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reactivity, the VB landscape was barren, and there were very few 

Braida conceived the idea to 
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The Computational Paradise	
   Computational chemistry has at its 
disposal wonderful tools: 

CCSD(T), CASPT2, Gn (n=3,…), Wn

metal chemistry and enzymes with 
	
  

•••	
  The sky is the limit, chemistry has 

I am 
very glad the computer understands 
this. But I would like to understand it 
too

provocatively in his famous 
Give us insight 

not numbers  
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MMyy  ttaallkk  iinn  tthhiiss  wwoorrkksshhoopp  ccoonnssiissttss  

ooff  ttwwoo  mmaaiinn  ssttoorriieess,,  aanndd  aa  ffeeww  

sshhoorrtteerr  oonneess,,  wwhhiicchh  ttrryy  ttoo  ffoollllooww  

CCoouullssoonn’’ss  ddiiccttuumm	
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barriers from raw data  

  The first main story 
will focus on the enzyme 
cytochrome P450, and 

 

shall try to show that  VB 

interface between 

computations: 
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demonstrate how the 
VB model creates unity 
for one of the most 

reactions in nature, the 

transfer reaction; 
2 all 

the way to P450 
…	
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Short Stories	
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book contains problem sets and 

 
 There are three inspection copies, 

which are available to the 
 



At some point it dawned on me that: 

… 
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But, 

no clue

 

see what will happen if…
 

i): 
 
ΨΨ  àà  ΣΣi[wiΨΨVBS,i] 

But more so
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10	
  

	
  

chemical reactivity 	
  



ANY reaction: All The ““Tora on a 
single foot””

B!r !p
!r !p

!int

PR R P

G

!E"

Reaction Coordinate

(a) (b)

!Ec

R* P*

A ..//..B-C A--B--C A-B ..//..C

P*R*

Reaction Coordinate

!*

VBSCD	
   VBCMD	
  

chemical step 
 R

which the reactants are prepared for 
P 

 A Stepwise mechanism 

VB structure, which 
defines an intermediate
 

11	
  



Consider the simplest case of the H2 molecule:	
  

!g

!u

Ha—Hb

"MO = |!g(1)!g(2)|

"MO

Ha
+     Hb

–
Ha  

–   Hb
+

Ha -- Hb

!cov
!ion(2)!ion(1)

|a(1)b(2)| - |a(1)b(2)| |a(1)a(2)| + |b(1)b(2)|

!MO-CI = |"g(1)"g(2)| - c |"u(1)"u(2)|

!MO-CI

 
by a covalent structure with a smaller contribution from the ionic 

	
  

Ha
+     Hb

–Ha  
–   Hb

+
Ha -- Hb

 
 

(1+c)!cov (1-c) !ion(2)(1-c)!ion(1)

(1+c){|a(1)b(2)| - |a(1)b(2)|} (1-c){|a(1)a(2)| + |b(1)b(2)|}
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σσ 	
   σσu= a -b	
  



	
  

can be mapped into a set of VB structures	
  

stabilized by resonance and it 

the covalent structure dominates 
the wave function of polar-

!1

!2

"1-2 = |!1(1)!2(2)|  - |!1(1)!2(2)|

A Genral Bond Pair

couple their spins to 
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allyl 	
  

+0.6 +0.6
-0.2

|abc| |abc| |abc|

Db = DQC
Da

Dc

DQC

QC

spin density pattern, thus 

The spin-alternant determinant of 
the pentadienyl radical shows Erel = 0 

EPR	
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A B

A:    B

A:    :B

-2!s

-2!s

-4!s

A     B -- C -!s

B   C B   C

50% rep

Elementary Repulsion Nonbonded Interactions

?

