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Understanding chemical reactivity thorough computational techniques is demanded.

Question: How can we integrate these factors? What is the predominant element in each reaction?




Routine Protocols in Computational Chemistry

1. Calculate equilibrium geometry for reactant(s) 1°. Calculate equilibrium geometry for product(s)

‘ molecular dynamics (MacroModel)
then, MO or DFT (Gaussian)
local minimum: the optimize structure of rectant(s) local minimum: the optimize structure of product(s)
(zero imaginary frequencies) (zero imaginary frequencies)

2. Search for TS candidate
ff H (Reaction Express Pro, etc.)

3. TS optimization
(Gaussian)

RZ R!
4. Compute IRC 4. Compute IRC
(Gaussian) saddle point: the optimize structure of TS (Gaussian)
(One Imaginary frequency) IRC: intrinsic reaction coordinate

For details, see our lab manual by Nagatomo, M.; Fujino, H.; Kuwana, D.; Taguchi, J. et al.
For arelated LS, see: 150725 LS Yuki_Nakagawa. 3



Classics of Reactivity Models
M electronic theory of organic chemistry (1910’s -)
M frontier molecular orbital (FMO) theory (1952)

Woodward-Hoffmann rules
(1965)

For details, see:
150509 PS Shunichiro_Katoh

Prof. Woodward Prof. Hoffmann

MO theory describing HOMO-LUMO interactions
— This model usually neglected the “distortion” of molecules that occurs upon reaction.

B Marcus theory (1956)

In Marcus theory, activation barriers are expressed in terms of the intrinsic
reactivity of a thermoneutral reference reaction system and the influence of the
thermodynamics of the reaction.

This intrinsic barrier is described in terms of reorganization energy in solution
upon vertical electron transfer.

— This model does not have answer the question of why a particular
thermoneutral reference system has the intrinsic reactivity.

Prof. Marcus

E [TS]I = Eintrinsic + CErxn

Bickelhaupt, F. M.; Houk, K. N. Angew. Chem. Int. Ed. 2017, 56, 10070. 4



Activation Strain (Distortion-Interaction) Model

g single point (SP) energy calculation for AEgnz:(8)
and AEstrain,RZ(Z)

AEstrain,Rl+R2(§)
reaction strain

B Activation strain model (ASM), a.k.a. distortion-
Interaction model is a fragment-based approach to insight
into physical factors controlling reactivity and selectivity.

Potential energy surface AE(Q) is decomposed as follows:

AE(C) = AEstrain,Rl(C) + AEstrain,Rz(c) + AEint(()
< AEint(o = AE(Z) - (AEstrain,Rl(C) + AEstrain,Rz)

AE .,(0): the strain energy of each fragment
(a.k.a. distortion energy AE,.(7)) 0
usually positive value, destabilizing

AE, . (Q): interaction energy between two fragments

usually negative value, stabilizing

AEstrain-Rl(o) =
AEstrain-Rz(o) =0

In the TS,
dAEstrain,R1+R2(;TS)/d; = AE;(0)
— dAE, (T7S)/dg AE(Z™) = activation energy ™ interaction

Figure 1. The activation-strain model exemplified using a metal-medi-
ated C—X bond activation: AE*= AE_ _ [reactant 1]+ AE.  [reac-
tant 2]+ AE;

int*

Prof. Bickelhaupt Prof. Houk

For representative reviews on ASM model, see: (a) Fernandez, 1.; Bickelhaupt, F. M. Chem. Soc. Rev. 2014, 43,
4953. (b) Wolters, L. P.; Bickelhaupt, F. M. WIREs Comput. Mol. Sci. 2015, 5, 324. (c) Bickelhaupt, F. M.; Houk, K.
N. Angew. Chem. Int. Ed. 2017, 56, 10070. 5




An Example of ASM: S,,2 Reaction

X~ +CHgY —> CHaX+Y-

ZORA-OLYP/TZ2P

(9) ()

100 P
100 -
AEgirain AEgtrain
Y=F T o o X=F
vy=ct | 1 AE I ol X = Cl
Y=Br AE AE ] X=PBr
Y= -50 50 | N =
AEint ] AEint
-100 +—+—-"F——+—t+—+—+——t————t—— L1 R S W B .. TR
0 0.5 1 1.5 2 0 0.5 1 1.5 2
C-Y stretch (A) C-Y stretch (A)
strain control interaction control

* Leaving group ability derives from the carbon—  * Nucleophilicity is determined by the electron-

leaving group (C-Y) bond strength. donor capability of the nucleophile.
(Stronger C-Y bond carries higher energy _ _ _
penalty.) Question: What causes the better interaction?

Bento, A. P.; Bickelhaupt, F. M. J. Org. Chem. 2008, 73, 7290.



Morokuma-Kitaura Model

e a quantitative analysis scheme of equilibrium structure

* energy decomposition within Hartree-Fock approximation

» successfully applied to hydrogen-bonded complexes (see Fig 1.) and
electron donor-acceptor complex

AE = Eelstat + EpI + Eex + Ect
AE: total stabilization energy of two molecules (A and B)
Eeistar: €l€Ctrostatic component, E;: polarization component
E.,.: exchange component (Pauli repulsion), E: charge transfer component

Prof. Morokuma Prof. Kitaura

If molecular functions are A% and B° and the sum of their energies are E:
(i) a Hartree product of isolated molecular wave-functions: -10 :
gy, =ACeBO F
E1 = Eo — Eestat B :
(if) a Hartree wave-function for the complex in which intermolecular erectron exchange is not
allowed:
Y,=A*B
E; = Eo— (Eeistar + Epl) ] )
(iii) a Hartree-Fock product of isolated molecular wave-functions:
Y, = a(A°« B?) [@: antisymmetrizer]
) Es = Eo — (Eaistar + Eex) )
(iv) a Hartree-Fock wave-function for the complex:

