I-Strain (Internal strain)

Me Me Me
MeJrc. Q4C, OLC.
Me

relative rate 1.0
for Sy1 reaction

7

H
H Me H
s sl Me
Cl .
aF

H

relief of torsional strain




Conformational Effects

PhCONH Me Me NHCOPhH
HCI

OH (0],

Ph H Ph H




A-Value

VDS H S DER

OUANFYVRED ax, eq HOBHRIRILF—DE

A = AG = -RT In K = -RT In [eq]/[ax]

EBRlBNEE5IFE eq DADBRELLED,
A DEIRRELES.

gauche 1HE{EH




Stereoelectronic Effect
(AAEEFIR)

BELTWS, BBIVWBEEULTWERWEFRDILFEENSET
GEYIES

. S\ 2 R

.S, R

« 7/ N —51R (Anomeric Effects)




SEHEEFA (1)
RFHNELSHTFHENTEZHE

FF1DREFHE + RF2DRFHE > ZDODDFHE

D (W0 —— IO

P FEDOHEEEA (RIRICRIEHET HIHT)

210 HOMO + 9%2® LUMO = Z20#H U WS FEE

v




PEHEEA (2)

—DODHELGHEERAT S E, AMETHEAVENEEFENETESULIEHED DM T
= 3.

FREOEHE (EetEihE) oIRILF—IXEL, FNEOHE (RESEHE) DI X
ILE—IFF W,




PEHEIEA (3)

Z—DO0MENHEIERT 5 L E,
1) IRILF—EDNSITNIENSTWFE,

2) ERDHREFNEKREVZEE, HEFRIFELBS (REL, FRELDES
WHKELES) .




PLEHEIER (4)

ITXINF—DERBZHEHVHEFALIES, RUEOHERS EDHEDS SEVSD
HESL D IXRILF—DEL, FEUEOHERS EDFWESDHELD IRILF—DE
V., FERMEOHMEREBEVWADHEZ XM ICKS, EUHDIERSWADHEZ EMS

935,

C=0 n-bond




HOMO-LUMO and HOMO-HOMO Interaction

HOMO-LUMO Interaction HOMO-HOMO Interaction

RE{LIRILF—=2xAE>0 BEIRILF—=2xAE-2xAE'<0




Sy2 Rt (back-side attack, (L% : Kkt

5-

R/ LUMO (c*)

R




S Ritv (back-side or front-side attack, IZff{b : KEx, ®FF) (1)

inversion
1

EI<)R ocODxQ

LUMO R3 HOMO




S Ritv (back-side or front-side attack, IZff{t | K&, #FF) (2)

o+

1
R\ X

R%'y
R3

’
’
C :
S
~
~

EP*

retention




S Kty (back-side or front-side attack, iZ{&{t=¥ : R, REF) (3)

CO,Li retention

inversion




7/ ¥—%R (The Anomeric Effect)(1)

oanxky toEBRER, 1,3-O7F D vIVBEERICED, —#RICTY7 U7 IVE
EDLHEE.

H
%kcﬂg_ -

+1.7 kcal/mol

RICT BAERRRFHEASNS E, C-0 5D C-C HEELDE WD,
WHEERMNMERL, REEDERIDKRELES.

H
%k iy
o +2.8 kcal/mol

C-OfsaRk < C-CHEa




7/ ¥—%8 (The Anomeric Effect)(2)

LU, ThZEROES Y EOERENBEREFOLSLBETEHEHEDK
EREFDIFER, BICTP7XFIvIVERELD & DERIICHKS.
Che7/ I—HMREWVS,

AG° = +0.6 kcal/mol




7/ =318 (The Anomeric Effect)(3)
P/ V—NMRIBIBEFNRICK >TEREAES N TLWS,

o* C-0
T = Y0
0
OMe O

OMe

O

o* (C-0) & o* (C-H)TIF, BREEEDOKREREF
MEELTWS, BIEDADIXRILF—HEL, BRERD
A—>~R7— (HOMO) L DHEEERABKEL G S.




7/ I¥—%8 (The Anomeric Effect)(4)

H

= -1.8 kcal/mol




7/ N¥—%R (The Anomeric Effect)(5b)

ITxY7/N—E

D=8

O-R & nEiEE N

OR OO—YAR7—3ED C-0 fF/ET7 U FICiED




RIGIEICKT T SEEDFRDESHIEND K LY

EMZERERORMEEZEZS
COOH

K e s

X

X
H
p-CH;

4
p-NH, (O‘,,Ni- B

T - /Nt —_ /0:
0 o] o) H.Co

o fE:pKa(X=H) - pKa(X)

BFREIEOERENHD E, HRIE
BEDEWTDAZ{RET 5DT, it
HRELLS.

BEtROIRIE, Bft7x/—ILTHH
BEIN3I39THS.




EREZEEEKD pKa I SERT7 T /—ILD pKa 70O k

OH 11.0

10.5

m-N02

® p-CN

7.5 . BNO.

7.0 1 1 1 1 1 1 |
3.00 3.25 350 3.75 4.00 4.25 4.50 4.75

PKaarcooH)

FIREERICDZEVWSZ LR, AILRFIIEEKEREICHULINS DEBRENFRUVEEOEZEZRIZLTWS,
EROEPNN 2.2 W52 &, 7z /—ILOAHEBREICHTIRZEIEVEVNS I EZRLTWS,
Zhid phenolate ion DFD 1 FEFEITRVEVRIGEWEOHTH 3.




OEERRDOTFHERE pKaacoon KHLTTOY FT2E, ERBENESNS.

CH,CH,COOH

R

Xl/ J  m\m=x 4021 5 Bz +2.77

CHDERBRIEUTORDELSICRT ZENTES.

logKa = plogKa . coon + T

o lXEH, RISEE ; ArCOOH : B R EEEE
o0>1: ZORIGDEENLZEFTEDAIAVELDBEBREDHELZZ(ITVPT L,

o<1 ZORIBDFEFEHILLZEEFEDA A VLI DEBREDREZZITIC LY,




logKa = plogKa . cooy + EH

&
= 10gKaacoon) = 109Kapncoon) = PRapncoon) = PKaarcoon ZEAT S

logKa=po + TE¥ &RBS

BERENEWNGS 0 =0 IEBD, ZDIHBED logk Z, logK, &£95&

Hammett ¢

o= &mmﬂ( EICT T D RInDKE)
o= ERETEL

CORERIE, BEEDLSTBFEHICEDLDIEDEITTIEEL, EEEHICHERATESCED
bh-oTe.

log k/k,= poO




ERNEBRIRI/ILF—FRER

(Linear Free Energy Relationship)

Product

Reactant

AG” - AG'" o« AGy- AG,




o & o DEK

o : BERETEH

BfEICL >T5IEER IS NS 2MRIENR

KRELBUTEFRSIETHBIZ/IELELD, BEFHEFEDHETAICES. KE
S IFBEDIRDODRESTHS.

CH;
Om = -0.07

o RIGTEE

RISDBERNZERORES, BEREDETFHS, EFRSIECTT HRE.

EFRSIERICL >TRESNZRITIE, o DIEICTED, BEFHESEHRERICK >TRE
chaRibiE, o BRIEES.

BERELRBBRD S DBESRICHRBRIGIE, 1EDKRELES.




Hammett 70v FOFIA (1)

EEREREOBBIAEICKITEIBEFTEKEZRS I LHTES.

BZBEBRXFILO 7 IVA ) INKD &

o)

(0],

|

BFRSIEICEIDINEZNS

o fE: +2.38
BEFESIEICED RIohREZT NS
Lieh>T, B—ERREHEE

BFHEEICLDIES NS




Hammett 70 OFIE (2)
arylphenylmethyl chloride DIAE S &

o fE: -5.0
BEFHEEICIDRIGHEES TS S 1

RIS (path b)T, ALRAFA Y QERD
3




Hammett 70v FOFIA (3)

Hammett 7Oy FHERICKEST0HICIE, BREDNZDLOTEXNZZXLRBZELGEWVWEWVWSHIE
hH3. RivkED D WIEREREHNZ(LT DI5ER, ERICESEL,

£ ALY Y DER
0 NHNHCONH, MG

H . H,NNHCONH, | AN
N\

EFRSIHEEIC K D INLE EFHSMHEREICK DINE

pH=1.75 p=+0.91
EIAINRIRHPTOER—IEINBDTA
m-NO; o HEEERD, BEFRSIEICEIDINESZNS.

pH=7.0 p=-0.07

FEMETIREREDBENRISERSN
SDTERBEDTEZHEDZITE.

pH=3.9 [ERftzrEWV
BFIRS|EEIF A ZIET 5D T B HIEEEE
I3 h, BERYETHIEE7OER—KMLTW
BcHEBEFREIMERIC K ZEEDEILIF LR,
Lfeh'>T, 0=0.
| | | —73, BFHSHER A ZBEITSIDT, AD
0.2 04 0.6 ’ BEEMREICKED, ps1ICk5.