ββS

A and B

Hückel ββ between the 
S

A  B E = 2!S	
   <0	
  

>0	
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electrons: 

ββ

AB = |2ββS|,  
then ΔΔEST which is 4ββS  will be ~2DAB 
 

normalization factors of the VB wave 
S 

that: 
 
2DAB ~ ¾ ΔΔEST  

  Please note that in any event, the Sàà
the 	
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R* and  P* promoted 

the 
R to P  

 
called VBSCD, shows two 
state curves of reactants 

the barrier and the TS for 

(a)	
   (b)	
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Let me return now to the conceptual tools with which we wish to look 
at reactivity:  

VB-state correlations, 
which  
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The VB Configuration Mixing Diagram (VBCMD) in (b) is a bit more 
complex: 

  Here, an intermediate state 
curve crosses the two 
principal curves, and the 

stepwise mechanism with an 

 The intermediate state has 
electronic structure different 
than that of R and P

(a)	
   (b)	
  

 
patterns, for all reaction types: 
 

metalloenzymes
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 Very much in parallel, Arieh Warshel has developed the EVB 
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 R*,  
 in 

those bonds of R that have to be 

couple these electrons as in P
prepares R* to correlate to P
same applies for P*  R. 
 Gr and Gp 

 B

A Few Words About the Promoted States 
in the VBSCD: 

B!r
!p

P

R

Gr

!E!

Reaction Coordinate

R* P*

!Erp

Gp
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•	
  
G0 ƒ factors, ƒ0: 

 
ΔΔE‡	
  ≈	
  ƒ0G0 	
  ΔΔERP	
  	
  +	
  0.5	
  ΔΔERP

2/G0 

B!r
!p

P

R

Gr

!E!

Reaction Coordinate

R* P*

!Erp

Gp

G, and the 
 of the TS, 

B, as a basis for such 

 

•	
   ΔΔE‡	
  = ƒGr -  B	
  	
  
	
  
ƒGr

 the reactants 
	
  

20	
  

ƒGr	
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Clearly, in order to apply the VBSCD to 
predict reactivity patterns in specific 
reactions, we need to learn how to 

blocks and how to identify R* and P*, and 
assess G, B and ƒ

Chapter 6 in 
the book, as well as in the reviews that are 

   
bypass the detailed construction process 
and provide you with 

states for any desired reaction, and use the 
G

Chapter 6	
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To use the Rule, draw the covalent structures of 
reactants and products and count the number of 



23	
  

Here are the covalent structures for a H-abstraction 

	
  

And here are the covalent structures for a proton-

− is reduced 

reaction:	
  

Let us apply the rule to two archetypical reactions: 

nature of R* (P
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two 

: 
st

Rule 1:  :  

reaction are decoupled in the promoted state R*, to their triplet 
states, and the electrons are paired anew as in P

R* state would be 

 
Gr ~ ΔΔEST(H-Y) and Gp ~ ΔΔEST  
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The 2nd : 

 Rule 2: 
reaction: 

R* involves 
transfer

proton-abstraction reaction R
(CT) state: 

affinity (EA) of the molecule: 
Gr =  - EA(H-Y)  and  Gp = Y: - EA  

− to the H-Y bond, while spin-
− 	
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Let me illustrate now the use of 

 

in the book (chapter 6) and the 



Consider now the anion-cation −  àà  

GCT = IP EA *  

 For a reaction series where the carbocation is common (Y-pyronin), 
the only variable of GCT is the vertical ionization potential of the 

−	
  

the vertical ionization 
potential of the anion 
− in the same 

Note the order 

to the concept of 
nucleophilicity 	
  

27	
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C

C

C C

C

C

C

CC

C

CC

!!H! = 49 kcal/mol

!H = -67 kcal/mol !H = -44 kcal/mol

!!H! = 22 kcal/mol

Fomally Allowed
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promotion energies in the 

C

C

C

CC

C

CCC C

C C

C

C

C

C

C

C

C

CC

C

CC

G = 3!!EST
G = !!EST

(diene) + !!EST
(ethene)

= 303 kcal/mol = 179 kcal/mol

The difference in the G’’s is due to ΔΔEST of the diene which is 
mol compared with 202 for two ethene  

ƒ mol 
in G values will predict correctly that the Diels Alder reaction should 
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ππ-bonds: 

