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 مجيد حليمي دصتيار علمی مرکز بجنٌرد :تييو كننده 



تٕفيف َظشی يٕنکٕنٓبی آنی: 1فقم   



: ْذفٓبی کهي   

دس ايٍ يجسث داَؾدٕيبٌ ثب تٕخّ ثّ يغبنت ؽيًی کٕاَتٕو ، يجسث أسثيتبل يٕنکٕنی سا 

فشا گشفتّ ٔ ثشای ( يؼبدنّ ؽشٔديُگش) يُغجق ثب يؼبدلات ثکبس سفتّ دس ؽيًی کٕاَتٕو 

 .يٕنکٕنٓبی ثضسگتش اَشژی عيغتى سا يسبعجّ يی کُُذ 



:َظشيّ أسثيتبل يٕنكٕني  

أسثيتبنٓبي يٕنكٕني ثّ ٔخٕد يي آيذ ايٍ أسثيتبنٓب ٔضؼيت انكتشَٔٓب سا دس يك يسيظ, اص ًْپٕؽبَي أسثيتبنٓبي اتًي   

 

.تٕفيف يي كُُذ, يٕنكٕني كّ تست تبثيش ثيؼ اص يك ْغتّ ْغتُذ    







  pًْپٕؽبَی أسثيتبل ْبی 



:تشاصْبي اَشژي ثٕتبدي اٌ   





:عيغتى ثُضٌ  



 

Hückel Molecular Orbital Theory  َظشيّ اسثيتبل يٕنكٕني ْٕكم:  

 ػشضّ ؽذ ٔ كبسثشد آٌ ثّ ًْشاِ َظشيّ  1931دس عبل (  HMO)َظشيّ أسثيتبل يٕنكٕني ْٕكم 

 .پيَٕذ ظشفيتي ػبيم افهي اعتفبدِ اص َظشيّ كٕاَتٕو ثّ ػُٕاٌ اثضاس دس يغبنؼّ ؽيًي آني ثٕدِ اعت
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p-system 

s-framework 

.انكتشٌٔ غيش يغقش يي ثبؽذ 6عيغتى ثُضٌ ؽبيم   

 

.پيَٕذ        يي دُْذ 3ايٍ ؽؼ انكتشٌٔ تؾكيم   p
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:اتًي  2يؼبدلات ػبو ثشاي عيغتى ْبي   
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:دتشييُبٌ ػبو   



:سٔػ ْٕكم   

. ثّ خبي زم دتشييُبٌ ػبو ٔ اَتگشانٓبي              اَتگشانٓب ثّ فٕست پبسايتش دس َظش گشفتّ يي ؽَٕذ  ijij SH ,

ijH 1.  

 

اگش          ثٓى يتقم ثبؽُذ                   ٔاگش َجبؽُذ . 2  

         

ثشاي                          ٔ ثشاي . 3  

 

يي تٕاٌ آَٓب سا ثّ ػُٕاٌ يك چٓب س چٕة ثشاي انكتشَٔٓبي  پي دس َظش گشفت, پيَٕذ ْبي عيگًب يتًشكض ثٕدِ . 4  

ji,ijH0ijH

jiSii  ,1jiSii  ,0



:اتًي 2دتشييُبٌ ػبو ثشاي عيغتى ْبي   



 : اتًي 2يسبعجّ اَشژي ثشاي عيغتى ْبي 

This is the energy of an isolated p-bond 



Cyclopropenyl radical – C3H3 

1 3 

2 

:عيغتى ساديكبل عيكهٕپشٔپُيم  
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Ep = 2×(+2)+1×() 

      = 3 + 3 

The energy of a normal double 

bond is 2+2 (2 electrons in +) 

The energy of a lone p-orbital is  

 

Therefore, the energy of each 

resonance form is 3+2  

Cyclopropenyl is resonance stabilized! (by )     i.e. its resonance energy is  



+2 

- 

 

While the cyclopropenyl molecule is stable, 

Its s-bonds are not as strong as they would be 

in, say, benzene. This is because the overlap 

between in the sp2 hybrids is reduced due to 

the strained geometry of the radical. 

 

This is called s-strain 

 

 

 

 

This should be taken into account when 

comparing the stabilities of various isomers 
s-bonding orbitals 



+2 

- 

 

s-bonding orbitals 

-3 

The lowest energy transition between the p-

orbitals in this system has an energy of -3. 

 

This transition is well into the UV 

The cation is stable and symmetric (2e-) and 

has 2 of resonance stability (prove yourself) 

(not examinable) 

A note on Jahn-Teller distortion: 

The singly occupied MO as drawn on the right may 

be lowered in energy by decreasing the distance 

between carbons 2 and 3 while increasing the other 

two bond lengths. This is energetically favourable 

and will happen. This is known as Jahn-Teller 

distortion. 

 



Cyclobutadiene – C4H4 

1 

2 
3 

4 

:عيغتى ثٕتبدي اٌ  



1 

2 
3 

4 

x on diagonal 

1 off diagonal where there  

Is bonding interaction 

0 off diagonal where there is no 

Bonding interaction; i.e. 1 &3, 2&4 

http://www.stolaf.edu/depts/chemistry/courses/toolkits/247/js/huckel/index.htm 



+2 

-2 

s-bonding orbitals 

 

Ep = 2×(+2)+2× 

      = 4 + 4 

The energy of a normal double 

bond is 2+2 (2 electrons in +) 

Therefore, the energy of each 

resonance form is 4+4  

 

Cyclobutadiene is not resonance 

stabilized! i.e. its resonance energy is 0 

 

4e- system is anti-aromatic and s-strained 



Cyclopentadienyl radical – C5H5 

+2 

-1.618 

 

+0.616 

Lowest orbital has no node 

Second lowest has 1 node 

Highest has two nodes 

This radical suffers from Jahn-Teller distortion… 

not a true pentagon 

 

:عيغتى ساديكبل عيكهٕ پُتب دي اٌ   



Cyclopentadienyl anion – C5H5
- 

+2 

-1.618 

 

+0.616 

This system readily accepts an 

extra electron 

As it does so it can no longer 

lower its energy by distortion 

This anion is perfectly pentagonal 

It is resonance stabilized! 

Ep = 6+5.232 (Compare to 

energy of two double bonds and a 

p-orbital : 6+4) 

 

6e- system nicely aromatic 

Will ligate to transition metal ions 

to make metallocenes e.g. 

Ferrocene 

cp- is a closed shell singlet 

cp+ is also stable as a triplet 

:عيغتى آَيٌٕ عيكهٕ پُتبدي اٌ   



Benzene – C6H6
 

+2 

- 

 

+ 

Benzene is the archetypal 

aromatic molecule 

 

It has no s-strain – it is a perfect 

hexagon 

 

You may wish to compute its 

stability compared to the mythical 

beast – 1,3,5-hexatriene )it’s a 

quiz question!) 

It energy levels and orbitals are 

readily computed by a program 

on my website. 

Benzene cation is Jahn-Teller 

distorted and is not a perfect 

hexagon 

-2 

-2 

:ثُضٌ  



+2 

- 

 

+ 

Benzene absorbs in UV at 260nm 

This corresponds to 460 kJ/mol 

We can parametrize the  in Hückel theory by 

setting -2 equal to this energy! 

 

Benzene’s ionization potential is 730 kJ/mol 

We can parametrize the  integral by setting 

this to be –-.  

 

Doing this….  = -500 kJ/mol,  = -230 kJ/mol 

 

-2 

-2 

-- 





Tropyl – C7H7
 

+2 

-0.445 

 

+1.247 

-1.802 

Tropyl radical is a Jahn-Teller distorted 

heptagon 

It is easily ionized – its experimental IP is 

48000cm-1 or 570 kJ/mol 

Hückel theory predicts -0.445 or 

397kJ/mol… but there is s-strain &c. 

 

Tropyl anions and cations are both 

perfect heptagons 

 

Tropyl cation is very stable… 6e- system! 

:تشٔپٕنيٕو  



Cyclooctatetraene – C8H8
 

+2 

-1.414 

 

+1.414 

-2 

Ep = 8 + 9.656 

 

But planar structure is highly strained. 

 

Ring puckers to relieve bond strain at the 

expense of slight delocalization energy 

 

The molecule is not flat – it is not 

aromatic 

:عيكهٕاكتبتتشااٌ   



کبسثشد سٔؽٓبی َظشی:  2فقم   



:ْذفٓبي كهي   

 ثّ يُظٕس تٕفيف کبسثشد َگشػ َظشی دس زم يغبئم ؽيًی آنی ٔ آؽُبتش عبختٍ داَؾدٕيبٌ ثب سٔؽٓبی يٕخٕد ، 

:چٓبس کبسثشد خبؿ سا ثشسعی خٕاْيى کشد   

 خقهت آسٔيبتيغيتّ -1

 

 خبيگضيُی انکتشٔفيهی آسٔيبتيک -2

 

 خبيگضيُی َٕکهئٕفيهی آسٔيبتيک -3

 

 ٔاکُؾٓبی پشی عيکهی -4







 :خقهت آسٔيبتيک 



Aromaticity and the 4n + 2 Rule 

 Huckel’s rule, based on calculations – a planar cyclic molecule with 

alternating double and single bonds has aromatic stability if it has 

4n+ 2 p electrons (n is 0,1,2,3,4) 

 For n=1: 4n+2 = 6; benzene is stable and the electrons are 

delocalized 

:قبػذِ ْٕکم  



Compounds With 4n p Electrons Are Not Aromatic (May 

be Antiaromatic) 

 Planar, cyclic molecules with 4 n p electrons are 

much less stable than expected (anti-aromatic) 

 They will distort out of plane and behave like ordinary 

alkenes 

 4- and 8-electron compounds are not delocalized 

(single and double bonds) 

 Cyclobutadiene is so unstable that it dimerizes by a 

self-Diels-Alder reaction at low termperature 

 Cyclooctatetraene has four double bonds, reacting 

with Br2, KMnO4, and HCl as if it were four alkenes 

cyclobutadiene

cyclooctatetraene





:اَشژی سصَٔبَظ  

 اًْيت سصَٔبَظ دس يک يٕنکٕل ، يؼًٕلا َغجت ثّ اَشژی سصَٔبَظ ثُضٌ عُديذِ يی ؽٕد؛

 اَشژی سصَٔبَظ، زبفم تفشيق اَشژی ٔاقؼی يٕنکٕل اص اَشژی پبيذاستشيٍ ؽکم پيَٕذظشفيتی 

 .آٌ يی ثبؽذ

 

LOCEEDE  p



 :گشيبی تؾکيم پهی اٌ خغی

       HCCCCCf EnEnEnH   421



 :اَشژی سصَٔبَظ دٔاس

     ofHnoofCnomolKcalH

HHDRE
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f

f
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DRE

DRE

DREيٕنکٕل آسٔيبتيک 

 

 يٕنکٕل ضذ آسٔيبتيک

 