L Eqx (8 =-30%)

:‘
4

]
o
T

o

- EgtEpdl 9=-30‘_‘_?,---" -

Stabilization energy {Xcal/mole)

W, = a(A *B) FaE(pe30Y T K
E4 = EO —AE= EO - (Eelstat + EpI + Eex + Ect) :AE( 9"“50')\??’ ‘,,a"{ Fas(62-20%
In case of H,CO...OH,, AE = 3.45 kcal/mol 5} "\j}f"‘ﬁﬂ‘ﬂama'9-0'1
(RO—H: 189A1e=_63'9 OC); hl 1 Is’l L
Eqstar: 464, Eypt 0.18, Eq,: =6.71, E 5.34 0 20 %0
o-H

(kcal/mol)

.16. 1. Linear hydrogen bond model of H;CO---H;O. The Fi 4. The hydrogen bond d t ;
atoms O, Hy, and O are collinear. See text on how to generate: g ;. ,},=JY==1;)_E All cur?.rggr?;: n{;orﬁg:gge.n. ,sﬁszé?nﬁtrﬂ;:

] t_hﬁ ﬁgurc.. ] ] _secified for (H:0)a.
e Because each molecular structure is fixed in this model, this model can

not be applied to TS and reaction pathway analysis.

(a) Morokuma, K. J. Chem. Phys. 1971, 55, 1236.
(b) Kitaura, K.; Morokuma, K. Int. J. Quantum. Chem. 1976, 10, 325. 7



Energy Decomposition Analysis (EDA)

B Energy decomposition analysis (EDA) methods bridge the gap between electronic structure
calculations and conceptual interpretations of molecular interaction energy (i.e. AE;,.(Q)).

(NOTE: Theoretically, Morokuma-Kitaura model and ASM can be regarded as a kind of EDA.
However, in this presentation, the term of EDA is used only for the decomposition of AE,,(C).)

B EDA is the Kohn-Sham molecular orbital (KS-MO) theory-based approach, enabling to further
analyze AE, . (C) as follows:

AE;(3) = AEgstar (§) + AEpqi(8) + AE(9)

AE, .. electrostatic energy (the Classic Coulomb interaction between the unperturbed charge
distributions of the deformed reactants, usually attractive)
— further analyzed by Hirshfeld surface analysis, molecular electrostatic potential (MEP) etc.
AE.,,;: Pauli repulsion (destabilizing interaction between occupied orbitals; i.e. steric repulsion)
AE ;: polarization (empty-occupied orbital) and charge transfer (donor-acceptor interactions including

HOMO-LUMO interaction)
— further decomposed into contributions from each irreducible representations I' of the point

group to which the molecular system belongs.

— —  —
’ . ‘ . ’ B .
0 N ’ . i 4 -
‘ \ l . ‘ e
‘ . ‘ \ J &
. . ‘. \ ‘ .
. “ ‘ . i
] . , N ‘ —
’ I
‘
1 : : - I 4
. » . .
\ ‘ . v . Pl
. . N ‘. . 5
. . . B
N 1 . a . *s 4 ¢ ~u. 1

A= . Fha
r

-+

A AB B A AB B A AB B A AB B
Pauli repulsion Electron pair Donor-acceptor Polarization
bond formation interaction

Orbital interaction diagrams for the most commonly appearing interactions.
B In EDA, not only equilibrium structures but transition states (TS) and nonstationary points along

intrinsic rection coordinate (IRC) can be analyzed.

For representative reviews on EDA, see: (a) von Hopffgarten, M.; Frenking, G. WIREs Comput. Mol. Sci. 2012, 2,
43. (b) Su, P.; Tang, Z.; Wu, W. WIREs Comput. Mol. Sci. 2020, 10, e1460. 8



ADF Software and PyFrag 2019 Automated Program

B Amsterdam Density Functional (ADF)V: the only software package available to EDA.
ASM can be carried with any other quantum chemical software package including Gaussian.

Gaussian 16
@ Expanding the limits of

computational chemistry

routine work (equilibrium geometry, IRC, etc.)

ASM \/ \/
EDA x* v

* Unlike EDA, Morokuma-Kitaura analysis is available in Gaussian 16.

B PyFrag 20192%: the free-of-charge open-source automated program for ASM-EDA approach

e updated version of PyFrag 200820

e compatible with ADF, Gaussian, and some other software (EDA is unavailable when using Gaussian.)

e Users are required to simply supply approximate geometries of the stationary points (reactants, TS,
products).

* The computational progress and the convergence of the required geometry and TS optimization can
be monitored at runtime.

» After completing the computations, PyFrag 2019 visualizes the results in a automated way.

1. te Velde, G. et al. J. Comput. Chem. 2001, 22, 931.
2. (a) Halmin, T. A.; Bickelhaupt, F. M. et al. J. Comput. Chem. 2019, 40, 2227.
(b) Bickelhaupt, F. M. et al. J. Comput. Chem. 2008, 29, 312.



Schematic Workflow of ASM-EDA Approach

ADF or Gaussian or any other QC program
1-14 Locate stationary points (R, RC, TS, PC, P) on
PES

ADF or Gaussian or any other QC program
15-20 Run IRC caleulations from TS to obtain the curvature of
the PES

ADF
Perform I;S‘gémd .EDA an Gaussian, Orca, or Turbomole
21-27 s point Perform ASA Box 1
using PyFrag 2019 on each IRC point using PyFrag 2019

MS Excel
Plot the ASA and EDA results and
28-30 determjne if rgamions are strain or
interaction controlled

31 Interaction-controlled I Strain-controlled 32-35 . .
| ADF: Amsterdam Density Functional
o R: reactant(s)
ADF or Gaussian, Orca, or Turbomole .
Plot the EDA terms to Plot strain energy of each reactant o RC . reaCtant com p l ex

understand the trend in total
interaction energy

determine the origin of the diff i . H'

O otal strain energy TS: transition state
' P: product(s)

PC: product complex

........................................
.