CH2

CH2 H2C

H2C CH2

CH2
2

42.2 k/mol

SiH2

SiH2 H2Si

H2Si SiH2

SiH2
2

4-10 k/mol

GC	
  =	
  2ΔΔEST(ππππ*)	
  =202	
  kcal/mol	
  

GSi	
  =	
  2ΔΔEST(ππππ*)=80	
  kcal/mol	
  

•	
  With a difference GC - GSi = 120 kcal/mol ƒ
barrier difference of 40 kcal/mol

 
mol
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ΔΔE‡	
  ≈	
  ƒ0G0 	
  ΔΔERP	
  	
  +	
  0.5	
  ΔΔERP
2/G0 

factors: 
BEP  

Promotion-state Effects 
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one can 
construct

computations you will do in tutorial 3
 

N

Chapter 6 in the book should further narrow the 
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  Consider the SN
− →→ −  

6R ,

109

6P ,

8TI

7LB

X  –    A — Y X — A     Y– X     A  –   Y

X+   A  –     Y–X  –    A+     Y– X  –    A  –    Y+

!!HL(R) !!HL(P)

•	
  We	
  start	
  by	
  wri�ng	
  down	
  the	
  VB-­‐structure	
  set	
  (VB	
  basis	
  set)	
  

	
  The ΦΦHL are the covalent structures, called after Heitler and 
London (HL) 
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Start with the Covalent HL Structures 

P

6R

X--A--Y

      (X:
–  A)       Y

R

6P

(X – A) +  :Y–

X          ( A    :Y–)

(a)

X ..//..A-Y X-A..//..Y

Reaction Coordinate

R* P*

X:–  + (A – Y)

•	
  
repulsive interactions: 

•	
  The two HL structures 

reaction coordinate, since 
we break the bond and 
build-up a repulsive 
nonbonded 3e-interaction 

 

*	
  Electrosta�c	
  interac�ons	
  will	
  generate	
  ion-­‐molecule	
  clusters,	
  e.g.,	
  X:-­‐/A-­‐Y	
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X--A--Y

R
P

TS

G

(X!!A)–     Y

R* P*

X ..//..A-Y X-A..//..Y

Reaction Coordinate

(b)

X          (A!!Y)–

(X–A) +  :Y–X:–  + (A–Y)

6R + ionics 6
P 

+ ionics

8TI

X: –    A+     :Y–

10

X+   A:  –    : Y–
X: –    A:  –    Y+

7LB

X     A:  –   Y

9

•	
   6R and 
6P) to form state curves: 

X          (A!!Y)–

7LB

X       (A: –  Y)

X       (A    :Y–)
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X--A--Y

R
P

TS

G

(X!!A)–     Y

R* P*

X ..//..A-Y X-A..//..Y

Reaction Coordinate

X          (A!!Y)–

(X–A) +  :Y–X:–  + (A–Y)

6R + ionics 6P + ionics

•	
  
vertical states, namely they 
possess the same molecular 

(
is indicated by the asterisks: 
 
G = I * - AA-Y

* 
 

•	
  

of these states (see JACS, , 106,1227-1232 ).	
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let me show now that it is possible to construct the 

 



ββ
ΔΔEST ~ |4ββS| 
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ββ

ββS
between the 

state curves is:   ¾ ΔΔEST 
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¾ ΔΔEST
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S 
C-H

 
 

2 -> Li2  
 

¾ ΔΔEST ~ 2DC-H 



	
  

The promoted state in the VBSCD is a vertical state and hence we 

41	
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And show how the 
VB model creates 
order, predicts 
mechanisms, and 
enables to estimate 
barriers from raw 
data  
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2
molecules as means of neutralization of xenobiotics, and of 

These enzymes which look like impossibly intricate cathedrals, are 
also ever so beautiful