 يٕنکٕل غيش آسٔيبتيک



 :خٓت ْيذسٔکشثٍ ْبی ثُضٔئيذی DRE    ٔDEيقبيغّ 

DRE 

 َيًّ تدشثی تدشثی عبختبس

43 42 

49 49 



:ْيذسٔکشثُٓبی تک زهقّ ای يضدٔج   Aromatic Ions 

 The 4n + 2 rule applies to ions as well as neutral species 

  Both the cyclopentadienyl anion and the cycloheptatrienyl cation are 

aromatic  

 The key feature of both is that they contain 6 p electrons in a ring of 

continuous p orbitals 



Aromaticity of the 

Cyclopentadienyl Anion 

 1,3-Cyclopentadiene contains 

conjugated double bonds joined by a 

CH2 that blocks delocalization 

 Removal of H+ at the CH2 produces 

a cyclic 6-electron system, which is 

stable 

 Removal of H- or H• generate 

nonaromatic 4 and 5 electron 

systems 

 Relatively acidic (pKa = 16) because 

the anion is stable 

:خقهت آسٔيبتيغيتّ آَيٌٕ عيکهٕ پُتب دی اٌ   



:خبيگضيُی َٕکهئٕفيهی آنيفبتيک   

.تٕضير دادِ خٕاْذ ؽذ 4دس فقم   



:ٔاکُؾٓبی پشی عيکهی   

 ٔاکُؼ پشی عيکهی، ٔاکُؾی اعت کّ دس آٌ پيَٕذْب ثّ عٕس ًْبُْگ ٔ دس يک

.زبنت گزسای زهقٕی، گغغتّ ٔ تؾکيم يی ؽَٕذ    

Cycloaddition 

Electrocyclic Reactions 

Sigmatropic Rearrangements 

Group Transfer Reactions 

 زهقّ صايی

 ٔاکُؾٓبی انکتشٔعيکهی

 َٕآسايی عيگًب تشٔپی

 ٔاکُؾٓبی اَتقبل گشِٔ



:ٔاکُؾٓبی زهقّ صايی   

آنذس -ديبنض  









 اگضٔ اَذٔ



:دسٔاکُؼ ْبی زهقّ صايی  

 

 دی آَبيی کّ ؽبيم گشِٔ انکتشٌٔ دُْذِ ٔ دی إَفيم ْبيی کّ داسای گشْٔٓبی انکتشٌٔ

.کؾُذِ يی ثبؽُذ ايٍ ػًم سا ثٓتش اَدبو ييذُْذ   

   











Maleic anhydride is an electron poor dieneophile which reacts with 

cyclopentadiene to give an endo Diels-Alder adduct. Upon heating at 

190°C, the endo conformation adduct adopts the more stable exo-adduct 

conformation. 

                                                                                

1-Methoxy-1,3-butadiene reacts with acrylonitrile to give 3-methoxy-4-

cyanocyclohexene rather than the 3-methoxy-5-cyanocyclohexene isomer. 

This "ortho" regioselectivity of this reaction can be rationalised using 

FMO theory. 

                                                                               















The alkene (dienophile) 

component has two 

electrons is a "single" pi-

bond. FMO theory, here, 

identifies the HOMO and 

LUMO components of this 

system: 

the diene which has four 

electrons in is conjugated pi-

system can have its HOMO 

and LUMO identified within 

FMO theory  

 FMO:تٕضير ٔاکُؼ ْبی زهقّ صايی ثب اعتفبدِ اص تئٕسی أسثيتبنٓبی يٕنکٕنی يشصی





 HOMO-LUMOتٕضير اعتشئٕؽيًی ٔاکُؼ ثش اعبط ثشْى کُؼ 



Using the FMO logic discussed above, some pi/pi interactions are FMO 

symmetry forbidden and do not result in cycloaddition. Consider 

dimerisation of ethene to cyclobutane. 

This reaction does not occur in either the forward or reverse directions 

under thermal conditions: 

                                              

  

  

                                           
But... the [2+2] cycloaddition reaction does occur under photochemical 

conditions: 



Ethene can [2+2] cycloadd to maleic anhydride to give the cyclobutane 

diacid anhydride: 

                                                   

UV light, –65°C, 44 hours, 77% yield. 



[2+2], [4+4] and [6+6] 

cycloadditions are 

thermally disallowed, but 

photochemical examples 

are known. 















Electrocyclic reactions 

Note that the 3-alkene must be cis for the reaction to occur. 

:ٔاکُؾٓبی انکتشٔعيکهی   

 ٔاکُؾٓبی انکتشٔعيکهی داسای يشزهّ تک يٕنکٕنی ثٕدِ کّ دس ايٍ يشزهّ پيَٕذْبی  پبی ثّ عيگًب

.تجذيم ؽذِ ٔ زهقّ صايی ييؾٕد   



The reverse, or retroelectrocyclic, reaction can also occur. This 

is seen with the ring opening of cyclobutene to 1,3-

butadiene:                                          

Electrocyclic reactions, like all pericyclic processes, exhibit great 

stereoselectivity. Consider two 1,3,5-hexatriene systems embedded 

into longer hydrocarbon chains. 

trans-cis-trans-2,4,6-Octatriene will ring close to give a cis 

ring:                                                 



                                                

trans-cis-cis-2,4,6-Octatriene will ring close to give a trans ring 



























As with cycloaddition, this selectivity can be explained by 

examining the FMOs, specifically the 

HOMO:                                           



If the termini of the HOMO is superimposed upon the triene 

system, it can be seen that the end groups must rotate in a 

disrotatory manner to form the 

bond:                                                   

  

 

However, electrocyclic reactions can also occur 

photochemically. When photoactivated, an electron moves from 

the HOMO to the next orbital, the LUMO. (Now this orbital 

contains an electron it is no longer unoccupied,it is either a 

SOMO or an excited state HOMO). 



The photoexcited system will ring close in an opposite manner to the 

thermal system and the groups conrotate to form the sigma bond. 

                                                                                       



This thermal and photo selectivity 

can be exploited in the reaction 

sequence below in which 1,3,5-

cyclononatriene is converted into 

bicyclic systems with first cis and 

then trans ring junctions. 

The initial 1,3,5-cyclononatriene is 

all cis. This is thermally ring 

closed in a disrotatory manner and 

then photo-ring opened at -20°C in 

a conrotatory manner. The 1,3,5-

cyclononatriene now has two cis 

and one trans double bonds, 

however, the nine membered ring 

is able to accommodate the strain 

of a trans alkene. Thermal ring 

closure gives the trans-ring 

junction. 

                                                            

         



Sigmatropic Rearrangements 

The [1,5] shift of hydrogen in a 1,3-pentadiene system: 

                                                       

  

                                               

The [3,3] Cope rearrangement: 

: َٕآسايی ْبی عيگًب تشٔپی   

 ٔاکُؾٓبی عيگًب تشٔپی َيض يؾبثّ ٔاکُؾٓبی انکتشٔعيکهی تک يٕنکٕنی ْغتُذ 

.دس ايٍ َٕآسايی پيَٕذ عيگًب ثّ يٕقؼيت خذيذی دس عيغتى يُتقم يی ؽٕد   













The biosynthesis of vitamin D has 

photochemical step, and the reaction takes 

place in skin cells. 

A 1,3-cyclohexadiene system associated 

with the b ring of a steroid undergoes a 

photoactivated, retroelectrocyclisation to 

give 1,3,5-hexatriene system.  

The thermal reaction is not allowed because 

it would be necessary for form a six 

membered ring with a trans-alkene, a 

sterically impossible structure. 

1,3,5-hexatriene system then undergoes a 

thermal [1,7] sigmatropic rearrangement to 

give vitamin D3. This is further processed in 

the liver. 



:َٕآسايی کٕپ   



1,3-sigmatropic rearrangement 

The suprafacial [1,3]-sigmatropic rearrangement is an orbital symmetry 

forbidden process, and thus typically has high activation barriers and 

potentially proceeds through radical or zwitterionic intermediates. Such 

rearrangements can, however be performed in special circumstances where 

ring strain lowers the activation barrier, for example in vinyl cyclopropanes. 

http://www.chem.wisc.edu/areas/reich/chem547/Synth-hirsutene-hudlicky.gif


:َٕآسايی کلايضٌ   

http://www.chem.wisc.edu/areas/reich/chem547/Synth-Dihydrocompactin-fragm.gif


http://www.chem.wisc.edu/areas/reich/chem547/Synth-hirsutene-hudlicky.gif








تؼييٍ يکبَيغى ٔاکُؾٓبی آنی: 3فقم   



:ْذفٓبی کهی   

 يغبنؼّ يکبَيغى ٔاکُؾٓب دس ثغٍ ؽيًی خبی داسد ثُبثشايٍ داَؾدٕيبٌ ثبيذ ثشای تٕفيف يکبَيغى ٔاکُؼ ْبی 

ايٍ ايش ييغش ًَيؾٕد .آنی ،تجذيم يٕنکٕنٓبی أنيّ ثّ يسقٕل ٔ يٕقؼيت تًبو اتًٓب ثش زغت تبثؼی اص صيبٌ ثذاَُذ  

.يگش ثب داَغتٍ عيُتيک ٔتشيٕديُبييک ؽيًيبيی   



:پيؾُٓبد يک يکبَيغى قبثم قجٕل   

.ْيچ تدًؼی ثذٌٔ ضشٔست فٕست ًَيگيشد -1  

 

.دس ْش يکبَيغى چُذ يشزهّ ای، ْش يک اص يشازم يُفشد ثبيذ تک يٕنکٕنی يب دٔ يٕنکٕنی ثبؽذ -2  

 

.ْش يشزهّ ثبيذ اص نسبػ اَشژيتيکی ايکبٌ پزيش ثبؽذ -3  

 

.ْش يشزهّ ثبيذ اص نسبػ ؽيًيبيی قبثم قجٕل ثبؽذ -4  



 Functional classification 

 Acid-catalyzed, 

 Electrophilic 

 

 Base-catalyzed, 

 Nucleophilic 

 

 Oxidation- 

 Reduction 

 

 Free-radical 

 Etc. 

NH2

NH

O

OH

O

OH2+ + 

NO2

+  HNO3 

H2SO4 

 

Heat 

+  H2O 

O

OH

OH
Na2Cr2O7 

 

H2SO4 

:عجقّ ثُذی ٔاکُؾٓب   



 Mechanism-based 

 Sn1 

 

 

 

 Sn2 

 

 E1 

 E2 

 etc. 