Hammett 7O0Y kHSDXL (1)

o-EFIIIHFMRNET 2D THEHRTEL. HHED p-FEKRTHER
Hh5IThBIBEHH 5.

ZhOBICEBIEERZELIE
HEERICEWTKEL

WE ICEERNGREERDFET 51, BERHSIL B,
EBH DRI SFEISHLD Ld:%b‘hjﬁb\ﬁ’é‘caié.

ORI, m-BREIKEEL, o EZROCERZRERICHFELLL.
Lich->T, 5D o [EOBAHRELRS.




Hammett 70Y kHSDXL (2)

EFHSEERECHEFADHSEE

Me - C (o Me- C+ Me- C OH




o, ot mEA
o~ BEFRIET BRI S EFRS|E
BEELBIRIGIE p-Bit 7/ —ILE&EY p-BRFP=U=ILEDC A1

of | EBFEHIET IR EFHEE
BRE LSRN p-BiftY )L AY K Ok

X (0 o o +
NMe, -1.7

OH
NH, irs
CH3
OH

X

Ph
CH;0
F
I
CO,H
Cl
COCH;
Br
CO,R
CF;
CN
NO,

X







It DR E %

KRIibt##E (Reaction Mechanism)
c EDLSICLTRIDAEES DD ?
s RIiblcHBTHiES DY, RO EMFRNEIER

c FRIDSERPICWE SRR (PEE, EBRRE) OREEIXILF—Z(t

* RIVBRBZRET SDICAVWSNSFER S SAHDID, ZLDFE—DDHEL
[FTHREWVND Z ERBZRL,

- RIbEREI “REE” FTETH, (FULT "GER” ETERL,

s BICHEM SN TWBRICERETH, MILLWRBRERICEDEDSAIREED B S.




* RIDICHIFTDINTODERY, ZULTENSDERRLDDDLS
BIINiE, RIVERZRET S EIEFTSER,

* RIDEEIBIEINTDERYIDERZHEATERITNIEZE SR,




2. FRFEDOFEDHR (1)

a. PEED HEE
Rtz EADERETIESH D, FFEBICENBRETRILZT

Hofmann E&fiL

L El e

BESINILSYDZORICOPEETHSeHICK, RAFET, ERELDELGW
BETERYICERINRITNIEE SR,




2. FREDOFEDHES (2)

b. REFEDHELE
FEEEEE VL TWSIESUDIERE ICAREL FESNSES,
COFEBFEREPHICRIGUTREREES 2S5 ZASILEYMZMAS

Ny YA VRGO

Qe —(g)E

benzyne
Y TILEEIE D madelate racemase Ic & % 7 S {LDHE

OH
AH i mandelate e
o CcO,
racemase
OH

.\\H
CO, mandelate
racemase

Br




c. HEEDRLE S B 2. FREDFEDHES: (2)

Allylic peroxide Q¥R

BRI ERE AR A IETE D M
OOH 00" 0-0 0-0

R1/\)\R2 RV\)\R"’ F!"k)\Fi2 RVK.)\RZ
H )(/ 0,/35 atm

0-0
R1
00 -

FRGEDRREICK G EERIC K SMIRER

O, (1 atm) 0-0

OOH 0-0 0-0
1 2 y + R 2 * o 2
H OOH

IiIgBr




3. RIEE

@ RIDEEEHERDBILICED, EBRREDIFHEKRT BDOEEBIARE
ICAEDDFHESENTWSH D DD S.

@ EHDEETCORIGEEEH ZKRHBLIcED, FHtEEBRIXRILF—,
FEEIVY2IE—, Bty hOE—%Z28EHIBENTES.




AT +rEBE . "

CORIGDZEEE A, B DEEEDEREIFEEZEZSNDD, RICSERED A OEEIC
DHMEEFET DI5EE, A,BEADEEICKETIEEZEZX, TNENDESDEED
BERZ(EZHANRS.

St i g — =5.A. [A] DEEZIFEICHLTZ7OY T3
A DEEICDOHMKEFET BI5ES SRR k

Rate = -d[A]/dt = k[A]

“TA] A] d[A] = kdt

B\/RIdL
-inN[Al=kt + C

t=0 DK A=A, &T3E
IN[A] = -kt + In[A,]

HU, ERERDBIDIZ7DLSICBENE, ZORIGIE 1 RRIGT, EBREICIE
13FD [A] UBFELRZL,




AT +rEBE . "

A, B ADREICKET 555

([A] = [B] [A,] = [B,] £93) 1/[A] ZBEICHLTTOY 3

Rate = -d[A]/dt = -d[B]dt = k[A][B] EEDRIGEEEH k

-d[Al/dt = k[A]?
= kdt

1/[Al=kt + C
1/IA,] = C

1/[Al =kt + 1/[A,]

t

HLU, RRERDIDIF7DLS3ICBNIE, ZORMIE A, B ZhZhicLTT RD
2RRIT, BBRAREICIE A, B D23FHFHET 527 FRILTHS.




O

N

H5C

RitEE I Rate = kK[MeCOMel[H*] TAYRREFThiEW,
Lichi>T, CORMBIIPEL EH2EBEORIEGT, RIGEEICHELNHDIAT Y/
GEW) IKIFIAVFRIEFEFNEHEWVWEVWSCEZRLTWS,

+,H [ BN ]
(0| H* OH
HC') CH; slow  H,C7 "CH; fast
H

v




Rate = d[C]/dt = k,[B]

[B] REFEEEHICEILT S

d[BY/dt = ki[A] -k,[B]




@  «/k,=033

100

(=) R
T T

Concentrations
=
&

Concentrations

)
T

0 /

Time's=c >

Time ——

@, @ M54, [B] DEEDOELIF/NEL

k,/k, = 0.033

EEIREERR (steady state approximation)
d[B]/dt = k,[A] -k,[B] = O

®
o

k,[B] = k,[A]
Rate = d[C]/dt = k,[B] = k,[A]
SEOEEIIFRHEVERBEOEREICEL L

[Cl, = [Al, - [A]
[Cl.. EERIEBELICET < ERMORE

=N
T

'S
T

Concentrations

3
T

=




& DB R

Rate = d[D]/dt = k,[C]
[C] ICERIAREELZ:EF
d[C]/dt = k,[Al[B] - k,[C] - k,[C] =0
[C] = (k,[AI[B])/(k; + K_;)
d[D]/dt = {k,k,/(k; + k_;)}[A][B]

HL, k, «k %5 Kk, +k, 5k,
d[D]/dt = (k,k,/k {)[AIIB] = k,(k;/k_;)[A][B] = k,K,,[A][B]

BL, k,»k,%B5 Kk, +k, 5Kk,
d[D]/dt = k, [A][B]




Arrhenius OE:H

RIGEE &R & ORI
RIGEEAREICDWCTIERESMICIENT 3 2 L2 RRNICKE (188 9%)
(ink Z 1/T e¥LT70Oy h 3 LESHESNS) | G

complex

RE = A x (Activated complex D#X)

Potential

A HBIEH =

Product

(Activated complex ®#)/(Reactant ®#X)
= exp(-AE/RT) RMILYY DL HT

Reactant

Progress of Reacton ——

AE: "Activated complex" & "Reactant" EDIRILF¥—Z=

(Activated complex D#X)
= exp(-AE/RT) x (Reactant ®#%X)

®E = A x exp(-AE/RT) x (Reactant ®#)
W J
28




Arrhenius i (2)

k = A exp(-E_/RT)

k: RIT:EREEE
E: EEEIRILF—

R: [IETEEL
T: X RE
A: SEERF

BANEZLS

Ink = -Ea/RT + InA

Ink Z 1/T I 7Oy fUTcEROEEZH 3 IC3 3.