…  

P450cam	
  
P450 2D6	
  



porphyrin ready to convert the precursor substrate to Dopamine in 
our brain: 

porphyrin 
Iron-oxo 

Precursor substrate 

S

N
N

N
Fe
N

O

CO2
-(CH2)2

H3C

H3C

CO2
-(CH2)2

CHCH2

CHCH2
CH3

CH3

Cys
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S

N
N

N
Fe
N

O

CO2
-(CH2)2

H3C

H3C

CO2
-(CH2)2

CHCH2

CHCH2
CH3

CH3

Cys

 

orbital, a2u

Two electrons reside in the π* 
3

2 molecule, and the third electron resides in a 
porphyrin orbital, marked as a2u  
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Here is a small selection of the oxidation reactions that Cpd I 
catalyzes: 

Additionally, these processes reveal a variety of reactivity patterns, 

46	
  



, 4,2 , the two spin states are close, but 
HS state has a 

rebound barrier, whereas the LS spin state proceeds in an effectively 
concerted manner
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biphasic reaction
H-abstraction followed by 
radical rebound to form a 
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yes we can by 

	
  

However, we first need to create bridges between VB 

Theory and the common language of Bioinorganic Chemists 



should be FeV

Fe  d4 
	
  

N
N N

N
Fe

O

S
Cys

1-

2- (1+)!

(2-)"

Por +FeIVO !FeO

"FeO

"*FeO

#
a2u

!$xy

!$z2

Fe

S

O

Cys

4,2

IV
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useful  for 

pathway 



 
embedded in the VB model 

 As the radical rebounds, we will have a 

number of the alcohol is zero, we have Fe  

 

PorFe

-1	
  

-2	
  

0	
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N
N N

N
Fe

O

S
Cys

1-

2- (1+)!

(2-)"

Por +FeIVO PorFe 	
  

	
  



Bioinorganic Chemists, use MO language. So, let us Proceed 
to  Bridge between MO and VB Descriptions for Cpd I 

description of Por Fe

once one realizes that the 
Fe

2, which in 
addition to the σσ
it has also two 3-electron ππ-
bonds in two perpendicular 
planes (
lecture)

Cpd I	
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!*FeO

!FeO

"FeO

(# 2"*xy0"*z20)

Fe

O

S

Fe

O

S

MO VB

(# 2"*xy0"*z20)

a2u

Clearly 
the ferryl 
moiety 

is a 
diradical	
  



Now we are ready to apply the VB Diagrams to 
model reactivity patterns. 	
  



To refresh our memories, here are again the two diagrams, 
which are based on VB-state correlation: 

 VBSCD, handles 

(b), so-called  describes stepwise 

(a)	
   (b)	
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Here is the VB diagram for Alkane Hydroxylation by Cpd I 
CT state  

states, one can see that the direct 
transformation of the alkane, R-H, to 
the alcohol product, , involves 

with 

However,  the process is catalyzed 
by an intermediate state wherein Cpd 

center to 
make a bond to the triplet decoupled 

splits the process 
abstraction followed by radical-
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from 2,4
H to 2,4P: 

•	
   an additional 
, from the ππ* to the σσ*z2

while the LS is barrier-free 
56	
  



Here is a reminder of the computational results for alkane 
 

bi-phasic 
character of the mechanism, as well as 
effectively concerted LS   

computational results
57	
  



differences, let us deal now with reactivity in the H-abstraction step, 
 

N
Fe

N

NN

L

O

+ R-H
N

Fe
N

NN

L

OH/R

L = SH, OAc, Cl, CF3SO3

15      16    17       18

R-H = cyclohexane

   Different         
    alkanes    

   Different         
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the promotion 

 
Gr = 2DC-H   

leads to ƒ<
We use: ƒ  

 

(
 

(JACS, 2004, 126 ): 
W

Finally, in the most recent study ( ) we employed the 

Av ; BDEAv HY ) 
 

Before we can do so, let me say a few words about the reactivity 



ΔΔE‡	
  = ƒGr

reaction family wherein ƒ and B are 

in the barriers will depend only on Gr
 

 

Gr ~ 2DC-H 
ƒ
B ≅≅ weak  

As such, ƒ and B are in principle 

to calculate barriers from 
raw data 	
   60	
  

 