 Most informative classification patterns, but 

 Reaction mechanisms often unknown 

 Mechanisms cannot be directly observed, can only be proposed and 

supported with exp. evidence 

OH
- OH

H

H

H

Cl
-

Cl

H

H

H

+

OH

OH
-

Cl

Cl
-



:يغبنؼّ يسقٕلات   

ثّ ايٍ خبعش عبختًبٌ يٕاد أنيّ .ثشای دسک يکبَيغى يک ٔاکُؼ ثبيذ يبْيت دقيق ٔاکُؼ سا ثذاَيى   

.ثبيذ کبيلا يؾخـ ثبؽذ ٔ عبختًبٌ دقيق يسقٕلات َيض ثبيذ تؼييٍ گشدد  



:ايٍ يغبنؼّ عبختبس يسقٕلات اص دٔ عشيق ايکبٌ پزيش اعت   

 

 

 

ؽيًی فضبيی -1  

 

َؾبَذاسکشدٌ ايضٔتٕپی -2  



:ؽيًی فضبيی   

 دس تؼييٍ عبختًبٌ دقيق يسقٕلات، ثّ اعلاػبت فضبؽيًيبيی ٔيژِ ای:داسای يشکض کبيشال 

.َيبص اعت کّ اص اتًٓبی کشثٍ َب يتقبسٌ ثذعت يی آيذ   

HO:
_

C Br

H

CH
3

H

C

H

H CH
3

OH Br

 

_

COH

H

CH
3

H

+   Br
_

transition state

زتی يٕقؼی کّ يٕاد أنيّ فؼبل َٕسی َيؾتُذ، ْش کدب کّ يسقٕلات ازتًبلا : ثذٌٔ يشکض کبيشال  

.ؽيًی فضبيی خبفی سا َؾبٌ يی دُْذ ثشسعی ثبيذ فٕست گيشد   



:َؾبَذاس کشدٌ ايضٔتٕپی   

 اعتفبدِ اص ايضٔتٕپٓب سٔؽی ظشيف ٔنی ثغيبس يٕثش ثشای ثذعت آٔسدٌ اعلاػبت خبؿ 

.تٕضيسبت ايٍ قغًت دادِ خٕاْذ ؽذ .دسثبسِ پيَٕذْبيی اعت کّ دس يک ٔاکُؼ ؽشکت ييکُُذ  



: عيُتيک   

 aA + bB  cC + dD 

 Rate can be expressed by any reactant or product. 

t

D

dt

C

ct

B

bt

A

a
rate





















][1][1][1][1

• Understand each term in the above equation. 

.ثّ صثبٌ عبدِ عشػت تغييش غهظت يکی اص يٕاد ؽشکت کُُذِ دس ٔاکُؼ ، عشػت ٔاکُؼ َبييذِ ييؾٕد   



A  product 

 
 Zero-order reaction 

 

 First-order reaction 

 

 Second-order reaction 

:يتذأل تشيٍ يٕاسد عيُتيکی   

 دسخّ ففش

 

 دسخّ يک 

 

 دسخّ دٔ



:يفبْيى يکبَيغًی   

 (يشزهّ تؼييٍ کُُذِ عشػت ) عيُتيک يک ٔاکُؼ ثب عيُتيک آْغتّ تشيٍ يشزهّ يقذيبتی دس يکبَغيى  -1

 .يکغبٌ خٕاْذ ثٕد 

 . دسخّ عيُتيکی ْش يشزهّ يقذيبتی ثب يٕنکٕلاسيتّ آٌ يشزهّ يکغبٌ اعت  -2



[A] 

time t1 t2 

At which time is the  

reaction rate greater? 

:عشػت ٔاکُؼ   



R = k [A][B][C] ... 
 

 k = rate constant 

  = order with respect to A 

  = order with respect to B 

  = order with respect to B 

 etc. 



Reaction Kinetics: AB 

0.0

0.2

0.4

0.6

0.8

1.0

0 1 2 3 4 5

[B] 

[A] 

time 

rate=slope 



 
 A

t

A
krate 






0]ln[]ln[ AktA 

Unit of k: 1/s 

t1/2=ln2/k=0.693/k 

: 1عيُيتيک دسخّ   



SO2Cl Example 

 The reaction SO2Cl2(g)  SO2(g) + Cl2(g) gives the 

following experimental data: 

Time (s) Pressure SO2Cl2 (atm) 

0 1.000 

2,500 0.947 

5,000 0.895 

7,500 0.848 

10,000 0.803 



SO2Cl Example 

-0.25

-0.20

-0.15

-0.10

-0.05

0.00

0 2000 4000 6000 8000 10000

time/sec 

ln P vs time 

slope = 2.19 x 10-5 sec-1 
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2A   P 
k 

( :َٕع أل) 2عيُيتيک دسخّ   



NO2 Example 

Time  
(s) 

[NO2] ln [NO2] 1/[NO2] 

0 0.01000 -4.610 100 

50 0.00787 -4.845 127 

100 0.00649 -5.038 154 

200 0.00481 -5.337 208 

300 0.00380 -5.573 263 

The following data were obtained for the gas-phase 

decomposition of NO2(g) at 300°C. 

 



Second Order Plot 
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t
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( :َٕع دٔو ) 2عيُيتيک دسخّ   
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van’t Hoff’s Equation 
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:تئٕسی آسَيٕط   



 With E the apparent activation energy in kJ mol-1 

A the frequency factor 

 Plot of ln k vs. 1/T gives a slope of -EA/R  

which allows the calculation of the activation energy 

 A rule of thumb: the rate doubles for 10 K rise in 

temperature 

 

RT

E
Ak A lnln

:يؼبدنّ آسَيٕط  





 According to the simple collision theory, the 

preexponential factor is dependent on T1/2 

 

 

 

 

 

 with NA Avogadro’s number, σ cross section, μ 

reduced mass, k Boltzmann’s constant 

T
k

NA A
p

s
8



:َظشيّ ثشخٕسد   









A + BC   A    B   C    AB + C 

:َظشيّ کًپهکظ فؼبل   



H 

activation 

energy 

E
n

e
rg

y
 



Activated Complex 



 Rate constant (based on number of moles) 

 K
h

kT
kn

 Function of T 

 From the equilibrium constant for the activated complex, 

a standard free enthalpy of activation can be calculated 

  KRTG ln

:َتبيح َظشيّ کًپهکظ فؼبل   



:اَشژی فؼبنغبصی   

=> 



=> 

:ٔاکُؼ يک يشزهّ ای   



=> 

:ٔاکُؼ دٔ يشزهّ ای   



Generic: 
k1

k-1

k2

A + B C

C + D P

overall: A + B + D  P 

 Rate = k2[C][D] 

Steady state assumption: d[C]/dt = 0 

  k1[A][B] = k-1[C] + k2[C][D] 

 [C] =  

   Rate =  

k1[A][B] 

k-1 + k2[D] 

k1k2[A][B][D] 

k-1 + k2[D] 
generic rate law 

:تقشيت زبنت پبيب   



  Rate =  

if k-1 >> k2[D]  (i.e., 1st step rapid equilibrium, 2nd step slow) 

 then Rate = 

if k2[D] >> k-1  (i.e., 1st step slow, 2nd step fast) 

 then Rate = k1[A][B] 

k1k2[A][B][D] 

k-1 

k1k2[A][B][D] 

k-1 + k2[D] 



e.g., H2C=CH2 + HBr  CH3CH2Br 

 

 1. 

 

 

 

 

 

 

 2. 

H2C CH2 + HBr CH3CH2
+ + Br-   slow

CH3CH2
+ + Br- CH3CH2Br   fast

k1

k2

Rate = k1[C2H4][HBr]

k1

k-1

H2C CH2 + HBr H2C CH2   rapid equilibrium   

HBr

Rate = k2[C2H4·HBr][HBr]

k2
CH3CH2Br + HBr   slowH2C CH2

HBr

+ HBr

:يثبل   



steady state:  k1[C2H4][HBr] = k-1[C2H4·HBr] + k2[C2H4·HBr][HBr]

with k-1 >> k2[HBr]

Rate =
k1k2[C2H4][HBr]2

k-1

Rate =
k1k2[C2H4][HBr]2

k-1 + k2[HBr]

[C2H4·HBr] =
k1[C2H4][HBr]

k-1 + k2[HBr]

or Rate = k2K1[C2H4][HBr]2

equilibrium constant for step 1 



e.g., 

OTs OH

+
H2O

(SN1 & E1) 

ROTs R+ + TsO-
k1

k-1

R+ + H2O ROH + H+
k2

R+ R + H+
k3

k1 small (RLS) 

k-1, k2, k3 large 

From RLS, overall:  Rate = k1[ROTs] 

 

But to get the relative rates of each product formation, we need to multiply 

this by the fractional rate of each: 

:يثبل   



fraction of ROH = =
k2[H2O]

k2[H2O] + k3

k2[R+][H2O]

k2[R+][H2O] + k3[R+]

fraction of R = =
k3[R+]

k2[R+][H2O] + k3[R+]

k3

k2[H2O] + k3

=
k1k2[ROTs][H2O]

k2[H2O] + k3

d[ROH]

dt

Thus: 

=
k1k3[ROTs]

k2[H2O] + k3

d[R]

dt



React 

Prod 

TS 

G 

G‡ = free energy of activation 

React TS Prod
K‡ k‡

k‡ = rate constant for decay of TS (statistical thermodynamics) 

 

 = 

 

 = 6  1012 s-1 at 25ºC 

h

kT  = transmission coefficient (=1) 

k = Boltzmann’s constant 

h = Planck’s constant 

Rate = k‡[TS] 

:َظشيّ زبنت گزاس   



 Rate = k‡[TS] 
 
steady state:  Rate = k‡K‡[React] 
 
with  
 
then  

RTGeKKRTG /‡‡‡ ‡

or    ln 

[React]  Rate /‡ ‡ RTGek 

kr 
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ln
1

ln
‡‡

//

//‡

/‡

‡‡

‡‡

‡

slope intercept 

Plot  
TT

kr 1
  vsln

slope: H‡ reflects increase 

in energy in React  TS 

 

intercept: S‡ reflects loss 

(S‡ < 0) or gain (S‡ > 0) 

of degrees of freedom in 

React  TS 



OH- + RBr ROH

H2O + RBr ROH

O OtBu tBu OtBu

RCO2
-OH- + RCO2R'

+

H‡  S‡ 

large < 0 

large > 0 

smaller < 0 

small < 0 

large > 0 

C

O-

R'R

OH

CHO Br

-

RBr R+ + Br-

then S‡ > 0 

then S‡ ~ 0 

if via 

if via 

:يثبل   



CO2CH3

X X

CO2
k

+  CH3OH

CO2H

X X

CO2
K

+  H+ K0 when X = H 

k0 when X = H 

For example, compare an equilibrium and a reaction of benzoic acid derivatives: 

Vary X and plot log k/k0 vs log K/K0 : 

:يؼبدنّ ْبيت   



0

log
k

k

0

log
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K

linear relationship 

slope = m 
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‡

0
‡
0

‡

//‡

00

or 

 and  from

loglog

‡

i.e.,  
change in free energy of 

activation with change 

in substituents 

change in free energy of 

ionization with change 

in substituents 

 



Hammett: 

s

s





0

0

log

log

k

k

K

K
(equilibrium data) 

(kinetic data) 

s: reflects substituent effects 

: reflects reaction mechanism, sensitivity to s 

 

 

definition:  = 1 for 

 

 

Strategy: 1. calculate s for various X groups in above reaction 

 2. use these s values to calculate  values for other reactions 

CO2H

X X

CO2

+  H+ K
K0



1. resonance and field effects 

Resonance effects (only effective when X is ortho or para): 

Field effects (any position): 

CO2

Cl

CO2

Cl

CO2

O

CO2

O
unfavorable

(s < 0)
favorable

(s > 0)

CO2

F

CO2

F

or

CO2

CH3

CO2

CH3

or

unfavorable

(s < 0)

favorable

(s > 0)

:اثشْبی سصَٔبَظ ٔ ييذاٌ   



2. sm and sp values (so not used because of steric effects) 

e.g., C

O

H3C

HO

CH3

F

sm  sp  
0.36 0.47 

favorable  favorable resonance 

field effect and field effects 
 
0.13 -0.38 

favorable unfavorable resonance 

field (outweighs field effect) 
 
-0.06 -0.14 

unfavorable unfavorable 

field field 
 
0.34 0.15 

favorable field favorable field outweighs 

 unfavorable resonance 

Shortcoming: relative extents of field and resonance effects are not constant, vary 

with type of reaction (i.e., when resonance is involved, one sees a ―normal‖ mixture 

of resonance and field effects; otherwise not). Instead… 

:اثشْبی فضبيی   



3. s+ and s– values (for para substituents only) 

s+: degree of resonance interaction between an electron donor group and a 

cationic reaction center 

 

s–: degree of resonance interaction between an electron acceptor group and 

an anionic reaction center 

 

e.g., 
 
s+: Br = 0.15 

 Cl = 0.11 at 

 F = -0.07 

 

s–: NO2 = 1.23 

 CH3CO = 0.82 

worse 

better 

X CH2 X CH2

ON

O

O

ON

O

O

(There are other modifications on s values, but these will suffice for us.) 