BB INREIE

K* k'
Reactant Activated Complex Product

RIt:EE IF @ activated complex DRE, @ Chh53#E U T product 7% 5EE,
DZDDEFICL>TRES.

Activated Complex
RE = k' x [activated complex]

K#= [activated complex]/[reactant]
[activated complex] = K* x [reactant] G

activated complex »'93#8 UL T product IC%35
EERLTORGTH— el

Reactant

Progress of Reacton .

activated complex % # U T product (C73%EE

activated complex DEY LG IREND activated complex Z3 I Z&H < DICFKES
REQIRBBZFOLSICHESHE, Product Ik 3,
C DIRENED 2 #E T DEEICHET 5.
ZOIRBTRILF—IE KT ICT55.
(KIFRILYTVEE) LD -T, REEUS, v = kT/h=k'




EBAEER (2)

K'=KT/h
h: 752U DEH (6.626 x 1034 J - sec)
T : #@xHmeE
K :mILYIVEH (1.380 x 10°6)

RIitEE= k’ [activated complex]
= Kk T/h X [activated complex]

K¥= [activated complex]/[reactant]
RISEE = kT/h x K¥[reactant] = K* x kT/h x [reactant]

k = (kT/h)K*

G* = -RTInK*
K* = exp(-AG*/RT)

k = (kT/h)exp(-AG*RT)




EBAEER (3)

k. = (k T/h)exp(-AG*/RT)
AG* = AH* - TAS* AG* : FEH{EtBHIRILF—
AH* :SEH(ET >V Y ILE—
AS* :EME(ETIY bOE—
kr = (kT/h) exp(AS*/R) exp(-AH*/RT)
AH* = E,

k = A exp(-E_/RT) Arrhenius =

KT/hBICEITE T OZLIEEIEDREZLELLBT 5 &/ LY
MDTTArrhenius X &—%9 3.

A = K T/h exp(AS*/R)
SHERFICIY hOE-ELIEEND




EBINEEH (4)

WOD DmERFCRIDERZRET S Z Elc kD RIDERER k, HIXE
D, Ink.Z 1/T IEHLTZAY F33& AH (E)) B REZ. ZOMEICEDE

AS*, AG* B RH5N 3.

EE AG® AH” IZIET, AG* BNE FNIENE WIEERIGIFE,
AS* 1%, IF, BEADOOEEMEDHD, & ZIE, EBIRENERLDEH

B2 TWhiFRaDEZ, JVWERE (BEHEDOEWARE) THhIE., EDEZR

&3,




SEM(ETY fOE—0FE (OS*HDFE

Cleavage of di-t-butyl peroxide

HyC-C-0-0-C-CH; ——> | HC-C-0-----0-C-CH; |— 2 H,C-C-O -

CH;  CH, R CH, CH, CH,
CH3 CH3 CH3 CH3 CH3

AS* = +13.8 eu

Cope Rearrangement

i




4 . REmIREGAEEIR
—REERIBAMAESE (Primary Kinetic Isotope Effects)
RicHRICTIi SN2 RFZ, ZORUFICHZATCIZEDRIGEEDZE(L
Ki/Ko A X
—C—C— —C—C—
/ \X \X
RENGEAITFETIVEEZEZD

E=hv(in+1/2) n=0,1,2,

|
f © i) -
27C ! 7

k: HDE \ y 4
\ /re EEORESIE

M iﬁ%ﬁs U =mm,/(m; + m,) 3 r
FENEANDEHEE, BEFHEEREDSKL. , i “
ZLtT50IF "EE" THS. EOmA > TxRILF—

HEHNELD LD FORBOREBHED S .”—” P
BOHEDIE (DB ICONTARELEEICKE D)

BEHNKE BB LRFHHBNES <D, EARTY I~I*)b=\=— (Ey) /&
K733, UVeh>TEEIRETH, C-H LD C-D DFHBIXRILF—HIEL,
Mp> My




kK, DEH&LZDEERESS

C-H & C-D OEOKA Y F TR LE—DBVRFMRRINARY M 5RHZ T &
NTES,

E,(H) =1/2hv = 1/2 X 3000 cm™' = 1500 cm"*
E,(D) = 1/2hv = 1/2 x 2200 cm = 1100 cm"*
AE =1500cm? - 1100 cm* =400 cm = 1.15 kcal/mol

k,, = A, exp(-E_(H)/RT)
kp, = A, exp(-E,(D)/RT)

E,(H), E,(D) DBWHRET XL ¥ — BT 3HADHT, BERT A, A, BE—&
RETSE

K,,/Kp =exp(1.15 x 102 cal/mol)(1.98 cal/deg-mol x 300 deg)
K.,/Kp, =exp(1.94) =7




EROBRLERBICENT, BT A PRREFHSARES SR RGBT
&, 3DDT—ABEZSND.

@ early transition state (E&#KIt)

@ late transition state (R#ERIG)

® thermoneutral reaction




@ early transition state (E&#KID)

BBIAREICEWVWT C-H (C-D) FEERIFEAETINTVEW,
LIch > T, R TIRILF—RBEFOEEICEL>TREEZR
I7, COEEWE, FERELENTRELEWVRREL, LD

T kKo K1 IEL,

E*(H)

E*(D)

Ea(H) = E4(D)

reaction coordinate ———




@ late transition state (IREW&RIG)

BRIREICEWVWT C-H (C-D) #RRIEFEEAETNTVWS,
Lich-oT, IREITXRILF—IIFEFOE= (A, H,D) I
EOTHELEZFZIICODESTWE, FERELRTKELEL

[TV, ULHHT kH/kD [Z 1 IS5,

reaction coordinate




3 thermoneutral reaction

BBREICE VT C-H-A BARMMHT, H (D) 38
AW, FEEIRLE—REEFOEE (H, D) kK&oT
FEEZIHW, H,DSIEREDERIRILE—I}
C-H, C-D 0tORAY FIRLE—DEILZELL K
3. LihoT k/k, i3 1 &DKREL KB,

Ea(D) > Eo(H)

reaction coordinate




C-H ZEEaDRIGFICTIENERIT, ZOVIMDEREREICESINENESH I,
VIS5 KREZEKRICET|ATCOHD EDRIDEEZ LRI NIETDOH S,

HEE

H,C =
> +EOH + Br 10

H

D,C

>—  + EtOH + Br

K./K,= 6.67

C-H @ahiInd & W EERETHEILEZRLTWVS.




—REERNEALEIIER (Secondary Kinetic Isotope Effects)

VRT3 HEEICEFNBVWEFICEL >T5IESREIS NS IR




5. &% (crossover) £k

B RO D FADDFRDZRET 5.
BAULSBEETERUIZ2EDEL>TIEWVWSD, FEICUTWS LY zR—ERA
T—EICERMNZIThE .

IEEERYMUNCREERIDER L TWSH ESDHEHRNS.

Fries ExfiL

0
OJ\R
AICI;
A




MeA

IEEERY A BINC, REERY B DERULIEDT, BFREMDAREED FLY.




6. EREFEZNIL
RERBERICEWTIE, BEREOZRIEDARMERZEZTWSAREZHRTERL.
FEREDERIE, RIGEBANDZEZRINRICTES.

Claisen E5{iL
2
O . @)

*

not observed

Pl e L eg




RCOO + BrCN —2. RCN + CO,

BRHICEZDEUTOISLHETEITISEEZ SN, COGETAIRVEDRRTRZIN
LWI3BE, BETEIEILRRICTINILENRRFEFH%ESIET THS.

R'“COO + BrCN 7oy — > RCN 14c0o
" Br-CN’ C(\ + 2

KRICTRNIVEEREZTTSE, VCEBZMIVIIWEDRERFICB . COERIPSLUITD
S5 BEENIREEI N,

N=C-Br N cL @




7. B

AFBEFDZOARFTPROTRDT 5 LS, ERYIDOILFEEICET 5RH (TEIL,
MFRER « (RFF) DORIVEBZIETET 5.

o =

AEHROLDTHRBEET, DIVIRAFAY, A=A, SINIICEBDIZEHFEER
HKY 5.
AIWWRAFAY, SIAINBFEEHBEZ LS, XEAIWINZADIEREHLEWNH.