The correlation of the so-estimated VB barriers (ΔΔE‡	
  ≈ CH]-  ½ 
BDEw) with the DFT computed ones is shown here: 

2010, 43, 1154	
  

 

alkanes and the 

you before, the 

 
the barriers of a key reaction of cytochrome P450 and for a variety of 
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LS	
   HS	
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CT state	
  

However, 
a Furthermore, 
note that since GHS>GLS, only via the LS state



the concerted 
nature of the reactions, and the spin-state selectivity
 

phosphines, etc
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HS/LS
IP -EACpd ) without/with the spin-state dependent 

:  
 
GLS/HS =  IP -EACpd  ΔΔE(ππ* èè dz2) 

 
ΔΔE‡	
  ≈ ƒGLS/HS -  B,  
 
we know from nucleophile-electrophile reactions, studied in 

mol allylic

 
 Hence we can once 

64	
  



As shown by the plot, the so 
calculated VB barriers correlate 
well with the DFT barriers for 

 

than the LS one, because the HS 

block: 
 
GHS LS = ΔΔE(ππ* -> dz2),  
 

IP  is in 
	
  

Here are the results:	
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Let us Turn now to Aromatic Activation and Double Bond : 

Shaik, , Chen, Lai, 
Schyman JCTC, 2011	
  

ππ-
activation is rate 

was found to obey a dual 
correlation

and Ryde et al found that the 
Hammett plots for reactivity 
of substituted arenes
two types of σσ -substituent 
constants, radical and polar 

	
  

66	
  



Shaik, , Chen, Lai, Schyman JCTC, 2011	
  

ππ-system And hence 
the barrier has a dual dependence on both ΔΔEST(ππππ  

Thus, unlike C-H 

state is far from the 
in ππ-

transfer state is low 
, and therefore 

for ππ-activation  
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We have recently modeled the ππ-activation for a variety of arenes by 

Shaik, , Chen, Lai, Schyman JCTC, 2011	
  

The VB barrier was determined 

ΔΔE‡	
  ≈ ƒGr -  B,  
Where: 
Gr = ΔΔEST( ) 

) 
ƒ

calculate barriers from raw data 

6F6, C6Cl6, etc, we 
based on raw 

data
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Shaik, , Lai,  in preparation	
  

ΔΔE‡
VB	
  ≈ ΔΔEST(ππ) -  B(1/ ππ) 

Fe

O

SCys

IV

X

+

Cpd I

C C

69	
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process… 

 

Heme 

plants by initial HAT from phenols Cell 
membranes are destroyed by HAT

DNA 

processes… 

 

namely, for 2 èè    H2
 



from these 
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For this purpose we must use the 

ΔΔE‡	
  ≈	
  ƒ0G0 	
  ΔΔErp ΔΔErp
2/2G0  -  B 

Where,  
G0 = DHY

 ƒ0
B = ½ [BDE(av)] = ¼ [BDEHY ] 
ΔΔErp = BDEHY - BDE

	
  



 

of the radical to become 

 

delocalized radicals, and zero 
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Here is a reminder about the difference between bond dissociation 
	
  



•	
  
DFT barriers for 45 reactions 

Cl, Br, CH3, SiH3, GeH3
NCCH2, etc), of identity and nonidentity processes, as well as, all the 

 

•	
  
indeed predict trends in barriers of 

reactions, and to do so based on 
raw data

We can indeed 
estimate the barriers for a most fundamental reaction in nature, 
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, by 
 

 
èè

ΔΔE‡
XX	
  =	
  fG	
  –	
  B	
  =	
  	
    -  ½BDE

Since  D  =  BDE | ,  
then the identity barrier is simply: 
 
ΔΔE‡

XX	
  =	
   |	
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to prepare the 

 
	
  