II. Hammet s Relationships 

C.  values: information about reaction mechanisms 

For the equilibrium: 
 
 
definition:  = 1 
 

 

 

For other reactions: 
 

1. for  
 
 

2. for 

 

i.e.,  > 0 indicates negative charge development in TS 

 < 0 indicates positive charge development in TS 

and larger  indicates greater sensitivity to substituents, 

i.e., a larger buildup or closer proximity of charge in TS 

CO2H

X X

CO2

+  H+

1log
0

 s
K

K i.e., for electron donor groups, s < 0 

 for electron acceptor groups, s > 0 

s
0

log
K

K

s
0

log
k

k

 > 0 for equilibria favored by electron acceptors 

 < 0 for equilibria favored by electron donors 
 

 > 0 for TS favored by electron acceptors 

 < 0 for TS favored by electron donors 



II. Hammet s Relationships 

C.  values 

Examples: 
OH

X X

O

+  H+

X

CH2CO2H CH2CO2

X

+  H+

CH2Cl

X

+  H2O

X

CH2OH

X

Cl

+  H2O

OH

X

 = 2.26 more sensitive to 

 substituent effects 

 
 
 

 = 0.56 less sensitive 

 

 

 

 = -1.31 

 

 

 

 

 = -4.48 

CO Cl

Ar

H

H

+ -

Ar
+  Cl-

partial charge buildup (SN2-like) 

greater charge buildup (SN1-like) 



Br

Br

Br

Br

+  Br2 

lower
T

higher
T

1,2-addition 

 

 

 

 

1,4-addition 

via 

Br
Br Br

greater lesser

:کُتشل عيُيتيکی ٔ تشيٕديُبييکی   



R + Br2 

1,2-prod 

1,4-prod 

G‡
1,4 G‡

1,2 RBr+ 

Br- 

G1,4 

G1,2 

At low T, reaction is governed by G‡: kinetic control (k) 

At higher T, reaction is governed by G: thermodynamic control (K) 
 



In general: 

R 

P1 

P2 

G‡
1 

G‡
2 If G‡

1 < G‡
2 

- kinetic control at low T 

- thermodynamic control at higher T 

 

If G‡
1 > G‡

2 

- thermodynamic control at any T 



If two adjacent states along a reaction path have similar energies, they will 

have similar structures. 

A 

B 

TS 

A 

B 

TS 

A B 

TS 

TS looks more 

like B 

TS looks more 

like A 

TS looks like 

neither A nor B 

:افم ْبيَٕذ   



e.g., RH + X2  RX + HX 
 

selectivity:  Cl2 Br2 

  1º 1 1 

  2º 4 80 

  3º 5 1600 
 
RLS:  RH + X·  R· + HX 

RH + Cl· 

R· + HCl RH + Br· 

R· + HBr 

TS looks more like reactants: TS looks more like products: 

C H Cl C H Br

less 

selective 

more 

selective 



The population ratio of two equilibrating intermediates cannot 

be inferred from the product population ratio. 

G 

Ia        Ib 

Pa 

Pb 

TSa 

TSb 

G‡
a 

G‡
b 

G‡
isom 

Gisom 

:ْبيت  -افم کٕستيٍ  



Pa/Pb ratio is determined by G‡
a, G‡

b (kinetic) 

ka[Ia] 

kb[Ib] 
=  

ka 

kbKisom 
ka 

kbKisom 
[Pa]/[Pb] = 

RTGGG

RTGRTG

RTG

isomab

isomb

a

e

ee

e

/)(

//

/

‡‡

‡

‡











but  

‡‡

‡‡

‡‡

)()()(

ab

abaabb

isomab

GG

GGGGGG

GGG







RTGG abe
/

ba

‡‡

]]/[P[P


 i.e., not  Gisom 

 not  Kisom 



- when C-H (C-D) bond breaks in RLS 

0 C-H 

0 C-D 

C· + H· 

C· + D· 

7) ~(max      1

2

1

2

1

D

H

‡
DC

‡
HC









k

k

GG

m

kk

pp


:اثشْبی عيُيتيکی ايضٔتٕپٓب   

:اثشات أنيّ   



 kH/kD Indicates: 

 

 ~7 strong bonding to H by both partners 

 (theor max) 

 

 

 >~2 significant C-H bond breaking in TS 

 

 ~1 slightly or nearly completely broken in TS 

 

 

 

 

    i.e., TS looks much like reactant or product 

AH + B A + BH TS: A H B

A H B

A H B

or



RCH3 + Br2 RCH2Br + HBr kH/kD  4-5

 RCH3 + Br RCH2  + HBr is RLS

TS: RCH2 H Br

e.g., 

e.g., kH/kD  4-5H
Y

+ OH- + H2O + Y-

 E2 (instead of E1 or E1cb where kH/kD ~ 1) 

 

TS: vs or YHH
Y

HO

E1 E1cb E2 



When isotopic substitution is at a bond not broken in TS. 

 

kH/kD ~ 0.7-1.5 > 1 = normal isotope effect 

 < 1 = inverse isotope effect 

 

1. H on C undergoing rehybridization ( carbon) 

C H C H
bend 

~1350 cm-1 

oop bend 

~ 800 cm-1 

(lower E) 

E(C-H) > E(C-D) 

(because rC-H > rC-D) 

:اثشات ثبَٕيّ ايضٔتٕپی   



1. H on C undergoing rehybridization 

sp3  sp2 

sp2  sp3 

sp3  sp2 w/o C-H(D) bend 

C—D 

C—H 

C—H 

C—D 

sp2  sp3 

lowering of energy 

greater for C-H 
 
 kH/kD > 1 

raising of energy 

greater for C-H 
 
 kH/kD < 1 



1. H on C undergoing rehybridization 

e.g., 

R
C

O

H(D)

R C

OH

H

X

HX

R C

X

H(D)

R

R R

H

+ X-

kH/kD ~ 0.7 

kH/kD ~ 1.3 

2. H on  carbon: hyperconjugation 

C C

(D)H X

C

H

C C C

H

C-H bond weaker,  greater contribution 

VB: 

 

 

MO: 
HOMOC-H > HOMOC-D 

kH/kD >1 

(1.1 ~ 1.4) 



1. polarity 

 dielectric constant, f(dipole, polarizability) 

 

polar protic: H2O, ROH, RCO2H 

polar aprotic: acetone, acetonitrile, HMPA, DMF, DMSO 

nonpolar: hexane, benzene, CCl4, Et2O, THF 

 

Reaction type   Favored by 

    polar 

    nonpolar 

    either 

 

A + B A B A B

+ -

A B A B A+ + B-

A+ + B- A B A B
+ -

:اثشات زلال   

:قغجيت   



2. nucleophilicity of Nu- 

 

e.g., OH- (from NaOH) 

 

Solvent Nucleophilicity 

H2O low large solvation energy 

DMSO high lower solvation energy 

C6H6 + 18-crown-6 highest 

O

O

O

O

O

O

Na+

very strong 

complex with 

Na+ leaves 

OH- ―naked‖ 

:خقهت َٕکهئٕفيهيغيتّ   



1. acidities 
 
Acid Hºdiss(aq) Hºdiss(g) 

H2O 21.4 391 

MeOH 21.1 379 

EtOH 21.7 376 

iPrOH 23.2 374 

tBuOH 26 373 

weakest strongest! 

all are larger in 

gas phase due to 

lack of solvation 

C

H

H

H O C

CH3

H3C

CH3

Ovs

• CH3 more polarizable than H 

(more overlap between OMO 

on O- and UMO on CH3 

- main effect in gas phase 

• tBuO- more difficult to solvate 

than CH3O
- 

- main effect in solution 

:يقبيغّ فبص زلال ٔ گبصی   



2. electronic effects 

 

 

 

 

 

X Ha(aq) Ha(g) 

m-Me 0.11 0.5 

m-Cl -0.50 -8.0 

p-Cl -0.28 -6.7 

m-NO2 -0.98 -16 

+ H+

CO2H

X X

CO2
-

In solution, ArCO2
- is stabilized by solvation. In the gas phase the 

relative effects of the substituents are magnified. 

:اثشات انکتشَٔی   



کشثٕکبتيَٕٓب:  4فقم   



:ْذف ْبی کهی   

ثغيبسی اص افٕل.کشثٕکبتيَٕٓب ٔاعغّ ْبی آنی ػًٕيی ْغتُذ کّ ثّ سٔؽٓبی يختهف تٓيّ ييگشدَذ  

 اعبعی زبکى ثش ثشْى کُؼ ْبی دسٌٔ يٕنکٕنی ٔثيٍ يٕنکٕنی اص يغبنؼّ کشثٕکبتيَٕٓب َتيدّ ييؾٕد 

.ثُبثشايٍ دس ايٍ فقم داَؾدٕيبٌ ثب يبْيت کشثٕکبتيٌٕ ، ػٕايم پبيذاسی ٔٔاکُؾٓبی آٌ آؽُب ييؾَٕذ  



:يقذيّ   

 کشثٕکبتيَٕٓب ٔاعغّ ْبی آنی ػًٕيی ْغتُذ کّ دس آَٓب کشثٍ داسای ثبس يثجت يی ثبؽذ

:ايٍ رسات يی تٕاَُذ ثّ سٔؽٓبی يختهف ايدبد گشدَذ   

 

ٔاکُؾٓبی خيگضيُی ٔززفی -1  

 

خبيگضيُی انکتشٔفيهی آسٔيبتيک -2  

 

 افضايؼ انکتشٔفيهی ثّ آنکُٓب -3



:عبختًبٌ   



Carbocation Stability 

Methyl 
cation

(methyl)

Ethyl 
cation

(1°)

Isopropyl
 cation

(2°)

t ert-Butyl 
cation

(3°)

Increasing carbocation s tability

+ + + +C

H

H

CH3 CCH3

CH3

H

C

CH3

CH3

CH3CH

H

H

:پبيذاسی کشثٕکبتيٌٕ   

:اثش زلال   

 زلال َقؼ يًٓی دس تغٓيم ػًم يَٕؼ داسد ٔ ايٍ ثخبعش خبفيت دٔ قغجی ثشخی اص زلال ْب اعت

.کّ يَٕٓب سا پبيذاس تش يی کُذ  



:اثشْبی انکتشَٔی   
 

 کشثٕکبتيَٕٓب کًجٕد انکتشٌٔ داسَذ ثُبثشايٍ ْش تغييشی دس عبختًبٌ کّ ثبػث افضايؼ داَغيتّ انکتشَٔی دس يشکض 