31C Orbital interaction

SIA rostali 318 Pauli repuision | IRC: intrinsic reaction coordinate
[ | - : PES: potential energy surface
ADF o denty ey occupled- . ASM: activation strain model
unoccupie! . ey .
Analyze charges and Identiy key occupied- interactons and compule :  EDA: energy decomposition analysis
MEP maps occupied FMO FMO overlaps and : .
interactions and compute energy gaps : QC: guantum chemical
FMQ overlaps .

MEP: molecular electrostatic potential
FMO: fragment molecular orbital

Yo
.....................................................................................................

For the detailed protocol, see: Bickelhaupt, F. M.; Hamlin, T. A. et al. Nat. Protoc. 2020, 15, 649. 10
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2. Recent Example of ASM-EDA Using Automated Program
“PyFrag 2019”-Assisted ASM-EDA
(ACS Catal. 2021, 11, 7489)
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[3+2] Cycloaddition of Azomethine Ylide

MeO

co

Ph3P-/-Ir'- -PPh,
Cl" Vaska's
Ph

(o)
complex (= [Ir]) / OMe
64% (dr > 20 : 1)
OMe

[3+2] cycloaddition

\ o/ B
OMe—Si’ Ssi— o)
N Lo TmDs

=6
(@)

/g 0 >
Ph (@) Ph

H MeO
_ L i \ (o)
Ph
OMe 0 o)

QN/VO ph—’ N HT: % ,}\0
Ph” [ osi O;(j Ph o//—

0 64% (dr > 20 : 1)

Yamazaki, K.; Gabriel, P.; Di Carmine, G.; Pedroni, J.; Farizyan, M.; Hamlin, T. A.; Dixon, D. J. ACS Catal. 2021,
11, 7489. 12



ASM Analysis of [3+2] Cycloaddition (1)

MeO

%)‘Q - C‘H\ >

2.220)

COSMO(toluene)-M06-2X/TZ2P//BP86/TZ2P
MeO

2.264

— strain control

TS0Med TSOMe4
(kealmol') = AGY AE* AF%ain AEYNy ABgiaindipole AE¥strainalkene
TSOMe1 16.8 1.2 27.2 -26.0 14.0 13.2
TSOMe2 13.9 2.7 30.6 -33.2 14.7 15.9
TSOMe3 18.0 1.7 31.5 -29.8 15.7 15.8
TSOMe4 13.5 =2.7 25.7 -28.3 11.5 14.1

Energies (kcal/mol) and bond
lengths (A) of TS geometries
are provided here.

Yamazaki, K.; Gabriel, P.; Di Carmine, G.; Pedroni, J.; Farizyan, M.; Hamlin, T. A.; Dixon, D. J. ACS Catal. 2021,

11, 7489.

13



ASM Analysis of [3+2] Cycloaddition (2)

COSMO(toluene)-M06-2X/TZ2P//BP86/TZ2P

‘ -
- N N\ MeO 2% ’s} 'd MeO
~a oy %

2202\ /2376

TSOx3 F=J TSOx4

— interaction control
(kcal mor™) AGt AFt AEIstrain ﬂ.Eiint -‘ﬂEtint,gas ﬁEiPauli &welstat -‘ElEioi

TSOx1 144 -13 288  -30.1 317 794  -511 -60.0 |

TSOx2 114 -50 302 -352 375 977  _e4as 706 Energies (kcal/mol) and bond
lengths (A) of TS geometries

TSOx3 168 06 308 -30.2 314 853 522 645 | ;o niovided here.

TSOx4 116 —49 241 -29.1 315 822  -544 592

Yamazaki, K.; Gabriel, P.; Di Carmine, G.; Pedroni, J.; Farizyan, M.; Hamlin, T. A.; Dixon, D. J. ACS Catal. 2021,
11, 7489. 14



Strain Energy and Sum of Angles (SoA) Analysis

TSOx2 TSOx3

25
COSMO(toluene)-M06-2X/TZ2P//IBP86/TZ2P | Z \. f
20 4 Ph"u,,{_N__ CO,Me '\
B - ) TSOMe4 TSOMe3
< \ TSOMe2
% 46 TSOx4 — /
7] TSOx1
: TSOMe1
< 10 4
o
S
~ 97
1 Yo y = 1.3881x, R* = 0.5629
Phim, g N~ 0 . . . .
Y N ; 0 5 10 15 20
H + COMe AEY,, .. [dipole] (kcal mol-)
1 I
', ] 25 - 25 - o)
Yo )
Ram,, “:“5— ,a:.‘ |\"“R4 Hu,,, — wCO;Me TSOMe2 H'u.,,—_.u\‘\\\N/\ TSOx2
2] P W 24 ™ SH )0
R4 R; = TSOMe1 \ & o TSOx3
- -t <o
§ 15 \ § 15 4 \
SoA, =4/t () % P\ %
- < 10 TSOMe3 o 10 \ TSOx1
SoA = 360° — planar \ TSOMe4 2
SoA < 360° — distorted & 54 & 5 TSOx4
~ ~
y = 1.0153x, R* = 0.8518 y = 0.9250x, R* = 0.8914
0 . . . . 0 . . . ,
0 5 10 15 20 0 5 10 15 20
AE*, ... [alkene,ester] (kcal mol-7) AE%,, .., [alkene,oxazolidinone] (kcal mol-1)

720-SoA,-SoA, =0 and 720-SoA;-SoA, = 0 — “more asynchronous” — less destabilizing AE%, i,

M good linear relationship between the normalized sum of angles (SoA) of pyramidization at
two reacting carbon atoms and the strain energies of each fragment.