ΔΔE‡
X	
  =	
  	
  

| 	
  

X•	
  +	
  H-­‐X	
   BDE/RE  ΔΔE*VB	
   ΔΔE*expt	
   ΔΔE*theor	
  	
  ccsd(t)∞/DFT	
  

2 104.2/0.0	
   10.3	
   9.8	
  

CH3 4 104.9/6.9	
   14.4	
   14.3	
   14.9/14.6	
  

136.3/0.0	
   13.5	
   13.8/-­‐	
  

132.9/0.1	
   12.2	
   11.6/12.8	
  

NCCH2 
CH3CN 

95.5/10.7	
   16.0	
   17.6/-­‐	
  

Allyl
propene 

82.6/16.9	
   18.4	
   -­‐/19.4	
  

C6H7 6H 69.5/20.4	
   19.2	
   -­‐/20.6	
  

DHAyl  72.8/15.4	
   16.5	
   -­‐/17.2	
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like Cl2 2 and K 4
-

Ruchardt, this has 

posed in the recent literature: 
 

76	
  

 for the nonidentity reactions, 
which include radical and closed-shell abstractors:	
  



Here are some of these reactions: 
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Closed	
  
shell	
  

Open	
  
shell	
  



for the barrier: 
 
ΔΔE‡	
  ≈	
  	
  ƒ0G0 	
  ΔΔERP ΔΔERP

2/2G0 -  B 
 
As before:  
ƒ0
B = ¼ [BDEHY ] 
ΔΔErp = BDEHY
 

However, G0

 

78	
  



79	
  

Closed	
  
shell	
  

Open	
  
shell	
  

ΔΔE‡	
  (1)	
  ≈	
  	
  ƒ0G0 	
  ΔΔERP ΔΔERP
2/2G0 -  B 



Here are the VBSCDs for an  radical abstractor  
ΔΔErp	
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by triplet 
ππ

2 2 compared with the  
radical 



 Do We Need at All a Radical to Abstract a 

 
 But then we must usually pay for this with 

81	
  



Both articles are in the website of the Workshop

 

relationship between HAT 
and the proton-coupled 
electron transfer (PCET) 
mechanisms, and the 
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5556 
Li, Danovich
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Thus, to summarize this part: 83	
  

èè 	
  

 The model follows the Coulson dictum: it provides not only numbers 



84	
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Wenzhen
Chunsen Li (more than 30 
reactions) 
Hui Chen (CH activation) 
Petr  (arene activation) 

Usha Dandamudi 
Patric Schyman 

Samuel de Visser 	
  
Devesh  

Thanks to:	
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which try to show the amount of 
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(a)  well below 
N1 or SN2  

R* and P

describe the reaction R →→ P
related to the R →→ P* and and R* →→ P state curves, we call such 
cases ““ ””
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(FHF)

!HL(r) !HL(p)~~

E

(b)

E

!HL(p)!HL(r)

(a)

(F  –  H+   F)

(F  –  H+   F– )

F__H // F– F–  // H__F(F__H__F)– F__H // F F   // H__F(F__H__F)

(F    H+   F– )

With one electron less, the ionic structure loses at least 50% of 

mol
 − where the triple ionic 

structure, F:− H  −

F−  F
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nucleophilic displacements on carbon proceed via a 
TS, which is pentacoordinated
the pentacoordinate

Let’’s have a close look at ionic structures of C-Cl and Si-Cl 
bonds: 

:Cl

Rion = 2.22 Å

Si
H
H

H
C :Cl

Rion = 2.48 Å !!!

Rcov  = 1.97 Å Rcov  = 1.81 Å

R(CH3
+)= 0.67 ÅR(SiH3

+)= 0.31 Å

H
H

H

-1.0+1.111

-0.037

-1.0+0.155

+0.282

R3Si  is a small ion in the direction of the C3

SN N2(Si) 	
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SN N

L

Si

L L

XX

C

L

X

L

L

X

R P R P

  

X:   / L3Si__X X__SiL3 / :X

Reaction Coordinate

X__CL3 / :XX:   / L3C__X

Reaction Coordinate

X  –  Si+   X–

EE !HL(p)!HL(r)

!HL(r) !HL(p)

X  –  C+   X–

The triple ionic structure for Si is very stable, since all the 
Si  effectively 
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 and the  

an asymmetric C-F…  Structure

 