.ثبس يثجت گشدد، کشثٕکبتيٌٕ سا پبيذاس يی کُذ   

:اثش انقبيی   



CR2 CR2 CR2 CR2

CR2

or hybrid 



Hyperconjugation  ٌْبيپشکبَدٕگّ ؽذ:  

:يکی اص سٔؽٓبی پبيذاسی کشثٕکبتيٌٕ   



:خبيگضيُی َٕکهئٕفيهی آنيفبتيک   Nucleophilic aliphatic Substitution 

Mechanism - SN2 

C

CH3

CH3H3 C

+C

H3 C

H3 C

Br

H3 C

slow, rate
determining

A carbocation intermediate; 

  its shape is trigonal planar

+ Br

C Br

H

H
H

HO:
-

+ C

H

H H

HO Br

- -

Transition state with simultaneous

 bond breaking and bond forming

C

H

H
H

HO + Br

::
: :

:
:

:
:

:
:

:
:: : ::

Mechanism - SN1 





Mechanism - SN2 



Mechanism - SN1 



SN1 

SN2 

 SN1 SN2 عيُتيک ٔاکُؼ ْبی     ٔ     



Nucleophilicity 

Good

Poor

Br
-
, I

-

HO
-
, CH3 O

-
, RO

-
CH3S

-
, RS

-

CH3COO
-
, RCOO

-

H2 O

CH3OH, ROH

CH3COOH, RCOOH

NH3 , RNH2 , R2 NH, R3 N

CH3SH, RSH, R2 S

Nucleophile

Moderate

CN
-
,  N3

-

Effectiveness

Cl
-
, F

-

:َٕکهئٕفيهيغيتّ   



:گشِٔ آنکيم   

 ْش تغييش عبختًبَی کّ ثبػث پبيذاسی کشثٕکبتيٌٕ گشدد ، زبنت گزسايی سا کّ ثّ يبدِ ٔاعغّ 

.يُدش ييگشددَيض پبيذاس خٕاْذ عبخت ٔ دس َتيدّ ثبػث عٕٓنت يَٕؼ خٕاْذ ؽذ   

C

CH3

CH3H3 C

+C

H3 C

H3 C

Br

H3 C

slow, rate
determining

A carbocation intermediate; 

  its shape is trigonal planar

+ Br



:گشِٔ تشک کُُذِ   

 افضايؼ تٕاَبيی گشِٔ تشک کُُذِ دس پزيشػ ثبس يُفی آَشا گشِٔ تشک کُُذِ ثٓتشی خٕاْذ کشد ٔعشػت ٔاکُؼ 

.صيبد يی ؽٕد  

C

H

H

H

Br

+ -



C

H

H

H

C

H

H

Br

alkyl halide

C C

H

H

H

Cl

vinyl halide

I

aryl halide

=>  

:عجقّ ثُذی ْبنيذْب   

 آسيم ْبنيذْب ٔيُيم ْبنيذْب آنکيم ْبنيذْب



Polarizability Effect اثشات قغجؼ پزيشی:  



=> 

:اثشات زلال   

 زلال قغجی پشٔتَٕذاس 



CH3 C N

acetonitrile

dimethylformamide  
        (DMF)

C
H

O

N
CH3

CH3

C

O

H3C CH3

acetone

 =>

:زلال ْبی قغجی ثذٌٔ پشٔتٌٕ   



SN2:  Reactivity of Substrate 

 Carbon must be partially positive. 

=> 

Must have a good leaving group 

 
 
Carbon must not be sterically hindered. 

:عبختبس  



Leaving Group Ability 

QuickTime™ and a
Graphics decompressor

are needed to see this picture.

:گشِٔ تشک کُُذِ   



 Relative rates for SN2:  

 

                                         
  CH3X > 1° > 2° >> 3°      
 
 

  SN2عشػت َغجی ٔاکُؼ 



SN2 ؽيًی فضبيی 

Walden inversion 



 SN1ؽيًی فضبيی

=> 



 Carbocations can rearrange to form a more stable carbocation. 

 
 

 

•Methyl shift: CH3
- moves from adjacent carbon 

 if no H’s are available.  

•Hydride shift: H- on adjacent carbon bonds with C+. 

:َٕآسايی کشثٕکبتيٌٕ   



CH3 C

Br

H

C

H

CH3

CH3
CH3 C

H

C

H

CH3

CH3

CH3 C

H

C

H

CH3

CH3
CH3 C

H

C

CH3

CH3

H

CH3 C

H

C

CH3

CH3

H

Nuc
CH3 C

H

C

CH3

CH3

H Nuc

 => 

:ْيذسٔژٌ ؽيفت   



CH3 C

Br

H

C

CH3

CH3

CH3
CH3 C

H

C

CH3

CH3

CH3

CH3 C

H

C

CH3

CH3

CH3
CH3 C

H

C

CH3

CH3

CH3

CH3 C

H

C

CH3

CH3

CH3

Nuc
CH3 C

H

C

CH3

CH3

CH3 Nuc

 => 

:يتيم ؽيفت   



H3C CH3

Br

Ag

push             pull 

H3C

C

CH2

CH3

+

CH3

MeO

H

    -AgBr 
Br

H3C CH3 Ag+

MeOH

H3C CH2

CH3MeO

H+

CH3

-H+H3C

CH3MeO

CH3

:يثبل   



        SN2       or     SN1? 

 Primary or methyl 

 
 Tertiary 

•Strong nucleophile 

 
•Polar aprotic solvent 

 
•Rate = 
k[halide][Nuc] 

 •Inversion at chiral carbon 

•No rearrangements 

•Weak nucleophile (may also 

be solvent) 

 
•Polar protic solvent, Ag+ 
 

•Rate = k[halide] 

•Racemization of optically 

active compound 

 
Rearranged products 
 



 E1ٔاکُؼ

ززف يک يٕنکٕنی 

 
 دٔ گشِٔ اص دعت يی دْذ•

 
  َٕکهئٕفيم يبَُذ ثبص ػًم ييکُذ•

 

 

 يبَُذSN1  يسقٕل يخهٕط ييذْذ.  



Br

CH2-H

heat

MeOH
CH2

E-1

+

OMe

CH2-H

SN-1

H3C

CH3

CH3

CH3

Br

H

CH3CH2OH

H3C

CH3

CH3

H

CH2

+ 
H3C

CH3

CH3

CH3

:يثبل   



E1 يکبَيغى 

 Halide ion leaves, forming carbocation. 

H C

H

H

C

CH3

CH3

Br

C

H

H

H

C CH3

CH3

O

H

H

C

H

H

H

C CH3

CH3

C C

H

CH3

CH3

H
+     H3O

+

•Base removes H+ from adjacent carbon. 

 Pi bond forms. 



O

H

H

C

H

H

H

C CH3

CH3

C C

H

CH3

CH3

H
+     H3O

+

 => 



 Note: first step is same as SN1 



E2  ٔاکُؼ 

ززف دٔ يٕنکٕنی 

َيبصيُذ ثّ يک ثبص قٕی 

ززف گشِٔ ْبنيذ ٔخزة پشٔتٌٕ ًْضيبٌ فٕست ييکيشد 

 
                                                           



E2 يکبَيغى 

H C

H

H

C

CH3

CH3

Br

C C

H

CH3

CH3

H

O

H
+ H2O      Br

-
+



:قبػذِ صايتغف   

 If more than one elimination product is possible, the 
most-substituted alkene is the major product (most 
stable). 

 R2C=CR2>R2C=CHR>RHC=CHR>H2C=CHR 
   tetra     >       tri        >         di     >   mono 

C C

Br

H

C

H

CH3

H

H

H

CH3

OH
-

C C

H

H
C

H H

CH3

CH3

C

H

H

H

C

H

C

CH3

CH3

+

minor major  



E2 ؽيًی فضبيی 



E1      or        E2? 

 Tertiary > Secondary 

 Weak base 

  Good ionizing solvent 

 

 Rate = k[halide] 

 Saytzeff product 

 No required geometry 
 

 Rearranged products 

 Tertiary > Secondary 

 Strong base required 

 Solvent polarity not 
important 

 Rate = k[halide][base] 

 Saytzeff product 

 Coplanar leaving groups 
(usually anti) 

 No rearrangements   
 
 



E2 

branching 

hinders SN2 

X

H

H3C
H

H CH3

SN2 Nu:-Nu: -

X -

H

H3 C
H

H CH3

Nu -

H3 C
H H

CH3

Nu: -

X -

H

H3 C
H

H

CH3

Nu -

H

H3 C
H H

CH3

Nu

Nu:-

6 



Substitution & Elimination 

H3C-X 

SN2 

C C X
H

H

H

H

R

E2 

strong 

bulky 

 (t BuO-) 

weak 

SN1 & E1 

SN1 & E1 

weak 

C C X
R'

H

H

H

R C C X
R'

R"

H

H

R

B:-  Nu:- 

E2 

 strong B:  

med. B: 

good       

SN2 

E2 
strong 

B:-  Nu:- 

SN2 

Nu:-  B:- 

polar  
 protic unimolecular  

polar aprotic 
bimolecular 

Nu:- 

inversion 
stereochem  racemic 

rearrange 

:خبيگضيُی دس يقبثم ززف   



:افضايؼ انکتشٔفيهی ثّ آنکُٓب   



HBr + 2-Butene 

 A two-step mechanism 

 Step 1: proton transfer from HBr to the alkene gives a carbocation 
intermediate 

 

 

 

 

 

 

 

 Step 2: reaction of the sec-butyl cation (an electrophile) with bromide ion (a 
nucleophile) completes the reaction 

CH3 CH=CHCH3
H Br CH3 CH-CHCH3

H

Br++



sec-Butyl cation

(a 2° carbocation
intermediate)

slow, rate
determining

Br CH3CHCH2 CH3 CH3CHCH2 CH3

Br

sec-Butyl cation
(an electrophile)

+

Bromide ion
(a nucleophile)

fast

2-Bromobutane



HBr + 2-Butene 

 An energy diagram for the two-step addition of 

HBr to 2-butene the reaction is exergonic 



  

 Step 1: formation of a bridged halonium ion intermediate 

 

 

 

 

 

 

 Step 2: attack of H2O on the more substituted carbon opens the 

three-membered ring 

C C

Br

O
H

H

H
R

 OH

H H H

+

C C

Br

R H
H H

::

:

:

:

::

:

C C

Br

R H
H H

C C

Br

R H
H H

C C
R H

H H - Br -

bridged bromonium
ion

minor contributing
structure 

Br

Br :

:

:

:

:

:

:: ::
:



 Step 3: proton transfer to H2O completes the reaction 

 

 

 

 

      

H3 O
+

+C C

Br

O H
H

H

R

• •H H

+

 O H

H

C C

Br

O H
H

H

R

• •H





:خبيگضيُی انکتشٔفيهی آسٔيبتيک   



 Πکًپهکظ 



:اثش اعتخلاف   









Ortho & Para Directors Meta Directors 



کشثبَيَٕٓب:5فقم   



:ْذفٓبی کهی   

 کشثبَيٌٕ ْب اص ٔاعغّ ْبی يٓى دس ؽيًی آنی ْغتُذ دس ايٍ فقم داَؾدٕيبٌ ؽشکت ازتًبنی ٔاعغّ ْبی کشثبَيَٕی