Yamazaki, K.; Gabriel, P.; Di Carmine, G.; Pedroni, J.; Farizyan, M.; Hamlin, T. A.; Dixon, D. J. ACS Catal. 2021,
11, 7489. 15



Frontier MO Analysis and MEP Analysis

B | Frontier molecular orbital (FMQ) analysis

e COSMO(toluene)-M06-2X/TZ2P//BP86/TZ2P

‘f_ LUM oaﬂ(ene

HOMOdipo!e + ~

A higher S2/Ae — more stabilizing AE#,,

TS AE HOMOyipole=LUMOgene (8Y)  Orbital Overlap S S2/Ag % 10°

TSOx1 4.1 0.17 7.4
TSOx2 3.9 0.19 9.0
TSOx3 4.0 0.17 7.4
TSOx4 4.1 0.16 6.5

SCF Coutpot
0300

C | Molecular electrostatic potential (MEP) analysis

dipole dipole
frag% Went
more negatively charged

Phin .,IQCOZMe eatpamaion Phus ,@cozm

>—> "charge match” [y more stabilizing AV* ¢istat

Fgrs

hesfat {2 charge match —
Q ‘ph more positively charged Ph)_KH N/\ g
carbon atom

TSOx2 TSOx4
(favored)

alkene y alkene

fragment : i - d fragment

IR

more stabilizing AE* .,

Yamazaki, K.; Gabriel, P.; Di Carmine, G.; Pedroni, J.; Farizyan, M.; Hamlin, T. A.; Dixon, D. J. ACS Catal. 2021,

11, 74809.
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3. Application of ASM-EDA to Intramolecular Reactions
(J. Org. Chem. 2020, 85, 9272)
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Phosphine-Catalyzed [3+3] Annulation

(0
: /N@
Ne
E)* | _ oEt MesP (20 mol%)
//\"/ CH,CI,
+ 7 -
o
O,N
O,N 62% 3%
[3+2] annulation [3+3] annulation
“y pathway” “a pathway”
M plausible reaction mechanism for the competitive [3+2]/[3+3] phosphine-catalyzed annulation
O
HOMO exhibits ambident nature. & ]
M83P
equally distributed to aly carbons ., COLEL Mesh, COZE‘ MesR  COE! Cer‘
a-pathway Y )\dcoza 2—%} - PMe, R

( a
? int-1a int- 2(1 04\) int-3¢. O int-4a O%\)
J 4
(¢}

o
Y a N R
|+ 1 '
% N, SO QR E10,C ;
’ int-1 " 9 ' &(&QR : %R :
< PMe; 5 R Me;P R Me;P -PMe; ! '
3 N-N N-N i N-N '
y-pathway X CO,Et : :
Y o Oa\) 04\) E oék) '
int-1y R = p-NO,CgH, int-2y int-3y S < . i

(@) Kwon, O. et al. J. Am. Chem. Soc. 2011, 133, 13337.
(b) Gallardo-Fuentas, S.; Ormazabal-Toledo, R.; Fernandez, I. J. Org. Chem. 2020, 85, 9272. 19



Computed Reaction Profile

SMD(CH,Cl,)-M06-2X/6-31+G(d,p)

TSy
12.4 (—4.1)) TS-2a . . .
ey macon) Relative Gibbs free energies (kcal/mol)
/f 1 (-3. \‘.. ‘-' B =3.0)) . . .
[ T8a | / \ and enthalpies (within parentheses)
+ 0 I \ ‘Iu
PMe; N | [ TS-2¢ \ .
)\C—),coaa s (N / [ | Me:F  cOsEt
o | | [55@12.1) | 2—%
int-1a 2 R / ."I | \ '.‘I . R
J' | | '\I '
0.0 %\gcozm "'w.\ int-2 f."; ".‘ int-3a - R
“PMe o:{‘} R | \29(185) \p3cise| TS¥ L)
= COEt int20 42 (-196) \ \/-4.3(-206), ~ int-da
| int-2y \ \
int-1y =102C—\\_qp- | int3y | ".\ TS-3
MesP R 9.0 (-24.1) | /o3 (_24_7)\
. : N-N COEt | . / \—PMes  com
bimolecular reaction oA N | intda / \
+ R / \
int-2y PN 151 (-314) | ~PMes s N-N i
o
unimolecular reaction 0’%1)3? \ 09\4)
- \
—
‘ 3 ~26.0 (-37.9)
27.6 (-39.8)

This study

elucidation by ASM/EDA

B a-Pathway (blue) is disfavored due to the high activation energy from int-2a to TS-2a (AAG+g ,, = 14.2
kcal/mol). (vs AAGg,, = 9.7 kcal/mol)

— kinetically controlled

(* AAGrg o = AGrs2q = AGiy24)

B On the other hand, the difference of the activation energy in the first phase (bimolecular reaction) is
trivial (AAGg ;4 = 11.1 kcal/mol vs AAG+g ,, = 12.4 kcal/mol)

Gallardo-Fuentas, S.; Ormazabal-Toledo, R.; Fernandez, I. J. Org. Chem. 2020, 85, 9272.
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Computed Reaction Profile

SMD(CH,Cl,)-M06-2X/6-31+G(d,p)

TSy
12.4 (—4.1)| TS-2a . . .
e mac Relative Gibbs free energies (kcal/mol)
| Tsda | / \ and enthalpies (within parentheses)
. o ! \ | \
PMes i, ! \ / .\
}\@COaEI + &"L | - / TS | MesRE  COEt

”\\? / \ [ /55 =12.1) | 2—%
1 J | | R
int-1a 2 R \ ."“ \ NN )
MeF [ \lo ,{\) MesR  CO.E
] 3 \ [ " I‘|
I o %\/gcozm \ int-2a | / |\ int-3a ?_%R
N.