Ph H,0 Ph Ph

| 1 |
Etu;C-CI > Et“",C'OH + HO—C\"":Et

Me acetone Me . q Me

1
(+)- Btk S =




%5
RERFADEE S\2 RERIFELAEDES, RETS 3.

?
“Nu + szl'C—CI — Nu----C----Cl
R3

R¥F

BEEORE (BEEEES)

COOH COOH

0
H,0
M@YL_Br \O 7~ MeyL—OH
‘"Me -0
H

H “H H




15 88 2 ity

S\ 2 Kt (Sustitution Nucleophilic Bimolecular)

\

|
TR CTX Nu- -C---X
\ / &

. EEHR  BEHERKAIDZNZNICOWVWTD 1 R

rate = k, [Nu'][R-X]
A EF (LGRS, LRI, 1)

AR (retention)

1 & 1\ ;
2\‘-C_NU +

3 3
M {&REE (inversion)

1 1

\ s / s
2\“IC_X + Nu B i A e NU—C\--u,z + X

3 3
2+t =4k (racemization)

2\‘;C-X + Nu———

| 1 1
= " Nu ‘C—Nu +Nu—C/- X
2\\)C X + 2“‘/ \.,,,2 +
3 3 3
50% 50%




Phillips (192 3% )

H : . H
I, — K ¥ I*
PhCHz—?‘O . . PhCHz‘?‘OH PhCHz—(I.:—OTS

Me Me
[o]p +33 °

EtOTs

H
1
PhCHZ_g*_OEt ( H
Me "3
it EtO—-C-CH,Ph
Me

[o]p -20 °




Hughes (1 935%)

Me

acetone \/\/\)\
30 °C |
I* DEXD AHDRE CTEXEDRILZEHN Y 5.
B L ZORBHIEFRTTETI 565, RAEOELIEEWNTY.
REESTE5ESH?

1 2DFFHREBISE, B3—DODHNFOIRAEEZHERL, ZDODRFDIELEDL
0ICG%. o> TEERIMDAHDREEDREICESDTHEAIC URITNITESIRLN.

1 1

)\ ’kx 2}3(2/k {kx %Jy(zylx

RY.

HFEEITEHULES

J

I" DELD AHERE : 1.36 x 103 I mol! s!

SN2 RIGICEWTIRIIFEFIIRET B ’Q FERBULRL

REDEE: 1.31 x 103 I mol! s }

(




BEREIT 5DH ?

AY N RT7 IV I DIFE,
EHBEEDFEREDET S

LH UL, EETZHOMBEEDIZE TS, REISDT, COBZREESNL.

\ ~+
_/(:‘\_SMG:;
" Nu




PEHEERATEZS

K##FID HOMO & C-X 5D LUMO DiiHEHE KZ#F|D HOMO & C-X fi#5®D HOMO Difi# 5t

SNu)) (PCOoeXx ) S Nu C )OC DX
u v J k J (@ v ) _ Ve J
Kkix&lD HOMO C-X ORiESHEhE *k#&#H D HOMO C-X DiESHHE

RED back lobe HKEWN RED back lobe AUE L

— P CcooXx )

C-X iFEDRIEEEHE

Nu

oON P Ccoex)




JAY RN RT7Y Y I DEEOHEHREER

9
\[V]
Ty O Gt ok WMEERT Z2O0—THUNE

WP COX )
\ 1/
EY .
C-X TEE DRIiGEEEHIE




Sy1 &b (Substitution Nucleophilic Uimolecular)

K, g = AIVRDF A Y DERDEE
R-X RS R + X 1 A ALIEBERIC & D (R
i EEOBWAESD, HFAVERELTIEH,

_|_
R + 1Y sty BB LD IIEE NS

Rate oo L‘;‘X] = ky[RX] - kq[R*[X]
-d [R*]
dt

-dg?+] =4 [RT (kYT + k4I[X7]) = kq[RX]

= k[R*IIY] + kq[R*IIX1 - Kk¢[RX]

K1 [RX]
kao[Y] + k.4 [XT]
ke kq [RXI[XT  kyky [RX][Y] + kqk.s [RX] [X ] - ke q [RX] [X]
KLY + kg [XT KoY + Ky [X]

[R*] =

Rate = ky [RX] -

kika [RX] [Y'] RIGOEADEERE : [X] %0
ko[Y] + k.4 [X] Lfchi>T Rate = k,[RX]

Rate =




S\ 1 RISO®SICEY 31RH

- BB A VR (common ion effect)

RISOHICIE [X] RIS WOT Rate = k[RX] &40, RIGEEERZHD
MEEE, SREEIC 3R LR,

RIGHESICDONT [X] BIERT 5D TEL LS.

Kika [RX] [Y]
K[Y] + k.4 [X]

Rate =

X ZHRNT 3 EEREIRFBDT S HELA VMR
—IRICIBRZRINYT 5 EBEHFESDT S\ 1 RIDTRIES DD, HE A2 ZM
AZTERRET 3.

Ph2CHX + H20

Ph,CH-OH

acetone

ki x10° s
X=ClI
solvent only 7.00

g s
+ 0.1 M LiBr ' 8.16 !

L, et |

+ 0.1 M LiCl 6.09




RIGIEDAE BIELEA > (N,) DM

H,0O-acetone
(1:9)
Ph,CHX + H,0 > Ph,CHOH Ks/kc = 34
50 °C

+01MNaN;  Ph,CHOH + Ph,CHN,

X=Br 2.1
X=Cl 2.1 s ]

[ PhZCH+]

R DERRLED BiREE DIRBERE ICIKTF LB VDT
HBEOPHEFEZERALTVWS I EZTELTWS




VA" (4=
HIVIRAFAVIE sp? BERHETEEEEZ E>TWSDT, achiral.

KIXAIDOWEFIMADENSFIUEETIRKRIS. LD >TFEIET 5.
Nu
|

at-);c\c 50% IL{KIRFF

C

a,
b~c”

\[T]

H3C*O

Ph
.CH
O HCO,H “ ©)\ )k/© CH;0H ©/k0
HO,C warm

racemic
racemic




TEICTEIELBEWVWIHZ L

CH; O CH,OH CH3

(CH3),CHCH,—C-0-C ———(CH3),CHCH,—C-OCH,
CH,CH, Ry CH,CH;

54% inversion
46% racemization
RIEREISTEE 1 RIS

CDIERIE, free carbocation HHFEAFATIEEGTWT EZRELTWS,




17> ~R77— (lon Pairs)

Winstein

cl CH;

AcOH
HiC'/ \F i X + HaC'f \F
HaC AcO H3C)\/\CI HaC

)

BRI RIS R D £ R g 1R

@ CIr DIBEL 7 VILAF A VD ERK

@ BEEHEEL, ABEZEDNSWMIETKEKNEN S S
LHUL, CIr ZH/RMUTHERIDEEIFZDREICKFELZWL., HU free
carbocation Z5ATWNIE, HEA A VIR TEENMET URITNIEE SR,
CDfFERIF, ClI BA—73FHETHI I EZRLTWS,

\'

CH; ¢CI

Cl
HCANS S)\i’/ S
H3C O 3 O Q <> solvent

intimate ion pair

internal return




(+)-threo-3-anisylbut-2-yl brosylate ®7t kU X (BEEER TOINEIE S B7)
MeO

H
Me

® ZFEIEDORERIMEEREL DEL,
@ MBEZERBEDORIEEISLE LA Y DFRMICEK > TREZRITEL,

@ LiCIO, Z&/Ng 5 &, 1k, MAEDEOMATHIEDIREICLLH

LTIES NS, MBEEREDHD, BRETOEEBRICEREDI
EHEEIND.

+
OMe




S5 &S {LOBENMIBEAROBEE L DEVE WS HRR, BEO S 1 BHICEVT, BEELALKAFAYED

BICEWFEED B S, EVWSIETHANTEZSLED, HBEAAVZFTMULTEEREDEBETHESKEBWVEREF
B9 5.

+
OMe

' ciH
Me Me

free carbocation

LIetinT, SEILEBT3HNEMA A ERRIELEVREEEEZZLENTTL 3,

NI Z

S OMe

intimate ion pair




CIO, ZFRMI B LA AVBEMERTDIDT, SEIML, WARIHORMAHIESND.
LH L, EEETOMBESBEDOHDEELRIZEIE, free cation, intimate ion pair TIXEREAD T,

Winstein & solvent-separated ion pair ZZ Z I=.
solvent-separated ion pair AL AV ERBT B ED

AHET, ClO, hFEI 5L OBs LESHDS.