.سا دس خبيگضيُی َٕکهئٕفيهی ، خبيگضيُی انکتشٔفيهی آنيفبتيک ٔ يکبَيغى ْبی خبؿ آَٓب فشاخٕاُْذ گشفت  



:کشثبَيَٕٓب   

.کشثبَيَٕٓب ٔاعغّ ْبيی ْغتُذ کّ دس آَٓب کشثٍ داسای ثبس يُفی اعت   

-



:ػٕايم يٕثش دس پبيذاسی   

 :دس پيَٕذ  sدسفذ خقهت  -1

 .افضايؼ يبثذ انکتشَٔگبتيٕيتّ پيَٕذ افضايؼ يبفتّ ٔخقهت اعيذی صيبد ييؾٕدs ْشچّ دسفذ 

 

 : يضدٔج ؽذٌ  -2

 ثبس يُفی ثش سٔی کشثٍ يک کشثبَيٌٕ يی تٕاَذ ثّ َسٕ يٕثشی َبيغتقش ثبؽذ ٔ ثٕعيهّ يضدٔج 

 .ؽذٌ پبيذاس گشدد

N

O

O

N

O

O+

-

-

-

-

+



:اثش انقبيی  -3  

.ٔاضر اعت کّ اعتخلافٓبی انکتشٌٔ کؾُذِ ثبػث ييؾٕد تب يک کشثٍ ثب غُبی انکتشَٔی پبيذاس گشدد  

 

 

 

 

 

 

 

 

 

:اثش زلال  -4  

.زلال قغجی پشٔتَٕذاس ثبػث پبيذاسی ثيؾتش کشثبَيٌٕ ييؾٕد  

 عشػت َغجی تشکيت

CF3H 

CF3(CF2)5CF2H 

(CF3)2CFH 

(CF3)3CH 

1 

6 

100000 

1000000000 



:خبيگضيُی انکتشٔفيهی آنيفبتيک  

   XRXR
slow

ERR
E






1SE
يکبَيغى: 1 خبيگضيُی انکتشٔفيهی دسخّ  

O O O

Br

+ OH
Br2

-
-

:يثبل   



:ٔاکُؼ ْبی خبيگضيُی انکتشٔفيهی اص عشيق يکبَيغى ًْبُْگ دٔ يٕنکٕنی   

يکبَيغى دٔ يشکضی : انف   2SE

X

E
 

R-X + E R R-E +X
+ +

X

E
Y

 

R-X + E-Y R R-E +X-Y

iSE
يکبَيغى چٓش يشکضی: ة   







: تشاکى آنذٔنی   Aldol condensation 

R C C H

O

R C C H

O

R C C

O

H

C C H

O

R

+
bas

a  hydroxyaldehyde



C C H

O

O H
O

HH CH
2

C H

O

CH
2

C H

O

 

C C H

O

CH
2

C H

O

C C

O

H

H

C C H

O

C C H

O
C C

O

H

C C H

O

C C

O

H

1)

2)

3)

: :

+ :
..

_

..

fast ..

.. +

: : : :

..
_

.. _

an enolate ion
: :

: :

..
_

slow

:
..

:

: :

: :
..

: :

+   H
2
O

fast

:
..

: :

+   :OH
..

..

_

acceptor

donor

:يکبَيغى   



:َقؼ کبتبنيضٔسی   





An Acid-Catalyzed Reaction  اعيذ کبتبنيغت:  





21

21

k
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kk

kk

productHS

XHSSHX

2
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k-1 

 کبتبنيض ػًٕيی اعيذ

 

 کبتبنيض خبؿ اعيذ



:يقبيغّ اعيذ خبؿ ٔػبو   



:ًَٕداس اعيذ کبتبنيغت خبؿ ٔػبو   



A specific-acid must be a strong acid 

A general-acid can be a weaker acid 



:خبيگضيُی َٕکهئٕفيهی آسٔيبتيک   

:ايٍ ػًم اص دٔ عشيق فٕست ييگيشد   

 

ززف –يکبَيغى افضايؼ  -1  

 

( ثُضايٍ)افضايؼ  –يکبَيغى  ززف  -2  



:ززف  –يکبَيغى افضايؼ   











:افضايؼ  –يکبَيغى ززف   









ساديکبنٓبی آصاد:  6فقم   



:ْذفٓبی کهی   

ْٕيٕنيض،)دس ايٍ فقم عؼی ييؾٕد داَؾدٕيبٌ ثب يفبْيى ساديکبل آصاد ، سٔؽٓبی تٓيّ ، ٔاکُؾٓبی يشثٕعّ   

.آؽُب ؽَٕذ....( صَديشی، پهيًشی ؽذٌ ٔ  



:ساديکب نٓبی آصاد  
 

 

:تبسيخچّ  
 

 
يؼشفی گشديذ 1789افغلاذ ساديکبل أنيٍ ثبس تٕعظ لأاصيّ دس عبل   

  
.يک يٕنکٕل يب اتى ثب يک خفت انکتشٌٔ خفت َؾذِ تؼشيف يی ؽٕد  ثّ فٕست" يک ساديکبل آصاد يؼًٕلا :ساديکبل آصاد  



C 
C 

C 

H 

H 

H H 

H 

allylic 

C 

H 

H 

benzylic 

> 

> 

> 

R C 
R 

R 

R C 
H 

R 

R C 
H 

H 

H C 
H 

H 

:پبيذاسی ساديکبنٓبی آصاد   



 :تؾخيـ ساديکبنٓبی آصاد
 

 

 

 
 .ٔخٕد انکتشٌٔ يُفشد ثبػث پبسا يغُبعيظ ؽذٌ رسِ يی گشدد :تشاصٔی گٕی  -1

 

   يٕعٕو اعت( epr)سصَٔبَظ پبسايغُبعيظ انکتشٌٔ : (esr)  سصَٔبَظ اعپيٍ انکتشٌٔ -2

 .يفيذ تشيٍ ٔ قبثم اعثفبدِ تشيٍ تکُيک ثشای تؾخيـ ساديکبنٓبی آصاد اعت



 ػلأِ ثش ْغتّ ْبی ْيذسٔژٌ ، عبيش ػُبفشی کّ داسای اعپيٍ ْغتّ ای غيش اص ففش ْغتُذ ثبػث ؽکبفت 

 .يی گشدد esrدس خزة 

gauss25a

gauss22a

H

H









CH
3

CH
3

H

.







:سٔػ پبيذاسکشدٌ ساديکبنٓبی آصاد  
 

.ثّ داو اَذاختٍ ساديکبل ثٕعيهّ ثشخی ٔاکُؼ ْبی ؽيًيبيی اعت   

N O N R

O  

N CHPh

O

R  
N

O  

CHPh

R

(CH3)3C (CH3)3C

(CH3)3C + (CH3)3C



:ٔاکُؼ ْبی ْٕيٕنيض   
 

 :ی تفکيک پيَٕذ ژاَش

..
BABA 

  Kcal/molاَشژی پيَٕذ تفکيک ًََّٕ ْب

H-H 

F-F 

Cl-Cl 

Br-Br 

CH3-H 

1˚C-H 

2˚C-H 

3˚C-H 

Ar-H 

104 

38 

58 

46 

104 

98 

95 

91 

112 



:پبيذاسی ساديکبنٓب  
 
 
 
 

ْبيپش کبَدٕگّ ؽذٌ -1  

 
 
 

سصَٔبَظ-2  

 
 
 
 

پبيذاسی ثٕعيهّ يًبَؼت فضبيی-3  

CH
3

C  

CH
3

CH
3

CH
2

CH
3

CH
3

H  +

CH
2 C  

CH
2

C  

CH
2

C  CH
2

.

O  



: آغبصگشْب  



:ٔاکُؼ ْبی صَديشی   



:يثبل   



:عيُيتيک   

C

H

H

H

H Cl



Reaction-Energy Diagrams 

 For a one-step reaction: 
reactants  transition state  products 

 A catalyst lowers the energy of the transition state. 



Energy Diagram for aTwo-Step Reaction 

 Reactants  transition state  intermediate 

 Intermediate  transition state  product 



X + CH4 HX + CH3

X E a Rate @ 300K Rate @ 500K

F 1.2 kcal 140,000 300,000

Cl 4 kcal 1300 18,000

Br 18 kcal 9 x 10
-8

0.015

I 34 kcal 2 x 10
-19

2 x 10
-9



Chlorination of Propane 

1 C 

2 C 

CH3 CH2 CH3 + Cl2
h

CH2

Cl

CH2 CH3 + CH3 CH

Cl

CH3



1 C 

2 C 
CH3 CH2 CH3 + CH2

Br

CH2 CH3 +Br2
heat

CH3 CH

Br

CH3

Bromination of Propane 



Bromination vs. Chlorination 



Endothermic and Exothermic Diagrams 



H3C

H3C

H H

H

H
H H

Br2



H3C

H3C

Br H

H

H
H H

H3C

H3C

H

H

Br
H H

H

+
H-Br

H3C

H3C

H H

H

H
H Br

H3C

H3C

H H

Br

H

H

H

+ + +

Reaction

E:/chpt9n.ppt


H3C

H3C

H H

H

H
H H

Br2



Br-Br

H3C

H3C

H H

H

H
H H

Br

H3C

H3C

Br H

H

H
H H

Br

H3C

H3C

H

H

Br
H H

H

Br

+
H-Br

H3C

H3C

H H

H

H
H Br

H3C

H3C

H H

Br

H

H

H

+ + +

+

Reaction

initiation

propagation

step 1
rate determining



H H

H

H
H H

H3C

H3C

H3C

H3C

H H

H

H
H H

Br

Br

H-Br

H-Br

H

H

H
H H

H3C

H3C

H3C

H3C

H

H

H
H H

H

H

H
H H

H3C
H3C

H3C

H3C

H

H

H
H H

Br Br

Br Br

Br Br

Br Br

H3C

H

H

Br
H H

H

H3C

H3C

Br H

H

H
H H

H3C

H3C

H3C

H

H

Br
H H

H

and

H3C

H3C

Br H

H

H
H H

and

Br

Br

+

+

+

+

propagation

step 1
rate determining

step 1
rate determining

step 2

step 2

two different allylic sites



H

H

H
H H

Br Br

H3C

H

H

Br
H H

H

H3C

Br H

H

H
H H

and

H3C
H3C

H3C

H3C

Br+

Br

H

H

H
H H

H3C
H3C

H

H

H
H H

H3C
H3C Br

step 2

termination - one of many



+ HBr

no 

peroxides
Br

2-Methyl-
propene

2-Bromo-2-
methylpropane

Markovnikov
addition

HBr
Brperoxides

+

2-Methyl-
propene

1-Bromo-2-
methylpropane

Non-Markovnikov

addition



:اثشْبی قفظ  

 
 

يٕنکٕنٓبی زلال يسيظ ثشای ساديکبنٓب يک قفظ ثّ ٔخٕد يی آٔسَذ کّ ثبػث خذايی : اثشْبی قفظ  

.دٔ ساديکبل اص يکذيگش يی ؽٕد   

Cage effects 

N N RR R  
N N R  

 