[ re— N-N

|

Pl o("W R [ 2915 \prcse) T L)
,O)\/coza 20 22 190) \ | /4.3 (-20.6)  int-4a
| int-2y \ \
int-1y FOL _int-3y /| | TS3a
Me3ls_ R 9.0 (-24.1) "-, /_9_3 (=24.7)\
bi : N-N COEt | . \-PMes  com
imolecular reaction oA _ | intda / \
+ — \
int- MpsP rryye . -PMes  \ R
int-2y N 15.1 (<31.4) wo NN
\\ 03\)
\ 4
—
3 -26.0 (-37.9)
. 27.6 (—39.8
This study e

elucidation by ASM/EDA

B a-Pathway (blue) is disfavored due to the high activation energy from int-2a to TS-2a (AAG+g ,, = 14.2
kcal/mol). (vs AAG+g,, = 9.7 kcal/mol) (* AAGrs 24 = AGrs 29 = AGipt.24)
— kinetically controlled

B On the other hand, the difference of the activation energy in the first phase (bimolecular reaction) is
trivial (AAGg ;4 = 11.1 kcal/mol vs AAG+g ,, = 12.4 kcal/mol)

Gallardo-Fuentas, S.; Ormazabal-Toledo, R.; Fernandez, I. J. Org. Chem. 2020, 85, 9272. 20’



ASM/EDA in Bimolecular Reaction (y-Pathway)

OEt O~_ _OEt 15
(Ar = p-NO,CqH,) ® (Ar = p-NO,CqH,) ] L.
Me3P / % 54 o ) &
£ o4 e e P
T ¢ o o AE
Y gk R "
Q 4] 0 e
] A A
I
r (9] 20 \\\_
-25 ] T T T T T T T T ‘ 1
30 29 28 27 286 25 24 23 22 21

approach B sMD(CH,CI,)-M06-2X/6-31+G(d,p) r(C+C)/ A

Figure 5. Comparative ASDs for the competitive approaches A (solid
lines) and B (dotted lines) associated with the initial nucleophilic
addition involving int-1 and 2 (y-pathway). All data have been
computed at the SMD (dichloromethane)-M062X/6-31+G(d,p) level.

80 e

60 - o
40

20 20

04

AE / kcal mol ™!

TS-1y (AG* = 12.4 kcal/mol) TS-1y’ (AG* = 15.8 kcal/mol) 201
AE*g,, = AE,, = 3.4 kcal/mol 40

-60 AV, :

2 Velstat

— interaction control MO6-2X/TZ2P// 30 28 26 24 22
SMD(CH,Cl,)-M06-2X/6-31+G(d,p) (€O /A
. - Figure 6. Decomposition of the interaction energy along the reaction
- BOth AEelstat and AEorb are deC|S|Ve. pathway for approaches A (solid lines) and B (dotted lines)
associated with the initial nucleophilic addition involving int-1 and
2 (y-pathway). All data have been computed at the M06-2X/TZ2P//

" _ . . . .
( AEOi - AEOFb - orbital InteraCtlon) SMD(dichloromethane)-M062X/6-31+G(d,p) level.

Gallardo-Fuentas, S.; Ormazabal-Toledo, R.; Fernandez, I. J. Org. Chem. 2020, 85, 9272.
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ASM/EDA in Bimolecular Reaction (y- vs a-Pathways)

OEt
(Ar = p-NO,CzH,) (Ar = p-NO,CgH,)

Me3P @ (o)

Yy pathway /\)j\ o pathway
a
OEt

Z SAC) )
] SMD(CH,Cl,)-M06-2X/6-31+G(d,p)
approach A (favored) approach A (favored) b e
107 .' AE .,
N T 5
y .
© |
£ 5] .
< 4101 Y S
| 154 “ Tay
Q | 1 Nim
% 20 1
] \‘A
-25 — T T T T T T T T
30 29 28 27 26 25 24 23 22 21
. r(C~C)/A
TS-1y (AG* = 12.4 kcal/mol) TS-1a (AG* = 11.1 kcal/mol)
AE* ,, = AE%g,, = 1.3 kcal/mol Figure S2. Comparative activation strain diagrams for the competitive nucleophilic

addition involving int-1 and 2, namely o-pathway (solid lines) and y-pathway (dotted
lines). All data have been computed at the SMD(dichloromethane)-M062X/6-31+G(d,p)
level.

The predominant factor (strain energy or interaction energy) in the difference of AE*;g ;, and AE%g,, is
ambiguous. However, it does not matter because the decisive step for the observed y-selectivity is

not here.

Gallardo-Fuentas, S.; Ormazabal-Toledo, R.; Fernandez, I. J. Org. Chem. 2020, 85, 9272. 22



Computed Reaction Profile

SMD(CH,Cl,)-M06-2X/6-31+G(d,p)

TSy
- \ S-2a . . .
— ) Relative Gibbs free energies (kcal/mol)
[ 80 Y [ and enthalpies (within parentheses)
+ o f \ [ .‘
PMe; _ \ | \ \
/J\{YCO?E‘ + &h‘t / \ / TS0 | esf COLEt

N [ [ \
% | []55(-12.1) | 2—%
’ ‘ / \ R
- R | \
int-1a 2 | | \'. NN )
Mef' [ = MesP,  COE
] 3 \ [ " I‘|
I 0.0 %\gcoam \int2a |/ ' ". int-3c ?_dbn
N.