"OBs M54, intimate ion pair NR3Z EMTESH,
_CIO4 TIERZEEDBWEHRD ZEDNTER, ZOER,
INBERPEDEENKRELES.

10° k[sec™]

12

+ — 2
R-OBs=——= R OBs || OBs — R + OBs
solvent-separated
ion pair

0.03 0.06
[LiCIO,] (M)




Sy1 REBICE TS ion pair

Q 0 O polar solvent molecule
Solvated O RXO

molecules 0 Q

internal return | ionization

Intimate (tight) Q 0 o intimate ion pair Tl& X (& chirality ZF 1
ion pair PSR OXCD ~ > Inversion L TWBSDTKRZAIE back-side H'5

N + K2E3. Liho>T, THRE

external return || some solvent
separation

ggé\g:;\:;d Q 0_0 SOH or Mostly solvent-separtated ion pair & X &
ion pair COOR O xOO => racemization chirality Z##HFLTWEWDT

0 Q Q Y:  some inversion SEI T3,

external return | further solvent
separation

H
So__ﬂ Racemic product




1A I R7 —FEDER

INBEAMERIDZERTEIET S E 180 BRIZ VT

Free BZAILIRAF A AD sulfonate DNEHEZ SNDD, INILENERILK
VEEDFET, INLENTLWERVWEBZAHAVWTRIDZIToEES, ETINILEh
fibt&¥hEsShich, LEEORRDRAYI Z Y TIVEHAT ZDICT53 T,




RGO S e
Me‘/‘C_Br Me‘/-C—OH + \ Me < 6" 13
H H H
St 3t R
17:83

Ph

\
Me\ “IC_CI
H

acetone:H2O St =1k : REx
80:20 08:2
60:40 95:5
0:100 82:18 ~——— KBEMHIKELLBIHER, RIDERETORENIEZS




Sy1 Ritlc& 135 ion pair

O polar solvent molecule

\}4

O RXO

AN

internal return

Solvated
molecules

ionization

NG son

PR XD S > hversion

Ny

external return

Intimate (tight)
ion pair

some solvent
separation

Q 0 0 SOH or Mostly

+ -
L DR CDOXCD = racemization

0 Q Q Y: some inversion

Solvent-
separated
ion pair

external return | further solvent

separation

%) O R

O+ —> Racemic product
X=X Q

OQO

intimate ion pair Tl& X [& chirality Z X<
HRFLTWB DO TKEHFIE back-side i 5
KWEYTS. ULEHN-T, IUFRE

solvent-separtated ion pair & X (&
chirality Z#LTWEWDT
3T 3.




Special salt effect

tosylate @ acetolysis IC LiCIO, Z2/MNd 5 &, DPEDZERIHMEFL LIME=N D
DENMEZDICONTEEDIE (AEEDIEM) %5,

+— ~ - -
ROTS=—= R OTs=—R || OTs—=R + OTs

intimate solvent- free
separated

1 |

R I clo, = ROAcC




Elimination Reactions
Hughes and Ingold (1937, 1948)

E1 (elimination unimolecular)
H\ 3 slow
“‘c—c'\/ N,

w / KZ'

E2 (elimination bimolecular)




El1 &8

1. RivEE
1 RRI rate = k,[HC-CZ]

2. BBEDHADERSEETO, RIEES KU BBERI & BRI SRR D LB

Me
\

/—
Me  80% aq EtOH Me 80% aq EtOH Me
Me-C-CI Me-C-SMe,
- ne 65.3 °C .
Me Bo Me Me
=Me—?-OH
Me

Me
SLEQHMEE Me-Ct ONEETH
Me




3. E2 IEEWTEHEINSIRBEDZEIREDEHK

Cl
e Me—<:>-Pri + Me—<;>---Pri
_(no base added)

H Pr'

68% 32%

\ EtONa/EtOH

4. FREFRNIRAMEZIR
H/D kinetic isotope effect:
KK, =1
BiBEE D kinetic isotope effect

-SMe, 345/32S




E1cb #48 (elimination, unimolecular, conjugate base)

—fizic, BREDKELBKRFET LHREEEDEVEREEDHEASOETHRESNDS

Kk Kk
—'-~ BH + -C-CZ 2 C=C + Z
k_4 step 2

step 1

rate = d[C=C}/dt = k,[ C-CZ]

d[‘C-CZJ/dt = k [B][HC-CZ] - k_[BH]['C-CZ] - k,[C-CZ]=0
[[C-CZ] (k,[BH] + k,)= k, [B]HC-CZ]

[C-CZ] = k,[B[HC-CZJ/(k ,[BH] + k,)

K, k[B[HC-CZ]
k_1[BH] + k2

rate =




@ E1cbg (elimination, unimolecular, conjugate b

_ ki KJBJHC-CZ]| 5 ., nccz - BH
k_1[BH] -+ k2 3

rate

ase, reversible)

k2
step 2

"C-CZ

EEEALNZA Y ORICEVEERBNIE Kk [BH] » K,

(DIVIK=ZA 2V IFERMICED LD ZELSRERICES)
step 2 h' slow
ki ko[B1[HC-CZ]

k-1[BH]
BH h &% 5 [BH] = —%

rate =

reversible Elcb

k1 k2[B1[HC-CZ]
k-1

= Kobs[B'][HC-CZ]

B-IKFHRALERE > BBt DEE

kwko=1.0
fRBEE D kinetic isotope effects: iREh 3




@) E1cb, (elimination, unimolecular, conjugate base, irreversible)

rate-k1 DAL B + HC-CZ —- BH + -Cc-CZ k2
k4,BH] + k> k.1 step 2
step 1

A AACHRERRE (HBEOBRENAEN) 55k [BH] « K,

(AIWVKZAVBERICRS LD ESERMICES)
step 1 H' slow

irreversible El1cb

rate = k7 [B][HC-CZ]

B-IKRIIERE < BBt D=EE

C=Cr<Z

kH/kD = 2~8

BRBEE D kinetic isotope effects: IFE A EREI NG




@ Elcb ) (elimination, unimolecular, conjugate base, anion)

(anion

k; k[B[HC-CZ] : —:’—» BH + cCz X2
k,BH] + ks step 1

rate =

step 2

BL K, »k,, Kk, 5 [B]»[HC-CZ] &5,
FEAETANTD [HC-CZ] I&, [C-CZ] I35,

(DIVIKZF Y DERISTEVWHARBIET, ERPINDEHEIEEL,
BOERZRERBRADIVINZ=ADTEZ3)
step 2 H' slow

rate = kg,p[HC-CZ]

kw/ko = 1.0

C=Cr oZ




Elcby OBl

Cl H i
NaOD
\ =/ =z >_,
/ T\ o
Cl Cl Cl Cl

sp? LOAINR=A VIS sp3 LEDRE

sEfERICRIbZE1Ed % & ClL,C=CDCI HEEh 3.




Elcb, OBl
E2 LXFIT2DHHEHHL LY

Br CI Cl ClI
H,\ H H,\ =H

A, B, C OFEICKEZEWVRZEY — WEEORBEISERERMEICcSENEWN — E2 TIEEWL
FhZ-IbDIFERINEWLY — BREEOHEMIEREREICESENGEWL — E2 TREW

(o} HEI F@
t-BuOK ‘ ‘
mon (L 2

AIVNK=A Y DRELREDZE




Elcb, OBl

Meo\© H,0 Me0\©

IFEZEDT reprotonation HEE

\© DES. E1cbR




Elcb~Elcb, Ofl
pestd i) DI EIvAL VIS

H

@ ~B
H,O (D,0)
O,N O,N

k (in D,0)/K (in H,0) = 7.7

Da\—D‘\

H(D) . N

~_ _NR, A
O,N O,N

k4
O,N

H,0 & D D,0 DA Kk, Hh&< %3 (0-D & O-H Tl 0-D dAH NI < W)
#>T, RB3&LDERVICEZIADNEET LS ICHS.