R  N
2 N

2

+ +

2 + + R-R

 قفظ زلال

 تشکيت يدذد پخؼ



:يثبل   

N

CH
3

CH
3

Ph N

N
2

CH
3

CH
3

Ph C  

CH
3

CH
3

Ph N
2

C  

CH
3

CH
3

Ph

 

C  

CH
3

CH
3

Ph
Ph

CH
3

CH
3

CH
3

CH
3

Ph
+2



:دی ساديکبنٓب   
 

 
.يک يٕنکٕل ثب دٔ يشکض ساديکبنی يک دی ساديکبل خٕاَذِ يی ؽٕد   

 
:إَاع دی ساديکبنٓب  

 
 7فقم ( کبسيٍ :)دی ساديکبل  -1ٔ  1

 
(8فقم )دی ساديکبنٓب  -2ٔ 1  

 
دی ساديکبنٓب  -1ٔ3  

 

 

 
دی ساديکبنٓب  -1ٔ4  

 

 

 

  دی ساديکبنٓب -5ٔ 1

O

C  

C  

hv

O
C  

C  

hv





:ٔاکُؾٓبی ساديکبنی ؽبخـ  

 
 

َٕ آسايی ْبی تک يٕنکٕنی ٔ قغؼّ قغؼّ ؽذَٓب  -1  

 
(پبيبٌ)ساديکبل  –ٔاکُؾٓبی دٔ يٕنکٕنی ساديکبل  -2  

 
(کبْؼ)ٔاکُؾٓبی دٔ يٕنکٕنی اَتقبل انکتشٌٔ  -3  

 

(خبيگضيُی،   افضايؼ،    خذا کشدٌ)   ٔاکُؾٓبی دٔ يٕنکٕنی ساديکبل يٕنکٕل -4   



:َٕآسايی ْبی تک يٕنکٕنی ٔ قغؼّ قغؼّ ؽذٌ   
 

 
.َبدس ْغتُذ"َٕ آسايی ساديکبنی َغجتب  

 

 

 

 
:اص ْى پبؽی ساديکبنی  

X

O  

Ph

Ph

Ph O

C  

Ph
 

C  O X

Ph

Ph

R C  
O

R  CO

R O  

O

R  CO
2

+

+

O  

O

CH
3

O

CH
3
CH

2

O

(CH
3
)

2
CH

+
.

(
0
.
5
%)

+
.

(
3
%)

+
.

(95%)

   βؽکغتٍ  



:ساديکبل  –ٔاکُؾٓبی ساديکبل   
 

:يشازم پبيبَی ٔاکُؾٓبی صَديشی .ثّ تخشيت ساديکبنٓب يُدش يی ؽَٕذ " ايٍ ٔاکُؾٓب نضٔيب  

23323

ionationDisproport.

223

322223

nCombinatio.

223

CHCHCHCHCHCHCHCHCH2

CHCHCHCHCHCHCHCHCH2

 

 



   :کبْؼ ساديکبنی –ٔاکُؾٓبی اکغبيؼ 

 
 

.دس زضٕس اکغبيُذِ ْب يب کبُْذِ ْبی يُبعت ساديکبنٓب يًکٍ اعت ثّ کبتيَٕٓب اکغبيؼ ٔ يب ثّ آَيَٕٓب کبْؼ يبثُذ   

32.

3.2

FeROFeRO

FeOHROROOHFe











:يٕنکٕل  –ٔاکُؾٓبی ساديکبل   

 
 : کُؾٓبی کُذ ؽذٌ ساديکبلٔا  1-

..

..

..

..

tBUORCltBUOClR

RtBUOHRHtBUO

CltBUOtBUOCl

ARBRAB













ClCl

Cl

Cl

Cl2

hv
+

t-BUOCl

hv

:يثبل   



NBS

 

BrNBS for Br2 

N 

O 

O 

N  

O 

O 

B r X + 

 hv 
 or 

ROOR 

  HBr 

N-Br

O

O

N-H

O

O

HBr 
+  Br2 

X + X X X R. + HX 



 :ٔاکُؾٓبی افضايؾی ساديکبنی -2

B  
B C  

B C  B A B  

B A

+

+ AB +

+ AB



:خٕد اکغبيؼ   

 خٕد اکغبيؼ سا ييتٕاٌ ثّ ػُٕاٌ يٕسدی خبؿ اص افضايؼ ساديکبنی دس َظش گشفت ،ثّ ٔيژِ 

.افضايؼ ساديکبل ثّ يک يٕنکٕل اکغيژٌ   

OOH)CH(CO)CH(CH:Overall

)CH(COOH)CH(C)CH(CHOO)CH(C

OO)CH(CO)CH(C

RH)CH(C)CH(CH

23223

23

.

2323

.

23

.

23223

.

23

.

23



















:اکغبيؼ کيٕيٍ ثب ْٕا   





HO)CH(COO)CH(OHCO)CH(C

O)CH(COOH)CH(COOH)CH(C

2323

OH

23

23

OH

223

H

23

2

2

 

 






:آسيم داس ؽذٌ   

 افضايؼ ثّ زهقّ آسٔيبتيک َٕػی ديگش اص ٔاکُؾٓبی يًکٍ ساديکبل آصاد اعت فُيم داس ؽذٌ تٕعظ

.ساديکبنٓبی فُيم ثٓتشيٍ سٔػ عُتضی ثشای ايدبد ثی آسيم يی ثبؽذ   

Ph

C  

H

Ph

C  

H

Ph Ph

H

H

H

Ph

C  

H

Ph H H

H
Ph H

Ph

C  

H

Ph Ph

.
+

2 +

2

+ RH



:ٔاکُؼ گٕيجشک   

.

2

.

2

2

2

ONArNNArNArNONArN

NArNONArNArNONArN

OHONArNOHOHNArN

OHNArNOHArN















C  H

Ar

C  H

Ar

Ar

Ar
.
+

+ Ar-N=N-O
.

+ Ar-N=N-OH



:پهيًشی ؽذٌ ساديکبنی   







:يثبل   



:يٌٕ ساديکبنٓب  

 يٌٕ ساديکبنٓب خضٔ ٔاعغّ ْبی يٓى دس ؽيًی آنی ْغتُذکّ زبٔی يک انکتشٌٔ خفت َؾذِ ًْٔچُيٍ 

.زبيم يک ثبس يثجت يب يُفی يی ثبؽُذ   

 

C
  

O

O

O
  

+
.

.

+



کبسثُٓب:  7فقم   



:ْذفٓبی کهی   

 کبسثٍ ْب ثّ ػُٕاٌ تشکيجبتی کّ داسای اتى کشثٍ دٔظشفيتی يی ثبؽُذ ؽُبختّ ؽذِ اَذ ٔدس ايٍ فقم داَؾدٕيبٌ ػضيض ثب 

سا فشا ... يغبنؼّ کبسثٍ ْب ثّ تًبيض فشو يکتبيی ٔعّ تبيی پی ثشدِ ٔ ًْچُيٍ ٔاکُؾٓبی آَٓب اػى اص تٕنيذ ٔ َٕآسايی ٔ  

.خٕاُْذ گشفت   



Carbenes 

چُيٍ کشثُی داسای ؽؼ انکتشٌٔ ظشفيتی . کبسثٍ تشکيجی اعت کّ داسای کشثٍ دٔ ظشفيتی يی ثبؽذ  

 يی ثبؽذ کّ چٓبس تبی آٌ دس دٔ پيَٕذ کٕٔالاَغی ؽشکت داسَذ ٔ دٔتبی ديگش ثّ فٕست انکتشَٔٓبی 

.غيش پيَٕذی يی ثبؽذ   

:کبسثٍ   



States of Carbenes and 

 Singlet state: carbocation-like in nature, trigonal planar geometry, 

electrophilic character 

 

 

 

 

 

 Triplet state: diradical-like in nature, linear geometry  

:عبختًبٌ کبسثٍ ْب   

:يتيهٍ يکتبيی   

:يتيهيٍ عّ تبيی   



 

a) R2C N N
+ _

h

or


R C R
(singlet)

+ N2

b) R2C C O
h

or


R C R
(singlet)

+ CO

c) RCHX2 +   base R CX2

_ _X
_

R C X

d) RCHX2
+ R'Li

(where X = I & Br)

C

H

R

X

Li
R'X

R C H

(carbenoid)

+ LiX

e) RCHX2
+ R'Li CR

X

Li

X
R'H

R C X

(carbenoid)

+ LiX

(where X = F & Cl)

f) CH2I2

Zn-Cu

ether
I CH2 Zn I (Simmons-Smith reagent)

a carbenoid species that reacts stereospecifically
with alkenes to give cyclopropanes but does not
insert into alkane C-H bonds

:ٔاکُؾٓبی تٓيّ کبسثٍ   



 

a) Insertion into a s-bond: C H + CH2 C CH2 H

b) Addition to a p-bond: C C + CH2 C C

C

c) Ylide type rxn: R2C + X Y R2C X Y

_
+

an ylide

R2C

Y

X

d) Intramolecular i nsertion:

C

H3C

H3C

H

C CH3

C

H3C

H3C

H

CH CH2

C

H3C

H3C C CH3

H

CH3

CH3

+ +

    (5%)                       (90%)                     (5%)

1,2-insertion 1,2-insertion 1,3-insertion

e) Cracking: C H + H C C H

f) Dimerization: R2C N N + CR2 R2C N N CR2

+ +
R2C CR2 + N2

+

:إَاع ٔاکُؾٓبی کبسثٍ ْب   



Mechanistic Aspects of Carbene Chemistry 

:يؾبْذات      
 
A. Gas Phase Experi ment at very low pressure:

CH2 N N
+ _

CH3CH2CH2CH2CH3+ h CH3(CH2)4CH3

(I)

~49%

+ CH3 CH

CH3

CH2CH2CH3

(II)

~34%

+ CH3CH2 CH CH2CH3

CH3

(III)

~17%

Point of Information:  As the pressure of the system is increased (nitrogen or argon added),
                                   the yields of (II) and (III) increase at the expense of (I).

B. Liquid phase experi ment  :

CH2 N N
+ _

+ C

H3C

H

C

CH3

H

h cis-1,2-dimethylcyclopropane 

Point of Information:  When an inert diluent such as perfluoropropane is added to the starting
materials, a mixture of cis- and trans-1,2-dimethylcyclopropanes is obtained.

(only organic product)



 
Explanation for Gas Phase Experi ment:

At very low pressure, reactive, singlet carbene inserts in the alkane C-H bonds in a completely
random, statistical manner. However, upon addition of nitrogen or argon gas to the reaction,
singlet carbene reverts to less reactive (more selective) triplet carbene via non-productive collisions
with the inert diluent.Triplet carbene shows a preference for attacking tertiary and secondary 
hydrogen atoms rather than primary hydrogen atoms. Hence, formation of more tertiary and 
secondary abstraction products at the expense of primary abstraction product.

