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Introduction

“Chemistry is the science of substances: their structure,
their properties, the reactions that change them into

other substances”’.

-- Linus Pauling

Useful Theories:

Woodward—Hoffmann rules

Frontier molecular orbital (FMO) theory
valence-bond theory

Marcus theory

Activation strain model

l. Fernandez, F. M. Bickelhaupt. Chem. Soc. Rev., 2014, 43, 4953
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Activation Strain Model

The activation strain model (ASM), also known as the distortion/interaction
model, is a fragment-based approach to understanding chemical reactions
and the associated barriers.

AE(C) = AEstrain(g + AEint(Q

tindarctandinas

AE..in(0): Strain (or distortion) energy, which is
associated with the structural deformation that
the reactants undergo

- /»—_,,..l‘
AE(L) = AE,

ACTIVATIUN STRALN

AE,«(0): The interaction between these MODEL

increasingly deformed reactants

M. Bickelhaupt, J. Comput. Chem.,1999, 20, 114
H.

F.
D. ss, K. N. Houk, J. Am. Chem. Soc., 2007, 129, 10646 4



Activation Strain Model

AE,«(0) depends on their electronic structure,
[Pdl + L= H on how they are mutually oriented as they
] approach each other, negative (stabilizing)

....... T"-""""""T-""""
: : Pd
'I '1 ,'l \‘\ AEint(g) = AVelst(g) + AEPauli(é’) + AEoi(é’)
AEgicain AEi \ ’ N
C------- H

v' classical electrostatic interaction
v interactions between occupied orbitals,
\ Pd the steric repulsion
P L )
H v orbital interaction accounts for charge
transfer, polarization

[Pd] + CHa—H

AE..in(0) is determined by the rigidity of the reactants, the extent to which groups
must reorganize in a particular reaction mechanism, positive (destabilizing),
a factor that gives rise to the occurrence of a reaction barrier

T. Ziegler, A. Rauk, Inorg. Chem., 1979, 18, 1558 S)
W.-J. Van Zeist, F. M. Bickelhaupt, Org. Biomol. Chem., 2010, 8, 3118



Activation Strain Model

« The ASM establishes a causal relationship between reaction

barriers and the properties of reactants and characteristics of
reaction mechanisms.

* Reactivity trends depend on the capability of reactants to interact,
the distortivity (extent of deformation) associated with a reaction
mechanism, and the reactants’ flexibility

« Activation Strain Analyses yield design principles for chemical
reactions.

F. M. Bickelhaupt K. N. Houk
I. Fernandez, F. M. Bickelhaupt. Chem. Soc. Rev., 2014, 43, 4953



Activation Strain Model

* A single-point analysis at the TS, only, yields values that
can be misleading!

Energy

A

AE, strain

reaction coordinate

TS point;

a lower activation barrier in B is due to a
lower activation strain for reaction B, rather
than a more stabilizing TS interaction
Reaction coordinate:

The interaction of reaction B is clearly more
stabilizing at any given point along the
reaction coordinate than that of reaction A

Be cautious when comparing the single-
point energies of TSs occurring at different
points along the reaction coordinate!

W.-J. Van Zeist, F. M. Bickelhaupt, Org. Biomol. Chem., 2010, 8, 3118 7
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Bond Activation

Substrate effect « C-Cvs. C-C(cyclo) bond
Oxidative
Addition
ML, + R=X R-M
Reductive
Elimination
e (C-Hvs. C-C bond
* b methane
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C-H and C-C stretch /A both the strain, interaction terms are stabilized for

there is very little steric shielding on the side oxidative insertion into cyclopropane
of the hydrogen, interaction with the C-H

bond proceeds easily G. T. de Jong, F. M. Bickelhaupt, ChemPhysChem, 2007, 8, 1170



Bond Activation

« Ligand effect

Pd(PH3),

a) 150, Pd, Pd(PHs),

AEstrain
100 4
"%é 501 Higher AE? ?
g 6 & AE
w
4 .50
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AEint
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é/ Ligand binding deformation
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G. T. de Jong, F. M. Bickelhaupt, ChemPhysChem, 2007, 8, 1170
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1,3-Dipolar Cycloadditions