E1¢cb,nion) L]

o
MeO Ph fast MeO Ph Ph Ph

éLN:Z MeO_ é/N~O N02 @NOz
o2 slow

slow
Amax 246




Addition Reactions

* Heterolytic
* Homolytic
» Cyclic

* Electrophilic

* Nucleophilic




Electrophilic Addition of Bromine to Alkenes

Roberts and Kimball (1937) and Winstein and Lucas (1939)

Br)

Bry, AcOH
> R“"‘ -.,,R .
R L R

Br

- bromonium ion (+1 charge) b\HEE

* bromonium ion (£X9°% bromide @ S\ 2 H7rback-side attack




RIDEEREDEICTE > TcREREE

erytho

CH,
HO——H  HBr

Br——H

CH,

racemic
CH, CH;
L OH H——Br
—Br Br——H
(of 2 CH;







racemic

CH;
Br
—H
CH;




Bromonium ion FE#KIEZ ¥ 9 5 E5R

1. alkene A® Br, Ot MIFIHFSENT anti HIKEGFES23

H
Br, "H,Cz i b o o .CH;
H-.,H + H‘H

Br CH, H,;C Br
racemic

AIRAFA G ZRZIES

Br

B
H':_\\H Br2 -'-“\\H
=N —_— H‘\)ﬂ —_— H\h
By e HsC CH S H.C
cis




EFEELTILYT Y DR HRIGEENAE L

alkene k> alkene
CH,=CH, 5.1 x 1077 Me,C=CH,
MeCH=CH, 3.1x10 Me,C=CHMe
trans-MeCH=CHMe 8.5 x 107 Me,C=CMe,
cis-MeCH=CHMe  1.3x10°

[ Me

iz 3D "dimethylethylene" & DRIGEEDLIFIF
Me Br| FULWEWSHRIEE, EEEBREOINICES.
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alkene

relative reactivity

ethene
allyl bromide
vinyl bromide

cis-1,2-dichloroethene
trichloroethene
tetrachloroethene

1
0.3

3.0X10%
1.0 X 107

3X 10710

too low to measure
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4. bromonium ion Q&Y

Me Me
F SbFs Br

Me—C—C—Me ~ Me —/C/—\C\— Me SbFg-SO,

ér I|= % Me Me

H NMR (CDCl,, TMS, -60 °C) o (ppm) 0 (ppm)
-1.52 (d) -2.86 (s)
-1.78 (d)
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N=yYF)LavEea—v/h\E (J\—Fox7—, CPU)

19694 4004 (Intelfst-BFEY V) R IOovroO070tvY (4EYK)
1972%F  Xeroxtt AltozHzk (1979F %5, $32,000)

(2.5 MB Hard Disk, 256 KB memory, keyboard, mouse)

i8080 (Inteltt, 8Ew I)

MITStt ALTAIR-8800%35 (CPU:i8080, $420, ifHAILTHY)

MPU 6800 (Motorolatt)

ALTAIR-8800




ALTAIRABASICORH (Bill Gates, Paul Allen (Microsoft))

NEC TK-80%Z #5c

7 v 7Lt (Steve Jobes, Stephan Wozniak) Apple 1Z%5% ($666.66)
7y 7t Apple ll Z%5 ($1,295)

MC 68000 (Motorolatt, 16Ew K)

NEC PC8001 5%

NEC TK-80




XKIBM%L IBM PCZ*5% (i8080, $1,565)
Xeroxtt STAR%Z 55
NEC PC9801 =5
7y 7l#t, Lisa 5 (MPU 68000, $9,998)
7 v 7)b#t, Macintosh 128KZ#55 ($2,495)
XIBM%t IBM PC/ATZ% %55

(CPU: i80286, 40MB/\— Kk 7«1 X7 {1, $8,000)
MC 68020 (Motorolatt, 32Ew K)

i80386 (Inteltt, 32Ev k)

Apple LaserWriter (L—5'—71J > % —)

Apple LaserWriter Plus




Xeroxtt STAR (1981)
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6085 Workstation
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Lisa (1983) By

Macintosh128K (1984)




Xerox (Palo Alto Research Center)

c D4V ROIRATLENY TR (Alan Kay)
A7V Y MEMDEZ S Esmalltalk (Alan Kay)

Y

Steven Jobs, Bill Atkinson (Apple)5hH |:> Lisa (Apple, 1983)

v

PARC ZR= (1979 )

Macintosh (Apple, 1984)

John &arnock @

Adobe % a7 |:> True Type Windows
(Postscipt) (Apple-Microsoft)

« X2y k77— &LAN (Robert Metcalfe)

Aloha-net |:> Ethernet (Xerox-DEC-Intel)




IN—YFILaAVE 21— A0S (Operating System) &#EEN{ER
PFETFTIVVIY 7V x7— (ChemDraw, Chem3D)

19744

19755

19704
¥

19804
19814

19834

CP/M-86 (ControlProgram for MicroComputer) i8080AH0S
ALTAIRFBASICORI% (Bill Gates, Paul Allen (Microsoft))

Apple DOS 3 (Apple Disk Operating System 3)

IBM IX\—=Y FILAVE 1 —YBEICSARE

CPU (Intel), OS (Microsoft) ICiRE

86-DOS (Seattle Computer Productstt® (PC-DOS®DJT &> 710S)
PC-DOS (IBM-PCAH®OS& LT, Microsofttth\piF Uz DOS)
Apple Lisa Office System 1.0

(K=Y FI A E21—% & LTRGUIZ#IES)

MS-DOS 2.0 (PC-DOSHh5MS-DOSICi )




Windows 1.0

(MS-DOS L TEMET BGUIZIRIET B cohDY T KU 7)
ChemDraw Ver. 0.59 (Macintosh)
ChemDraw Ver. 1.0 (Macintosh)

Chem3D 1.0 (Macintosh)

Macintosh System 6.01

Windows 3.1
(MS-DOS_ETEI{E I 2m=ZDWindows)

Windows 95




IBM £ FORTRAN (FORmula TRANSslating)

BASIC

(Beginner's All-purpose Symbolic Instruction Code)

John G. Kemeny, Tomas Kurtz (Dartmouth College)

AHTD—RZARIFOIAV E 21— F5E

19754 ALTAIRFHBASICD %
(Bill Gates, Paul Allen (Microsoft))




BASICTERLcZ7O Y 5 LK (—&R)
(1) xR, ®E, 1985)

4450
4460
4470
4480
4485
4487
41488
4489
4490
4500
4510
4511
4512
4515
4520
4530
4540
4550
4560
4570
6000
6010
6020
65030
6040
6050
6060
6070
6072
6075
6077
6078
G081
6090
6100

LINE (PARAl,PARA2)-{(PARA3,PARA4),FC

LINE - (PARA3-YY , PARA4+XX),FC

LINE - (PARALI-YY,PARA2+XX), FC

LINE -(PARA1l,PARA2),FC

IF PARA1>PARA3 AND PARA2>=PARA4 THEN PX=1:PY=-1 ELSE [F PARALl>=PARA3 AND PARA2<{PARA4 THEN PX=-1:PY¥=-1
IF PARAI<=PARA3 AND PARA2>PARA4 THEN PX=1:PY=1 ELSE 1F PARA1<=PARA3 AND PARA2<=PARA4 THEN PX=-1:PY=1
XC=(PARA1 +PARA3)/2+PX:YC=(PARAZ+PARA4)/2+PY

PAINT (XC,YC),FC

RETURN

#*W.DLINE
IF PARA1=PARA3 AND PARA2=PARA4 THEN PSET (PARAl,PARA2),FC:RETURN

IF FLAG=1 THEN GOTO 4520 ELSE 4515

INPUT "[RO F v PERATILTLEEL " DICLS

IF PARA1=PARA3 AND PARA2=PARA4 THEN PSET (PARA1 PARA2),FC:RETURN

A=CINT (( (PARA3-PARA1) "2+ (PARA4-PARA2)"2)" :YY=CINT (D#® (PARA4-PARAZ) /A) :XX=CINT (D% (PARA3-PARA1)/A)

LINE (PARA3- YY,PARA4+XX)—(PARAI—YY,PABA2+XX;,FC

FLAG 0:RETURN

END

*W.BRLINE

IF PARA1=PARA3 AND PARAZ2=PARA4 THEN PSET {(PARA1,PARA2),FC:RETURN
= ( (PARA3-PARAL) "2+ (PARA4-PARA2)72) " .5 :NN=ABS(INT(A/6))