Explanation for Liquid Phase Experiment:

CH2

singlet

C C
H3C CH3

H H

+

H3C CH3

HH

C3F8 CH2

triplet

C C
H3C CH3

H H

+

CH2

C C
H3C CH3

H H

cis only

C3F8
  spin
inversion

CH2

C C
H3C CH3

H H

CH2

C C
H3C

H

H

CH3

rotation

ring         

closure

cis product

+

trans product
ring closure

diradical

:ؽيًی فضبيی ٔاکُؼ ْبی کبسثٍ   



 

a)

+ _
h

or


R N + N2

b)
h

or


c)

N NNR

R = alkyl,aryl, H

+ _

N NNSO2R NSO2R + N2

h

or


+ _

N NNC

O

RO NC

O

RO + N2

d) SO2ONHRO

O

C NO2

base

C

O

RO N NO2SO2O

C

O

RO N + NO2SO2O

_

(nosylate)

R = alkyl, aryl

R = alkyl, aryl

_

:ٔاعغّ ْبی ؽجّ کبسثُی   



 
   Liquid phase experiment

+ _

+ C

H3C

H

C

CH3

H

hN NNR

N

H H
CH3H3C

R

(predominant aziridine product)

N

H
H3C

CH3

H

R

(minor aziridine product)

+

cis                                              trans

Point of Information:  When an inert solvent is added to the reaction mixture, more trans-
product is obtained at the expense of the cis-product.



 
Explanation for Nitrene Cycl oaddition:

singlet

C C
H3C CH3

H H

+

N

H3C CH3

HH

R

triplet

C C
H3C CH3

H H

+
C C

H3C CH3

H H
  spin
inversion

C C
H3C CH3

H H

C C
H3C

H

H

CH3

rotation

ring         

closure

cis product

+

trans product
ring closure

diradical

R N

cis

R N N

R

N

R

N

R



Insertion - Observations 

 

R N N N
+ _

+ CH3CH2 C CH2CH2CH3

H

CH3

(+) S-3-methylhexane

CH2Cl2
CH3CH2 C CH2CH2CH3

CH3

N R

H

R = (+) R-product

Method of Generation     Conc. of Alkane     Obs. rot. of prod.     Retention of Config

R N3


100% +1.69
o

99%

R N3
h

R N3
h

R N3
h

1.2% +1.71
o

100%

26.8% +1.69
o

99%

100% +1.68
o

98%

C

O

OC2H5

:ؽٕاْذ داخم ؽذٌ   



 

NR + alkane alkane insertion products

Alkane Relati ve reactivities

(singlet)

C C

CH3 CH3

CH3H3C

H H

NR
C C

CH3 CH3

CH3H3C

H NH R

C C

CH3 CH3

H3C

H H

CH2 NH

R

+

67.0 : 1.0

CH3C

H

H

C

H

H

CH3

NR
CH3C

H

H

C

H

CH3

NH R

CH3C

H

H

C

H

H

CH2 NH

R

+

9.0 : 1.0

Si ngl et nitrene C-H i nserti on selectivity:  tertiary C-H > secondary C-H > primary C-H



زبنتٓبی ثشاَگيختّ:  8فقم   



:ْذفٓبی کهی   

دس ايٍ فقم داَؾدٕيبٌ ثب يفبْيى .فٕتٕؽيًی ،ؽيًی زبنتٓبی ثشاَگيختّ انکتشَٔی يٕنکٕنٓب يی ثبؽذ  

ًْچُيٍ ايدبد زبنتٓبی ثشاَگيختّ ٔ ٔاکُؾٓبی َٕسی دی آَب ( يدبص يب غيش يدبص)اَتقبنٓبی انکتشَٔی   

.ٔ ػٕايم کشثَٕيم داس آؽُب ييؾَٕذ   



:عيف ْبی خزثی انکتشَٔی   

 ٔقتی فٕتٌٕ تٕعظ يک يٕنکٕل خزة يی ؽٕد کّ اَشژی فٕتٌٕ دقيقب ثشای ثشاَگيختٍ يٕنکٕل اص زبنت يٕخٕد ثّ

.زبنت ثبلاتش ثبؽذ   

C

hE 

 hEEE if 



(.قبٌَٕ ثيش)تٕاَبيی يک يبدِ رس خزة َٕسی ثب عٕل يٕج يؼيٍ تٕعظ ضشيت خبيٕؽی عُديذِ يی ؽٕد   

 

 

 

 

 

 

 

:قبٌَٕ ْى اسصی فٕتٕؽيًيبيی اَؾتيٍ   

.فقظ َٕسی کّ خزة يی ؽٕد دس ايدبد تغييش فٕتٕؽيًيبيی يٕثش اعت  -1  

.ْش فٕتٌٕ خزة ؽذِ فقظ يک يٕنکٕل سا دس أنيٍ يشزهّ ثشاَگيختگی فؼبل يی عبصد  -2  

ClA)
I

I
log( 0 



:اَتقبنٓبی أسثيتبنی   

*s

s

*s

s

hv 

ss* اَتقبلات  

 زبنت ثشاَگيختّ زبنت پبيّ

:CHCHHCHCH 32

nm147

33  



pp* اَتقبلات  

ثب افضايؼ يضدٔج عيغتى  پبی ، فبفهّ اَشژی ثيٍ ثبلاتشيٍ أسثيتبل يٕنکٕنی اؽغبل َؾذِ ٔپبييٍ تشيٍ 

 أسثيتبل يٕنکٕنی اؽغبل َؾذِ ثّ تذسيح کبْؼ يی يبثذ ٔ ْشچّ يٕنکٕل ثضسگتش ثبؽذ عٕل يٕج ثضسگتشی 

.سا خزة يی کُذ   



 اَتقبلات 
*

n p

ثُبثشايٍ اَتقبلات ثب.دس ثشخی اص يٕنکٕنٓبيی کّ ْتشٔاتى داسَذ ايٍ اَتقبلات دس آَٓب يؾبْذِ ييگشدد  

 پبييٍ تشيٍ اَشژی يشثٕط ثّ ثشاَگيختّ ؽذٌ يک انکتشٌٔ غيش پيَٕذی ثّ پبييٍ تشيٍ أسثيتبل ضذ پيَٕذی

.ثّ فٕست اَتقبل َبيجشدِ اَدبو ييؾٕد   
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:ايدبد زبنتٓبی ثشاَگيختّ ثّ سٔػ ؽيًيبيی   

.ثشاَگيختگی ؽيًيبيی دٔ يٕنکٕل اغهت دس تشکيت يدذد يَٕٓبی ثب ثبس يخبنف سش ييذْذ   

اکغبيؼ:  

 

کبْؼ:  

 

خُثی ؽذٌ:  
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:إَاع زبنتٓبی ثشاَگيختّ ٔتجذيم آَٓب ثّ يکذيگش   

:فشايُذْبی يقذيبتی فٕتٕفيضيکی   

*pp 

 ٔاکُؼ

 يسقٕل

 تجذيم داخهی

 خزة أنيّ

 نٕييُغبَظ

 زبنت پبيّ

 اَتقبل ثب پشتٕ

 اَتقبل ثی پشتٕ
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:زبنت ْبی عّ تبيی   
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inversion.Spin

 يکی اص يًٓتشيٍ خٕاؿ زبنت عّ تبيی ، اَشژی کًتش آٌ اص زبنت يکتبيی اعت



:گزس ثيٍ عيغتًی   Intersystem  crossing 

.ْش گزسی اص زبنت يکتبيی ثّ عّ تبيی سا گزس ثيٍ عيغتًی گٕيُذ کّ اعبعب يک فشآيُذ يًُٕع اعت   
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:aخزة 

b:فهٕسعبَظ 

c:تجذيم داخهی 

d:گزسثيٍ عيغتًی 

e:فغفشعبَظ 

 ًَٕداس خبثهَٕغکی



:ثٓشِ کٕاَتٕيی   

  تؼذاد يٕنکٕنٓبيی کّ يتسًم يک فشآيُذ خبؿ ؽَٕذ

 تؼذاد فٕتَٕٓبی خزة ؽذِ
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  ثٓشِ کٕاَتٕيی زبنت يکتبيی

 ثٓشِ کٕاَتٕيی زبنت عّ تبيی



:اَتقبل اَشژی انکتشَٔی   

 اَتقبل اَشژی انکتشَٔی سا يی تٕاٌ ثّ فٕست فشآيُذی تٕفيف کشد کّ دس آٌ ثشاَگيختگی انکتشَٔی

.اص يٕنکٕل دُْذِ ثشاَگيختّ ثّ يک يٕنکٕل گيشَذِ اَتقبل يی يبثذ   
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S1(74)

S0

T1(69)

S1
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T1(61)

 َفتبنٍ ثُضٔفٌُٕ

 خزة

 گزس ثيٍ عيغتًی

 اَتقبل اَشژی
 فغفشعبَظ

اَتقبل اَشژی ثب يک يکبَيغى , پبثت ثًبَذ ( دُْذِ ٔگيشَذِ)تب صيبَی کّ اعپيٍ کم عيغتى : قبػذِ اعپيٍ ٔايُش  

 يجبدنّ انکتَٕی يدبص اعت



:زغبط ؽذٌ َٕسی  

:ايضٔيشی ؽذٌ عيظ ٔ تشاَظ دس يقبثم ثُضٔفٌُٕ   

 ثُضٔفٌُٕ زغبط کُُذِ َٕسی

CO2



:ٔاکُؾٓبی زبنتٓبی ثشاَگيختّ   

:تشاَظ –ايضٔيشی ؽذٌ عيظ  -1  
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:ديًش ؽذٌ  -2  
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 :يتبٌ  – Π–َٕآسايی دی 

.ايٍ ٔاکُؼ يؼًٕلا دس اثش فٕتٕنيض يٕنکٕنٓبيی سش يی دْذ کّ داسای دٔ پيَٕذ پبی يتقم ثّ يک کشثٍ اؽجبع ؽذِ ْغتُذ  



:ٔاکُؾٓبی َٕسی ػبيم کشثَٕيم   

 تؾکيم اکغتبٌ 
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:کبْؼ َٕسی ثُضٔفٌُٕ   
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:يکبَيغى  
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 II:گغغتگی َٕسيؼ َٕع 

.ايٍ َٕع گغغتگی سا اَدبو ييذُْذ  1ٔ4دی ساديکبل   
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 ثشگؾتی

 زهقٕی ؽذٌ

 IIگغغتگی اص َٕع 
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:َٕآسايی َٕسی عيکهْٕگضاٌ دی إٌَ   

 زبنت ْبی ثشاَگيختّ عّ تبيی

 زبنت ْبی پبيّ يکتبيی



:فٕتٕؽيًيبيی فبص ثخبس   

:صيشا.ثشای يک دعتّ اص تشکيجبت قغؼّ قغؼّ ؽذٌ َٕسی دس فبص ثخبس ثّ يقذاس قبثم يلازظّ ای تغشيغ ييگشدد  

 

ػذو ٔخٕد قفظ زلال  -1  

 

ػذو فؼبنغبصی عشيغ استؼبؽی -2  



 I:گغغتگی َٕسيؼ کتَٕٓب اص َٕع 
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  دس يسهٕل

 

دسخ25ّدسثخبس   

 

دسخّ 120دسثخبس   
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:اکغيژٌ يٕنکٕل يکتبيی   

:سٔؽٓبی تٓيّ   



:ٔاکُؾٓبی افهی اکغيژٌ يکتبيی   

: 1ٔ4زهقّ صايی  -1  
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: 1ٔ2زهقّ صايی  -2  
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:تؾکيم ْيذسٔپشاکغيذ  -3  
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