° Diazonium Betaines Nitrilium Betaines Azomethine Betaines
+ - + H.,
N=N-Z HC=N-Z HQC,,N\Z
1 Z = O, Nitrous Oxide 4 Z = O, Fulminic Acid TZ=0, Methylen; Nitrone

2 Z = NH, Hydrazoic Acid 5 Z = NH, Formonitrile Imine 8 Z = NH, Formoazomethine Imine
3 Z = CH,, Diazomethane 6 Z = CH,, Formonitrile Ylide 9 Z = CH,, Formoazomethine Ylide

w—gr— N2-Z Ethylene = © =N2-Z Acetylene

=== HCN-Z Ethylene = # =HCN-Z Acetylene

= B =H2CNH-Z Acetylene There is a smooth decrease in barrier height
from oxides to imines to ylides

= H2CNH-Z Ethylene

20 4

The NB, AB classes have almost identical
barrier heights

AH¢

Ethylene, acetylene barriers are nearly identical
for a given type of 1,3 dipole

10 A1

D. H. Ess, K. N. Houk, J. Am. Chem. Soc.,
0 2007, 129,10646

Oxides Imines Ylides

11



1,3-Dipolar Cycloadditions

The energy of distortion is related to SIS

the dipole stability. X=Y-2Z

30 1 LUMO

AE?*

10 1

0 10 20 30 40 N=N-0

AE} HOMO
X =Y*- Z is stabilized by electronegative Z atoms, so the stability order of
the dipoles: oxide > imine > ylide.
The narrow HOMO-LUMO gap of the ylides results in a very low AES*
When X=N, the dipole is stabilized compared to those with X=C

D. H. Ess, K. N. Houk, J. Am. Chem. Soc., 2008, 130, 10187

Transition State

,;:%YQZ‘ + o=

AE*=0.75AF%;-2.9, R>=0.97 %_ LUMO

12



Diels—Alder Reaction

* Reactivity

0°C H
+ —
@ > CH,Cl, H

97%

Ring-strain accounts for the reactivity
of cycloalkenes ?

(ref.9) Table 1. Strain Energies (SE, in kcal/mol) of Cycloalkenes

and Cycloalkanes

@ ” . reflux, 12h /£ H decrease SE ASE
80°Q3% 5 cyclopropene 552 cyclopropane 27.5 27.7
O (ref.11) cyclobutene 284 cyclobutane 26.5 1.9
o cyclopentene 4.1 cyclopentane 6.2 -2.1
cyclohexene -0.3 cyclohexane 0 -0.3
+ 200°C, 5h H _ . o
@ D 0% 2 Strain-release only influences the reactivity of
(ref.12) cyclopropene and is not a general descriptor

of reactivity.

Distortion/interaction model @ < |> D @ @ (

F. Liu, R. S. Paton, S. Kim, Y. Liang, K. N. 1 13
Houk, J. Am. Chem. Soc., 2013, 135, 15642



Diels—Alder Reaction

 Transition structures

| \
Nf‘&" ."_
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F. Liu, R. S. Paton, S. Kim, Y. Liang, K. N. Houk, J. Am. Chem. Soc., 2013, 135, 15642 14



Diels—Alder Reaction

 Distortion/Interaction analysis
a O

AE?,, determine reactivities

MeO.
| 2
40 Increase in AE? i 46 40 OMe D O
35 O 35
30 D ( 30 [] == 3.2
-12.5
25 IE] 11.0 25 D 97 228 = 23.4
20 -10.7 177 -10.5 4 4 20 195
[> e 16.2 AN Sight AE dist_de
15 14.7 15 139 11.0
10 9.7 -10.8 . 10 20.4 e 204 231
5 129 148 12.0 16.7 144 144 12.5
6.1 5.1 - ' c 2 AE;éElCl AE#dist_Ze 3 76 os 106 7
’ T$tan T$1b_n Tsten T$tdn Tste_n 0 TS2a_n TS2b_n TS2¢.n TS2d_n TS2e_n
30
AE*, ., (kcal/mol)
O Theincrease in AE?, 4 as the dienophile changes from 25
cyclopropene to cyclohexene, consistent with the trend of
20
early/late TS
O The interaction energies remain essentially constant 15
O Lager AE?,, in b due to the smaller HOMO - LUMO gap -
O Lager AE?,q 4 in b, due to the trans/cis conformational change
and steric repulsion 5 YROMA0LR=0S
F. Liu, R. S. Paton, S. Kim, Y. Liang, K. N. Houk, .’ 15
10 15 20 25 30 35 40

J. Am. Chem. Soc., 2013, 135, 15642

AE*y, (kcal/mol)



Diels—Alder Reaction

i a b c
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Smaller HOMO-LUMO gap gives better interaction
The distortion of reactants facilitates the interaction
between molecular orbitals

AE g, 4(kcal/mol)

* The reactivities of different alkenes originate
from the distortion energies.