DIM ACNN#+1),B(NN+1),C(NN+1),D(NN+1) ,NACNN+1) ,NB(NN+1)

FOR TO NN:NACI)=PARA1+CINT(6%]*(PARAS-PARAL}/A) :NEXT I

FOR NNINB(J)=PARAZ+CINT (G6*J% (PARA4-PARA2)/A) :NEXT J

FOR NN:A(I)=NACI)+CINT(3%*(PARA4-PARA2)/A) NEXT I

FOR NN:B(J)=NB(J)-CINT (3% (PARA3-PARAL1)/A) :NEXT J

FOR NN:C(K)=NA(K)-CINT(3%(PARA4-PARA2)/A) NEXT K

FOR NN:D(L)Y=NB(L)+CINT (3% (PARA3~-PARAL1)/A) :NEXT L

E= PARA? CINT (3% (PARA4-PARAZ}/A) :F=PARA4+CINT (3% (PARA3-PARAL)/A)
LINE (A(O),B(0O))~(E,F),0,BF

FOR 1=0 TO NN:LINE (ACI),B(I))-(C(1),DC1)),FCINEXT 1

ERASE A,B,C,D,NA,NB

RETURN
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(2) X774V 2X7L (KA, 1/8/84)

TPFUBLICATION FILE FROGRAM
i784 1/8
name ———- lit-—1

- CHR#(12) : CONSOLE ©0.20,0,1:COL0OR 4:WIDTH 8@,20: CLLEAR 1@000: DEFINT A-Z:DIM

NUsDIM M$ (MENLD
A0 FOR Is=1 TO MENU:READ M (1) iNEXT
86 DATA 4
B DATA APPLICATION ————wmeemes
1808 DATA SEARCH —eeee———
118 DaTA LIST - B, 5
120 DATA END - e s i e A
130 LOCATE 23, “RINT "##%% FUBLICATION FILE PROGRAM #*#%x":FOR I=1 TO MENU:LOCAT
E 19,5+1: INT M& (L) s NEXT
140 LOCATE 20,11: INPUT"Input Jjob number"i;NO: LOCATE 19, 13:FRINT M$(NO):LOCATE 25,
17: INPUT"OE (y/n)";Y$
4o IF Y$="n" THEN PRINT CHR$(12):Ys="" :60TO 130
16@ OM MO GOTO , 570,600,178
170 PRINT CHR$ (120 LOCATE 28, 7:FRINT "#4es THE END edes”: END
180 "file open
190 OFPEN"2:litdata" AS #1:FIELD #1,118 AS T%,30 A5 0%,40 AS L$,546 A5 RE,12 AS C$
s RETURN
SO0 N=@s B ] e gy ey RETTURN
218 file clos

CLOSE #1 RINT CHR$ (12 g 17@

FRIM 1 L 26,51 FPRINT "das 7° -4 /7 Za9Ua? T w73 eee" i FOR I=1

sMNEXT

TOATA WRITE

GFOSUR 18@8: IF LOF(1)<»@ THEN GDSUBL1280:G60T0

OFEM "2: IRk MOFOR OUTRUT A #2 1:60OTO

OFEN "2: INDEX" FOR AFFEND AS #2

FOR X=1 TO 24:READ B% (X) iNEXT
PRINT CHR%(1 : INFUT itle 3 bW ( END=Z ) :":060%: LE=LEN{G@%): IF LE<S? THE
| Ge=Ga%+SPACES (99-1LE) INTIPRINT ELSE G$=0G0%: FRINT:FRINT:GOTC 31@
@ IF Gae="7Z" THEN GOTO 56
INPUT"Author 5 RS e HE
RINT CHR® (12 : LOCATE 29, 1:FRINT"ME LIST OF JOURNALS b
@ FOR I: O 12: LOCATE S,2+1:PRINT ;"L ;Iz"amg" "aEE (1) i NEXT
T FOR o 5 T0 24:LOCATE 43,J-1@0:FPRINT "C"gJds"2";"  ";R%(I)sNEXT
@ LINE &)= (77, 18) ="
278 DATA "Acc.Chem.Res. ", "Angew.Chem. ","Angew.Chem.Int.Ed. ","Ann. ","Bull.Che
m.Sec.dap. ","Can.J.Chem. ","Carbohydr.Res. ","Chem.Ber. ","Chem.Lett. ","Chem.I
nd. ","Chem.Fharm.Bull. ","Chem.Rev. ","Helv.Chim.Acta "
8@ DATA "Heterocycles ","J.Am.Chem.Soc. ","J.Chem.Soc.Chem.Commun.. ","J.Chem. %0
c.Ferkin I ","J.Chem.Soc.Perkin II ","J.0rg.Chem. ","0Org.S%yn. ","Org.Reactions "
'Synthesis ", "Tetrahedron ","Tetrahedron Lett. "
290 LOCATE 4,17: INFUT "JOURNAL ( other JOUNAL => @ )":B:IF EB=@ THEN GOSUEB 5Z0:60
Td 44@
408 IF Bl OR Br24 THEN BEEF: LOCATE S@,17:PRINT"That number is Unregistered !'"EL
. LOCATE 42,17 :FRINT" #a "rEH (B s FRINT: INFUT" Ok € win ) "y




dAveEa—YIcLDERTHALY
LHASA Group at Harvard University

LHASA (Logic and Heuristics Applied to Synthetic Analysis) is among
the first programs for retrosynthetic analysis. Also on this page, the
DEREK system for toxicology prediction. Available for Silicon
Graphics/Irix, and Linux.

1960's

Development of OCSS program
(Organic Chemical Simulation of Synthesis)

E. J. Corey and W. T. Wipke, Science 1969, 166, 178.

1969 - Birth of LHASA

Professor E. J. Corey creates the LHASA program as a separate
research project. LHASA became the first application to display
drawings of skeletal chemical structures on a computer screen. It

was originally developed for the DEC PDP-1.




A computer program for organic synthesis

bbb mnameadll Chemical & Engineering News 1983, 22-30.

Harvard University
Leo J. Joncas, Oberlin College

LHASA approach relies on retrosynthetic
pathways to identify appropriate precursors

Subgoal transforms Goal transform
(nonsimplifying) (simplifying)

S
sy = = J +j’
(O FGA FGI DieIS-OOCH/
3

OH OH OCH, Alder

Target Subgoal S-goal Goal
molecule precursor structure precursors

In this simple retrosynthetic route, the goal is to simplify the
target structure, 4-methylhydroxymethylcyclohexane, by ap-
plication of a Diels-Alder transform or retroreaction. The
Diels-Alder transform is a desirable goal in that it can discon-
nect the six-membered ring into two smaller fragments, methyl
acrylate and 2-methyl-1,3-butadiene, which are readily avail-
able chemicals. Unfortunately, it is not possible to apply the
Diels-Alder transform directly to the target structure, because
the corresponding synthetic reaction always results in a six-
membered ring containing a double bond and often proceeds
much more readily if there is an electron-withdrawing group
on the dienophilic reactant. These substructural conditions
define the essential elements of the structural goal, or *S-goal
structure,” for the Diels-Alder transform.

The first task in the retrosynthesis, then, is to convert the
target (whose only functionality is a primary hydroxyl group)
to a suitable S-goal structure. This can be done quite readily
by two preliminary nonsimplifying, or “‘subgoal,”” steps. The
first of these is a functional group addition (FGA) to introduce
the double bond. The second is a functional interchange (FGI)
of primary alcohol for methyl ester. Both of these steps ob-
viously correspond to reductions in the synthetic direction.
Having arrived at the S-goal structure, it is now possible to
apply the Diels-Alder transform and achieve the desired sim-
plification.

Group-oriented strategy synthesizes biotin

CUTOTT 1-CRT STORE [EXIT HELP SCAM TREL PROCESS
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P S 7 cL Br 1 & e
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1t
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PROCESS

DEBUG

SED MASK VIA CARBOXYL DERIVATIVE




1986
Stewart Rubenstein founded Cambridge Scientific Computing
(ChemDraw)

Alan K. Long (left) is a research associate in the chemistry
department at Harvard University and senior member of the
LHASA research group. He received his B.S. in chemistry in
1971 from Yale, where he worked with Kenneth B. Wiberg on
a computerized reaction calorimetry system. After three years
of biochemical research for the Army Medical Research &
Development Command, he obtained his M.S. (1976) and
Ph.D. (1979) on the LHASA project at Harvard under E. |.
Corey. His research interests include a variety of applications
of computers to problems in organic chemistry.