/

ﬁ\'

‘PMe; oﬂ R -2.9 —185) ,‘—23( 188 | TS-3y
o OO int2a | 42(-196) \ '-. (-20.6) mmt
| int-2y \
int-1y :102(2—\\_%- int-3y ".‘ \ 530
Mo IR 9.0 (-24.1) | /93 —24.7)
‘N 0025‘ "" \ PMeg coga
OJ\) '\ int-do /
Mps - PMe R
int-2y N -N -15 10 'ﬁl '3 \. NN
unimolecular reaction Oﬁfa{ ‘-\ 04\4)
3 -26.0 (-37.9)

27.6 (-39.8)

This study
elucidation by ASM/EDA

B a-Pathway (blue) is disfavored due to the high activation energy from int-2a to TS-2a (AAG+g ,, = 14.2
kcal/mol). (vs AAG+g,, = 9.7 kcal/mol) (* AAGrs 24 = AGrs 29 = AGipt.24)
— kinetically controlled

B On the other hand, the difference of the activation energy in the first phase (bimolecular reaction) is
trivial (AAGyg 14 = 11.1 kcal/mol vs AAGg ,, = 12.4 kcal/mol)

Gallardo-Fuentas, S.; Ormazabal-Toledo, R.; Fernandez, I. J. Org. Chem. 2020, 85, 9272. 22’



Free Barrier Energies of Cyclization Modes

M from y-pathway intermediate

* 5-exo-trig cyclization

Et02C ﬁ 5-exo-trig COZEt

SO

Ph 3P
ON—N —> N—N
4\) AAGE = 4\)

0] 9.7 kcal/mol

(* AAG*: free barrier energies of cyclization)

M from a-pathway intermediate
* 5-exo0-trig cyclization

5-exo-trig
“9  CO,Et CO,Et
(o}
PICP ) A Ph PW
3 r 3
©N—N % N N

AAGY =
27.5 kcal/mol 0

%

SMD(CH,Cl,)-M06-2X/6-31+G(d,p)
* 6-endo-trig cyclization

Ph,R® Ph3P
6-endo-trig ?/ \

EtO,C 3 Ar EtOZC
©N=N
Fslr-bel
O 18.9 kcal/mol O

Ph3P

|

|

|

, C02Et

I -
i 6-endo- trlg & Ar:
|

|

|

|

@NN i

AAG'~t = 4\) !
0 14.2 kcal/mol O !

Question: What is the dominant factor for 5-exo-trig cyclization in the y-pathway?

Gallardo-Fuentas, S.; Ormazabal-Toledo, R.; Fernandez, I. J. Org. Chem. 2020, 85, 9272. 23



Application of ASM to Unimolecular Reaction (1)
— Houk’s Three-Fragment Approach?:2) -

ASM analysis of unimolecular reactions can be conducted by fragment-based approaches.

(Diels-Alder substrate) /—//_\\—OM
e
/ \ OMe

H H fragment R1
< |

HZCQP/=\N02 addx 2O H N\

H
fragment C
"whole molecule” gl(-l=erHe; I fragment R2

2

» detach each component of the whole molecule into
C,R;, and R,.

* replace the loose ends with a chemically similar
functional group X (X =H in the above example)

hypothesis:
 Strain energy (AE, ., = AE,) is additive.
(i-e- A Estrain,whole - AEstrain,Rl + AEstrain,RZ + AEstrain,C )

caution:

* Fragment design should be carefully conducted

because it may induce errors in the calculation of

« AE “AE -0 AEst_rain,C in th.e case e_xi_sting a new X=X interaction
Int,R1-C Int,R2-C not included in the original whole molecule.

* AE, = AE
AEt = (AEtstrain,Rl + AE:‘:strain,RZ) - AE:tint,Rl—RZ

app
= AEt

R1/R2: first/second reaction centers, C: connector

AE*,

strain

whole + AE:tstrain,C

* Newly added C-X bond can affect strain energy
— AE = AEstrain,Rl b AEstrain,RZ b AEstrain,C i AEint,Rl-RZ of each fragment-

1. For a review, see: Bickelhaupt, F. M.; Houk, K. N. Angew. Chem. Int. Ed. 2017, 56, 10070.
2. (a) Krenske, E. H.; Houk, K. N.; Holmes, A. B.; Thompson, J. Tetrahedron Lett. 2011, 52, 2181.

(b) Velasco-Juérez, E.; Arpa, E. M. Theor. Chem. Acc. 2021, 140, 107.
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Application of ASM to Unimolecular Reaction (2)
- Bickelhaupt’s Two-Fragment Approach'?) -

ASM analysis of unimolecular reactions can be conducted by fragment-based approaches.

a N

(electrocyclization substrate) )
(1) N ag,(RY) ) X ” fragment R1
() = AE, (R2) | | ‘
fragment R2
@ "whole molecule” |

\ W

N[

* homolytic bond cleavage in the connector
* AE, ., g1 @and AEg, 4, r2 CAN be calculated by single-point energy calculations considering
the independent fragments as open-shell doublets

hypothesis:
* Strain energy (AE.,, ., = AE,) is additive.
(l e A Estrain,whole = AEstrain,Rl + AEstrain,RZ) — AE = AEstrain,Rl & AEstrain,RZ & AEint,Rl-RZ

M This Bickelhaupt’s approach was implemented in the present study described in the main literature.

1. For a review, see: Bickelhaupt, F. M.; Houk, K. N. Angew. Chem. Int. Ed. 2017, 56, 10070.
2. (a) Fernandez, I.; Bickelhaupt, F. M.; Cossio, F. P. Chem. Eur. J. 2012, 18, 12395.
(b) Fernandez, I.; Bickelhaupt, F. M.; Cossio, F. P. Chem. Eur. J. 2014, 20, 10791.