18

16

14
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10

()
175 170 165 160 155 150 145 140
In TS zone, the distortion energy of cyclopropene is

significantly lower than other dienophiles, and
as size increases, the distortion energy increases

F. Liu, R. S. Paton, S. Kim, Y. Liang, K. N. Houk, J. Am. Chem. Soc., 2013, 135, 15642 16
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Ligand Effects on Chemoselectivity

 Ni-Catalyzed C(aryl)—-0O, C(acyl)—0O activation

£ 2
PCYs Ni-L
' PCy 3
Ni < Pie Cyp 72 CyoP, PCyz
oy E—L’O ) ' Clacy)-0 N
6 C(aryl)-O (acyl)- AP S N0
Ar2 fég vo{l)red o favoured v s
A ol Ar2
interacti Fo A T
stronger interaction lower distortion
PCy;
AGg Cy,P +
kealimol s [ - ]
- [
'OJLP" TS17

Ni/dcype catalyzed

activation pathways i bidentate phosphine ligands

favors activation
L = / A= Remmm———=== ’
r
cyzp‘le PCy,
. o
ok Y omn
18

X. Hong, Y. Liang, K. N. Houk, J. Am. Chem. Soc., 2014, 136, 2017



Ligand Effects on Chemoselectivity

 Distortion/Interaction analysis

Csz\ /PCyz o Cy,P, PCy,
Ni TS17 or TS19 PC TS2 \ 7/
o ¥ R e —— cyZP\ 7 Y2 + )L Ph 0 Ni
YO Ph C(aryl)-0 Ni Ph (o) C(acyl)-0O OPh
Ph activation (cat) (sub) activation Ph
PCy;
CY2P t
|
Ni--0
"\
> ©‘~‘0JLPP\

- TS17 TS2
AAGH =+19.7 AAGE =+12.6 AAGE = 0.0 BDE -
AE,=4.0 AL, =-68 AE,,=-214 C(acyl)-0 =78.2kcal/mol
AE j1.ca = 30.5 AE e = 6.1 AE jt.cat = 5.2 C(aryl)-O =101.3kcal/mol
AE jisisun = 997 AE gy up = S1.3 AE g1 = 35.
AE,,,=-86.2 | Ni...O interaction AE,,, =-64.2 AE,, =-62.0
N
Dissociating one of the Much weaker C(acyl)-O bond
diphosphine arms from nickel

19
X. Hong, Y. Liang, K. N. Houk, J. Am. Chem. Soc., 2014, 136, 2017



Ligand Effects on Chemoselectivity

* NI/PCy, -catalyzed activation pathways

TCY:i t
TkAclisol | 5‘\' PCy, +
cal/mo 28.5 | Oy o- % I
oo R ?— -@ |: O?.;‘{ Ph]

monodentate phosphine
ligands favors C(aryl)-O ~ S===mm=mmee-
activation

20
X. Hong, Y. Liang, K. N. Houk, J. Am. Chem. Soc., 2014, 136, 2017



Ligand Effects on Chemoselectivity

 Distortion/Interaction analysis

CysP
1528 or TS30 POy, JOL 1522 » N
e e Ph
C(aryl)-0 Ni Ph” ~O° C(acyl)-0 07/ \
OPh
activation (cat) (sub) activation Ph

TS28

AAG==0.0 AAGE=+10.3 AAGE =+1.1
AE,=-19.6 AE, =-11.0 AE,.=-20.2
Al:‘dl\l-cal =64 Al;dl\l-cal =18 Al:.dl\l-cal =15
Al:.dl\l-\uh =61.( AE‘““_“", =23.6 —\k‘lll\l-\uh = 13.5
AE;,=-87.0 | Ni...O interaction AE,, =-36.4 AE,, =-35.2

21
X. Hong, Y. Liang, K. N. Houk, J. Am. Chem. Soc., 2014, 136, 2017



Origins of Selectivities In
C—H Borylation

N

R IrflL Iry il R
- /
% !