Thus, we have a ymmetric (Si---F---Si)  cation due to low 
Si  :F− Si structure: 

Hirao, Shaik, Organometallics



 

Fe

O

N

HN

O

His

N

N
N

N

Mb-O2 ; Hb-O2 

Let me turn now to the 4th

H-bond 
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TThhee  PPaauulliinngg--WWeeiissss  CCoonnttrroovveerrssyy  

Hb Hb  They found Hb to 
Hb was 

) and 1 2  

Fe

O

Globin

O

N

N
N-

N-

FeII O=O

FeII(S=0) O2
 (S =0)

FeIII

O

Globin

O

N

H2N N-

N-

FeIII (O=O)
-

FeIII(S=1/2) O2
- (S =1/2)

 
spectroscopic data and chemical 

2

model, in which Fe  transfers an 
2

b): 

(a)	
  

(b)	
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Rovira, Parrinello, 
Thiel, …) showed 

2 and 

state, with one electron on Fe and the 
2

  
supported 

the Weiss model, but not the 

The 	
  

2
… 

  
 

became available: 
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BByy  ccoonnttrraasstt,,  CCAASSSSCCFF//MMMM  rreevveeaalleedd  OONNLLYY  cclloosseedd  sshheellll  CCSSFFss::  

1  2  3  4  5  

  

6  

7    

 This result seems to lead to the conclusion that , Weiss was 
, But, is it really so

 
  

10  11  12  

  
12223242526272 0             

12223042526272 2  
            <1% 
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HHeerree  aarree  tthhee  mmaaiinn  eelleemmeennttss  ooff  tthhee  VVBB  ‘‘rreeaaddiinngg’’  ooff  tthhee  CCAASSSSCCFF  
WWaavvee  ffuunnccttiioonn::  

3    

φφ3 and φφ , which are either vacant or 

follows: 
 
((11))     ΨΨTCSCF = N {a|… φφ3 φφ3| - b|… φφ φφ |} ;  a and b
 

2, the TCSCF wave function in 
:  

 
(2)   ΨΨGVB = NGVB[|… ψψ1 ψψ2| - |… ψψ1 ψψ2|] ;  
NGVB 

2]1/2  S = < ψψ1 | ψψ2 > = (a2-b2)/((a2 2) 
 

ψψ1 the 
other in ψψ2 , which are spin paired like in the famous Heitler-London-
covalent  wave function ααββ-ββαα     

 pair of ππ
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SSoo,,  IIss  DDFFTT  WWrroonngg??  

orbitals
orbitals: 

	
  orbitals  	
  

 
But this is easy to remedy… 

Furthermore, we found that both DFT and CAS have about the same 
2
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FFuurrtthheerr  SSuuppppoorrtt  ooff  DDFFTT  

  
              

  

 The occupation numbers are close, and it is apparent 
situation in order to 

account for  

 
numbers in the Kohn-Sham Natural : 
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VVBB  RReeaaddiinngg  ooff  CCoommpplleexx  WWaavvee  FFuunnccttiioonnss  ccaann  bbee  ddoonnee  rroouuttiinneellyy  ffoorr  
eexxaammppllee,,  tthhee  aannaallyyssiiss  ooff	
  

N

N N

N
Fe

N

O

HN

N

N

N N

N
Fe

N

O1.697 (1.728)

N

N N

N
Fe

N

O

NH32.221 (2.354)

1.176 (1.170)

146 (158)

1.182 (1.174)

1.728 (1.753)
141 (145)

S=1/2 (S=3/2)

1.182 (1.174)

1.731 (1.755)

2.201 (2.363)

141 (145)

Nitrosyl Fe 7, for which there has been a two-decades old 
    

CASSCF orbitals
these localized orbitals, which in turn, 

described mainly by: 
 Fe 1- 0

 

Radon, Pierloot et al, JPCB, 2010 
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The final Story concerns 
Photochemical 

 



  
theory offers a into so many areas of chemistry: 

photoreactivity
And there are many etc … 
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