ASM Comparison for 5-exo-trig and 6-endo-trig

B major pathway (5-exo-trig cyclization from
Yy-pathway intermediate)

EtO,C S-exo-trig EtO,C
2 \ﬁ , 2 _\>_v
PES-B P %Ar ‘ Ph.P © Q
3 3 @
©

OZN\_ﬂ 04\)

(intermediate in y-pathway)

B minor pathway (6-endo-trig cyclization from
a-pathway intermediate)

Ph3P@ CO,Et Ph3P@ CO,Et

6-endo-trig - 7~ M
(3{3— - )
oA

(intermediate in a-pathway)

©N—N

%

/AT « Both pathway exhibit similar AE

SMD(CH,CI,)-M06-2X/6-31+G(d,p)
16
D E AEgain

12 Ay

AE [ kcal mol™
EsN [es]
L 1

o
1
b

Figure 9. Comparative ASDs for S-exo-trig (y-pathway, solid lines)
and 6-endo-trig (a-pathway, dotted lines) cyclization reactions. All
data have been computed at the SMD(dichloromethane)-M062X/6-
31+G(d,p) level.

strain Values
especially at the transition state region.

— Change of AE,, is responsible for the

selectivity.

Gallardo-Fuentas, S.; Ormazabal-Toledo, R.; Fernandez, I. J. Org. Chem. 2020, 85, 9272. 26



EDA Comparison for 5-exo-frig and 6-endo-trig

MO6-2X/TZ2P//
SMD(CH,Cl,)-M06-2X/6-31+G(d,p)

120 »
S/
,//

80
T
o
E 404
©
[&]
X
W O-
< N

AL o
-40 W"-:‘A,AA Ve\slat
\ A
AE
orb —
-80 \{ *Eorb Eoi
T T T T T 1
28 26 2.4 22 20 18
r(N--C)/ A

TS-20.
r(P+07) = 2.882 A r(P*-07) =3.130 A
AAVZ gt = —53.9 keal/mol AAVZ gistat = —29.1 keal/mol

Figure 11. P*---O~ interactions and AAV¥, values in TS-2y (left)
and TS-2a (right).

B EDA-NOCV (a.k.a. ETS-NOCV) analysis

(NOCV: the natural orbital for chemical valence)

Figure 10. Decomposition of the interaction energy along the
reaction pathway for S-exo-trig (y-pathway, solid lines) and 6-endo-trig
(a-pathway, dotted lines) cyclization reactions. All data have been
computed at the M06-2X/TZ2P//SMD(dichloromethane )-M062X/
6-31+G(d,p) level.

The sum of AAE,,; and AAE_; is decisive for AAE, ..

y-cyclization a-cyclization

AE(p): stabilization energy by the charge flow from LP(N~) — m*(C=C)
at the same consistent N...C bond forming a distance of 2.1 A.

AE(p) =-53.9 kcal/mol AE(p) =—-35.1 keal/mol

Figure 12. Plot of the deformation densities Ap of the pairwise orbital
interactions between the interacting fragments and the corresponding
stabilization energies AE(p) computed for the cyclization reactions of
the y- (left) and @-pathways (right). The color code of the charge flow

is red — Dblue.

Gallardo-Fuentas, S.; Ormazabal-Toledo, R.; Fernandez, I. J. Org. Chem. 2020, 85, 9272. 27



Summary

Distorted reagents
atinfinite distance

+ AEstrain
N AE = AE,,,, + AE,
Istorted reagents —_
AE at finite distance AEint - AEelstat b AEPauli b AEorb

(TS structure)

AE .. strain energy of deformed reagent(s)
AE AE,.: interaction energy between deformed reagents

— AE,_ ... electrostatic energy
AE_, : Pauli repulsion

AE_;: polarization and charge transfer

Relaxed reagents
at infinite distance

AEint
M Activation strain model (ASM) establishes a causal relationship between trends in reactivity and
underlying physical factors that are rooted in the molecular and electronic structures of reactants.

B Energy decomposition analysis (EDA) can further analyze AE;,, which is decomposed into the
electrostatic interaction (AE,.,), Pauli repulsion (AE,,;) and orbital interaction (AE,)).

in-depth understanding

experimental results ASM-EDA : .
of chemical reactivity

improvement . .
P rational design
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Theoretical Background of EDA

AEint = AEelstat + AEPauli + AEoi

The distorted fragments with frozen charge densities A and B are brought from infinite separation to
the position in the molecule. This state is the promolecule with the product wavefunction p,pg; and
the energy E,g°. The interaction between frozen charge densities of A and B at the equilibrium
geometry of B gives the quassical Coulomb interaction AE,,-

pa(ry)pp(rz)

D= 0. 0 o+ [arva@ s + [arva® pa + [ dryr,

r
acapes °P 12

Then, the product wavefunction w,wg, which is normalized but violates the Pauli principle, is
antisymmetrized and renormalized to give an intermediate state y° with the corresponding energy E°.
The energy difference between E,z° and E° is termed as exchange (Pauli) repulsion AEg_;.

WO = Na{y,wz}
AE;, ;= Exg® —E°

Finally, @° is relaxed to yield the final state g,z of the molecule A-B with the energy E,g. The
associated energy lowering comes from the orbital mixing, and thus, it can be identified as covalent
contribution to the chemical bond. It is termed orbital interaction AE,.

AE, = Ejg —Epp°

AE, = Z Egi(l")
T

1. von Hopffgarten, M.; Frenking, G. WIREs Comput. Mol. Sci. 2012, 2, 43.
2. Su, P.,; Tang, Z.; Wu, W. WIREs Comput. Mol. Sci. 2020, 10, e1460.