R = H, CH,, CF3, OMe

=
CH; j'Tlps
B i R ® o 100% s 92% 99% 76% y N
3m—-®m 30 k*QCF3 24&——@ Q Q Q w @
7% 7 24%” 100%
12 14

40% 5% 89% /3%
@ @: i /Q N < 100% Ny 7% N - 100%
60% 25% 1% COMe
S (o] N
H
8 10 13

Origin of region selectivity are not well understood
Factors: steric effects

the homolytic or heterolytic dissociation energies of C-H bond
the stability of the forming Ir-C bond
pKa of the C-H bond

A. G. Green, P. Liu, C. A. Merlic, K. N. Houk. J. Am. Chem. Soc., 2014.136. 4575 22



Origins of Selectivities In
C—H Borylation

« Distortion/interaction analysis

borylation  AEL, AE. , TS C—H
substrate  position AE*  (Ircat.) (arene) AEj, length (A) 5
7 9 6.8 10.9 593 —63.5 1.615 %
3 11.8 10.2 70.8 —69.2 1,717 <

8 2 5.6 10.8 57.5 —62.6 1.597

3 9.2 10.6 64.3 —65.7 1.648

9 2 8.1 10.9 58.7 —61.5 1.597

3 12.8 9.9 712 —68.3 1.703

10 2 6.9 10.8 56.0 —-59.9 1.569
3 8.6 10.6 61.0 —63.0 1.612 =
E
Substrate distortion is not the major factor that controls %
regioselectivities: g
AEg” is mainly controlled by the position of the transition i
state on the reaction coordinate, does not correlate well with =

the AE? or the strength of the C-H bond

No obvious correlation between AE,* AE?

A. G. Green, P. Liu, C. A. Merlic, K. N. Houk. J. Am. Chem.
Soc., 2014,136, 4575
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Origins of Selectivities In
C—H Borylation

90 -

Beg B

—C2 /—]L\ °0

—C3 N, N AEipe m
70 Beg—'ﬂr'* —_— Beg-zlr"\\ +  Are

AE*(thiophene) W+ Beg ./ " VBeg
“Ar
oxidative addition TS

50 -

small difference
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E 10| e e 5 |
£ S ey 2 100
Q t —
= ' : : : @ 8.0 -
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C-H length (A) t 6.0 4
. . . < 4.0 4 y =-0.53x + 50.6 .
30 At all points along the reaction coordinate, ‘ Rz = (.81
the AE,,” for the 2-activation is greater 2.0 4
than the 3-activation
-50 0.0 . ; ; .
65 70 75 80 85
AE,,. (kcal/mol)
-70 -
Ir—C bonding interaction contributes significantly
90 to stabilize the TS, determines regioselectivity
-110

A. G. Green, P. Liu, C. A. Merlic, K. N. Houk. J. Am. Chem. Soc., 2014,136, 4575 24



Summary

Reactivity

Activation Strain Model

iy
! s

! 1,3-Dipole X=Y-Z o :
1 % z 1
! Dipolarophile == \a=s/ H
1 X =RC, RoC, BN, RsN,O 1
! Y=N,NR,O H
1 Z=RC, RyC, RN, RzN,O :
1

1 1

Design new reactions with high reactivity and selectivity

AL i -
SHrain - =

-

AE(C’) = AEstrain(C) + AEint({:)

Selectivity

1 1
1 1
1 1
1 1
1 = 1
1 o 1
i £ i
I AX T, | g & :
Beg=IrN, -Ir+ x
! W, 8o Be9™ Vaeg = %91 y=-053%+508 I
r w 40 R? =081
i < o i
1 2.0 1
: 17 substrates studied 0.0 :
1 65 70 75 80 85 1
1 1
1 1

1

1
- :
1 5
o T b Ohea I
: R PCy; cyzp/‘\/Pch CYZPWPCYZ I
1 - W~ - + bl 1
A Al O |1
! 65— .| cary—o JDK Cacyl)—0 ~o---¢ H
1 Ar activation Ar}‘i }-L‘ A r2 activation Ar? 1
: favored o favored :
1 1

AE;;. (kcal/mol)