Stewart D. Rubenstein (center) is a third-year graduate
student in chemistry at Harvard. He obtained his B.S. in
chemistry from Stanford University in 1980 and did part-time
research at Hewlett-Packard for two years. He received an
M.S. from Harvard in 1982 and now is pursuing his Ph.D. in

Corey's laboratories. His research interests include applications
of artificial intelligence and calculation to problems of interest
to the synthetic chemist,

Leo |. Joncas (right) is assistant professor of chemistry at
Oberlin College. He earned an M.S. in physical organic
chemistry at Tufts University, where he was introduced to the
LHASA program by Robert D. Stolow. Adapting LHASA for
use in computer-assisted teaching of organic synthesis formed
the basis of his Ph.D. research, completed in 1980. He then
spent two years in Corey’s group at Harvard, improving the
chemical sophistication of the LHASA program. Although still
committed to research in computers and computer graphics,
Joncas has renewed his involvement with physical organic
chemistry at Oberlin, focusing on the structural factors af-
fecting the magnitudes of geminal NMR coupling constants.




AFRFEHE
AFIEE

EFNELSEIMBERFERICKE-O TWS, DPFROEFIX, BEFHED 1 RES
TRIEINB3“DFHME ICNBEINTWVWSE EEZ S, D FOEFRENSETE S.
- Hickelix
MTEFOHAZWRE UTKBLEELZEAT S, AYE2—7ZERAULGL EHET
HEHAIEE.

- FREBENDFIEE

ARIESYOETFRE, mELEE, £RF, RIERE, KR, MEFHEL
EDFETES. FENFA—FZAHAWS I LICE D KRIELETERREDHERED THE
T, WRNICKEBDFICHERADARETHS. MOPAC (EWSHRDDIINTT
A7 LIy T—IhFH. MOPACICIFMNDO,AM1,PM3®D 3250707 5 LN
SFENTED, PM3IHmERHFLLN.

- FIFERN A FHEE (ab initioix)

ETCORZUDHSHETI2OTRALBRBRZET S, KELDFICIXER
TELWVWH, RbIEEREIESNS. GaussianhE4A.




DFHEETE (Molecular Mechanics)

Rk, DFO=RTEBEZEFIZLEHICIE, EBPTFIRAFYITCTEsFIER
(RZA4F1>2TETILY® CPK TFI)) BMEASNTE. InsiF, FREICFEICHS
FDEZRTBEZHDIENTEDIRTCHBHTENTED, RETHLELLFEFLNTWS.
LHL, ShSOFFERICE, HEDRBINTRVWEWD, WSOHIDEERNBZR R
hH3d. ROBDKXKELBRE, REOSFRIUKEZTZEITZILEOHICHGFHMBUOLDBEATL
D, 9b5, RFHEOGESEMCESAZHIEEZ(LIETVWSDICHEIIDST,
AFEBETIIChSERERICEEENTWS Z ETH .

FFHAFEHEICEWTE, 2FHROEFIEFZNZNNRXTHEAELTWT, CONRIEEH
BWZHIZICERL, BICHESOIERMEAFEICET SEEN (BA) LEZEETSELS
ICEIK EERXD. R, IBRRREDHZIEE, TORRZBEIT DS SDBAMICKES
EEE, BeA, “HALEZZ{EEE, 2L U TRORELNUEICFRFZRESES.

RFHEHETESNZDIE, IIEIXRILF— (Steric Energy) EFENTWSET
(B%H kcal/mol) BENLGESHERPESALSOINICHRL, ZDEHNMNSITNIE
INESWEEREEEZSND. ThS5DfER, XIREL, ZOEICHEEIRERRIEELY
DT, EFHOZTEHOHBRICAVWSNS.

R<HWSNTZAZEE LT N. L. Allinger IC& >THE SN EMM2, MM34&ED
705 L0%%.




1930+ D. H. Andrews
PFNEARICEAT 2ERNEZ DT

19464 T. L. Hill
EIXRILF—DEHICvan der WaalstBEEERZINZ 2 Z & &12I18.

Dostrovsky, Hughes, Ingold
PFNEEREICEK D SN2R G DY EE K 8 5 5 .

Westheimer, Mayer
HEFENOERE7 IO EI(LRELLDETE. RO/,
AVE1—9DEBLTVWED > Tclcdh, INTIREMEBICKLSZEE.

N. L. Allinger
MM2735

QCPE (Quantum Chemistry Program Exchange) »5IBM-PC H

MM2Y) J—A




DFORT IV ILIRINF—ZRDESBHERDODHEEEADNEEZEZS

E = G5 #iE (E)
+ Zf (E)
+ Uh (E)
+ {FHifE-Z A (Egp)
+ K Uh-f##8 (E,.)
+ BA-ZAH (E, )
+ 77>« 7 7-ILAHEEA (E 4,
+ FREMHEFHA (E

dipole)




Methylcyclohexane®equatorial-axialfi D T RILF¥—%&

Stretch: 0.4385 Stretch: 0.4724
Bend: 0.4711 Bend: 0.9634
» Stretch-Bend: 0.1064 Stretch-Bend: 0.1510
Torsion: 2.1440 Torsion: 3.0911
Non-1,4 VDW: -1.4714 Non-1,4 VDW: -1.3260
1,4 VDW: 5.2100 1,4 VDW: 5.3214
Total: 6.8985 kcal/mol Total: 8.6733 kcal/mol




— B F RIS R DFIE
—i%lc, ST EEARAIKEDLSY 70 7—B3ERS.

AN7 71 IVDIERK

FRFOEHE, FEERHR REFOERGEDFEHRIERSNS.
DFETIHDSEEHRHND ZEDHAERD, RETRBENFRIYV 7 vz 7—TEW
c 2 RTTBED S BEIMICRE S B 5 DH—HiRRY.

St

FRORNICEREShSOYE2—9D, XEBEHE®RMIS, E=Z0Y, D=V XF7—
IN—=YFILaAVE1—TERRKEEDBICEL

73

BREEREOAINTIOF7 VEERE, ZO5E{Z7O7 FLICIH U IGEHEE
F=HEULTHATNEDT, BERGEZRSHICIE, FIHR{LELY 70 7—
PREERS




BRDAEICE DTN DFTREAERE DL

MM2 MNDO Gaussian (3-21G) Gaussian (6-31G) SEER{E

rERE 1 12.4 663 5665

wAaR (A) 1534 1530 1.541 §i528 1.526

wEA ) 1117 1154 1.0 12 112.4




AAT7 7ALILDH

AN7 71 ILDOARE

(1) IESES5AT (F—7—F)

(2) ?FOF (RFOEMEER (AVTOF7Y, Z-NFIUV I X))

(3) T 57 —7 ((S)EEICHLETIEEW).

STHSESINARR, BESNcF—V—FZRATSHILETHERT 5. OF

DB T B RFDZERAEZEIRTIEET 2.




ABN7 71ILDHFI (chloroethene)

H(4)

PM3 EF PRECISE BONDS VECTORS——— F¥—7—FAANT
Demonstration Y4 NILABDTT

Chloroethene AXY NABDT
1&BORF —C 0. 0 0. 0D

0
2EBDRT ==C .52 0. 0
3FEORF —H 1.09 120.0 1
|
|
1

=X SR A
4ZB0RF —H 1.09 120.0 (Z —1751)
5ZE0RF —H 1.09 120.0

62E0EF —Cl 17 120.0 4

RIEE BAE (/%] o “HA \ |RAHETF RAASE —EASE
BT BT
HEeERZERELTEIHNESH

0
|
|
|
p
p
|
1

1: 93 0: LA l)g(? ‘i’ zzzg; —EAEBELTINESH
e Bhedsd 1193, 0: LWL

BRIAE
EeAZRE(LTZHNESH

1" 9 & R0 R




KEOF ARG (FKH, 1993%F)

£k (PM3)

s-trans

-76.61 kcal/mol -76.55 kcal/mol

-83.10 kcal/mol -79.74 kcal/mol

-90.46 kcal/mol -88.12 kcal/mol




2 3R

Perspective on Structure and Mechanism in Organic Chemistry,

Felix A. Carroll, 1998, Brooks/Cole.
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