An Example of ASM: S,,2 Reaction

SCHEME 3. HOMO-LUMO Interaction of X~ = F~, Cl-,
Br—, and I" with a Halomethane CH;Y

l_\
;s 4 I
ooy, i ; ‘
—‘ 2p2 ||||||||||| 1" '.‘ ||||| ;’
DQD{? | + 3p, ; ; i
! \ 4p, -‘ “.' 5
| (> @) g . \ 9Pz
YCH; F= Cr Br- I~

Bento, A. P.; Bickelhaupt, F. M. J. Org. Chem. 2008, 73, 7290.
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An Example of Single-Point ASM

B - Stability of imine-BBrs; complex

X R BBrs . R
N - N
complexation BBr3

consistent geometry at N+==B bond of 1.59 A

R AG AE E*  Estrain  Eint | EstrainL Estrain,BBr3
Bu | -11 -192: -192 553 -744 14.5 40.8
Pr - 122 -295 . -295 447 -74.2 10.7 34.0
Me & 148 -314  -314 416 -73.0 7.4 34.2

® Stability of imine-BBr; complexes is determined by the strain energy.
® Bulky 'Bu group increases the strain energies in both fragments.

Figure 3. (A) Energy profiles with various imines and the geometries
of imine-BBr; complexes, and (B) relative stabilities of imine—BBr;
complexes. The activation strain analysis was performed at consistent
geometry with a B—N bond distance of 1.59 A. Energies (kcal mol™")
and bond lengths (A) of computed geometries are provided in the
inset.

Yamazaki, K.; Rej, S.; Ano, Y.; Chatani, N. Org. Lett. ASAP (DOI: 10.1021/acs.orglett.1c03829.)
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Houk’s Three-Fragment Approach

L@ mOMe @ wOMe e @ mOMe . wOMe

4
%
Br

HC/ CHe /
e ~mQMe - .---nque

Fig.4 The methane model used to corroborate the validity of the AE; !\ %
~ AE; (R1-R2) approximation

n“‘
n\\

ﬁ

CHO

Entry AE®  AE,, AE,(R1)  AE;(R2)  AE,(C)  AE, AE, o

1 2295  -3142 1962 13.53 291 3606  —13.11 025
2 1897  -32890 1776 11.82 2.91 3248  —1352 065
3 19.98  —2728  18.68 13.07 1.46 3320 -1322 075
4 1957  —2672  17.65 14.18 1.69 3352 —1395 084
5 1789  —2653 1736 14.67 127 3329 —1540 103
6 1791  —3295 1741 14.61 130 3331 —1540 113
7 1555  —3179 1554 14.30 1.23 3107 -1552 127
8 1558  —29.65  16.26 14.10 2.03 3239 -1681  1.54
9 1992  -2656  19.01 11.97 ~0.36 3063 -1071 -

10 1952 -2891  16.70 13.33 0.86 3089 -1137 -

11 2122 —2905 1475 13.66 415 3256  —1134 -

12 1643  —37.19  13.62 9.53 3.00 25.97 —954 -

Velasco-Juarez, E.; Arpa, E. M. Theor. Chem. Acc. 2021, 140, 107. 33



Bickelhaupt’s Two-Fragment Approach

%0 o 52D
mn —_— h ' —_—
A IIE A'.* ’IIE A\ <E
1 F” F
F
1a-h TS1a-h 2a-h
A B C D E F
a|CH, CH CH CH C CH
b CHMe CH CH CH C CH
c|NH CH CH CH C CH
d| O CH CH CH C CH
e|CH, N CH CH C CH
f|{CH, CH N CH C CH
g|[CH, CH CH N C CH
h|CH, CH CH CH C N
Table 1. Activation strain analysis of ene-ene-yne cyclization reactions 1a~-h—2a-h."
Scheme 2. Model reactions in this study. Entry  Reaction AE? AEg AAEY  AAE? 9 AAE? .9 AAEF., NICS
(fragment 1)  (fragment 2)  (total) (R
1 a 37.1 (36.8) 128 (1400 -56 16.2 26.5 427 —-12.0
2 b 384 (37.9) 14.8 (15.8) 7.0 18.1 272 453 —-11.8
3 C 239(23.8) —-6.1(-34) -34 22 251 27.3 —-1.3
4 d 30.2 (30.3) 174(194) -84 53 333 38.6 -1.5
5 e 31.5(31.2) 11.1 (12.6) —-9.0 1.9 286 40.5 —-13.2
6 f 37.3(37.1) 11 3(15.3) —-95 14.2 327 46.8 —-9.7
7 g 33.7 (33.1) 8 (5.1) —7.8 17.0 243 41.5 -9.9
8 h 54.4 (53.6) 44 0 (44.3) —-26 31.2 258 57.0 -9.0

[a] Energy in kcalmol™" (in parentheses with ZPE correction) computed at M06-2X/def2-TZVPP. [b] AAE,, =[E-
(TS1)—E(frag1 in geom of TS1)-E(frag2 in geom TS1)]—[E(1)-E(fragl in geom of 1)—E(frag2 in geom of 1)].
[c] AAE,q,, =IE(frag1 in geom of TS1)+ E(frag2 in geom TS1)]—[E(frag1 in geom of 1)—E(frag2 in geom of 1)].
[d] NICS values computed at the (3,4 1) ring critical point of the electron density.

Fernandez, |.; Bickelhaupt, F. M.; Cossio, F. P. Chem. Eur. J. 2014, 20, 10791.



Marcus Theory vs ASM

Figure 17. Energy terms involved in Marcus theory (left) in comparison
to the D/I model (right).

Bickelhaupt, F. M.; Houk, K. N. Angew. Chem. Int. Ed. 2017, 56, 10070.
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