Artificial Force Induced Reaction

2019/8/2
M1 Yuki Nishioka



Table of Contents

* Introduction
* Theory of AFIR
* Application of AFIR

e Summary



Table of Contents

* Introduction



What is Artificial Force Induced
Reaction(AFIR)?

-One of the method of computational chemistry

* Prof. Maeda of Hokkaido University developed in
2010.

“In AFIR, artificial force is applied between the
reactants to efficiently search the reaction path.

Force >'\ A \ B < Force
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Overview of AFIR

F with large a

barrier

Potential energy E as a function of r,g(distance  Artificial energy function F as a function of
between A and B) ryg(distance between A and B)

F(rag) = E(rgp) + aryp

Satoshi Maeda and Keiji Morokuma J. Chem. Phys. 2010, 132, 241102



Function F’

F(rag) = E(ryp) + aryp ,
Yica Zjes|(Ri + R;)/mij] " 73
SicaZjesl (R + Ri) /i)

F=FE+«

E is potential energy.
a(= 0) is a parameter of magnitude of artificial attractive force.

R; and R; are covalent radii of the ith and jth atoms, respectively.
1;j is a distance between the ith and jth atoms.
p is arbitrary integer.

TEICH T 2FEEP=6DEE T v T VITRN>
2(P=6THR<THLL, ) )

Satoshi Maeda and Keiji Morokuma J. Chem. Phys. 2010, 132, 241102


1607kisoyuki
↑問題に対する調整項(p=6のときフィッティング良かった(P=6でなくてもよい。）)�


Parameter

When both A and B are composed of single atom...

F=E+aTAB

The last term in this equation represents a constant artificial
attractive force a between the atoms A and B.

Satoshi Maeda and Keiji Morokuma J. Chem. Phys. 2010, 132, 241102



Parameter

(a) E

(b) F with small a

Rewrite a based on generic
‘ Lennard-Jones 6-12 potential

No barrier )
(c) F with large a

Typical diatomic potential curves
E and F with small @ and large a

Satoshi Maeda and Keiji Morokuma J. Chem. Phys. 2010, 132, 241102 10



Interaction energy (cm™)

Lennard-Jones Potential

2DDFEFEDINT VY v )LTRILF—DORERNGEH D

100
Lennard-Jones potential is one of the
50 empirical models representing the
interaction potential energy between two
0 1 | ...... atoms.
0 , Empirical Potential energy U is
Lennard-Jones -
_100 | ’ - p q
o S v =4|(2) - ()|
3.0 4.0 5.0 6.0 7.0 8.0 r r
R (A)
Potential energy between two argon Especially, when g = 6,p = 12, itis
atoms called Lennard-Jones 6-12 potential.

Ronald A. Aziz J. Chem. Phys. 2010, 99, 4518
Source: https://ja.wikipedia.org/wiki/LF—k-03—> X -1RTFo %)L


1607kisoyuki
２つの原子間のポテンシャルエネルギーの経験的なもの�


Parameter

Y

a =
[2—1/6 —(1+1+y/e)

-1/6
/]Ro

Y is a parameter related to collision energy on the Lennard-
Jones potential.

Prof. Maeda used R, and ¢ to be the values for argon
clusters(R, = 3.8164 A, ¢ = 1.0061 k] /mol).

However, this conversion itself is not essential.

Satoshi Maeda and Keiji Morokuma J. Chem. Phys. 2010, 132, 241102



Four well-known Reaction

HENMFBRSIFEFTEE?
I NIV RIGIFRIETE S ?
R ED

(R1)
OH 4+ CH;F ——» HO-CH; + F
Starting from y = 0 kJ/mol, authors

increased y by 50 kJ/mol until a
minimization converges to a product

(R2)
HO-CH3 + F  —— OH" + CHas-F

(R3) ? //O side for each reaction.
@ s ‘ °  Ri:y =100 k] /mol
\ i R2:y = 200 k] /mol j‘> ,
(f:l) o c R R3:y = 150 kJ/mol 0
3= . —_—
:czo + :C—R B :czci + Rep=o R4y =50 K]/mol
R R R R

Satoshi Maeda and Keiji Morokuma J. Chem. Phys. 2010, 132, 241102
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1607kisoyuki
力をかける向きは自身で指定？
ラジカル的な反応は検証できる？
励起なども�


Four well-known Reaction

(R1-1) (R1-2)
0%2667%0
y = 0.0 kJ/mol y = 50.0 kJ/mol
(R2-1) ® (R2-2)
1.388;
@®:
y = 0.0 kJ/mol y=150.0 kJ/mol

(r=2) TSICWe 2 X TICEEBRED R - fofzbd,
AVRANID)ZNMNT THERENE L RS RM> T,

y = 0.0 kJ/mol y = 25.0 kJ/mol

Satoshi Maeda and Keiji Morokuma J. Chem. Phys. 2010, 132, 241102
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1607kisoyuki
（R=2）TSにいたるまでに安定配座がなかったため、
ガンマ(人工力)をかけても距離が短くならなかった。�


Intrinsic Reaction
Coordinate(IRC) Calculation

IRC...”the reaction coordinate as a curve passing through
the initial and the transition points and orthogonal to
energy equipotential contour surface”(Kenichi Fukui, 1970)

(a) (b) (a) \ TS (Transition State)

Energy

TS (Transition State)

TS (Transition State)

/

>
Reaction
Coordinate

Kenichi Fukui, J. Phys. Chem. 1970, 74, 23, 4161
Kazuhiro Ishida et al. J. Chem. Phys. 1977, 66, 2153
Source: https://computational-chemistry.com/top/blog/2016/01/11/transition-state/ *



IntrinSic Re action Ny 2T VW T ES
Coordinate(IRC) Calculation

(a) (b) (c)

Energy Energy Energy
h A A

Reaction Reaction Reaction

Coordinate Coordinate Coordinate
(a) (b) (c)
Energy Energy Energy
A A A
Ehi

iR !

> > >
Reaction Reaction Reaction
Coordinate Coordinate Coordinate

Kenichi Fukui, J. Phys. Chem. 1970, 74, 23, 4161
Kazuhiro Ishida et al. J. Chem. Phys. 1977, 66, 2153
Source: https://computational-chemistry.com/top/blog/2016/01/11/transition-state/
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ヘッス行列を用いて定義�


R1 and R2

Relative Energy (kJ/mol)

(b)

Reaction Coordinate

Satoshi Maeda and Keiji Morokuma J. Chem. Phys. 2010, 132, 241102 17

(a)...IRC profile

(b)

Blue dashed curve...a profile of F

with y = 100 kJ/mol starting from R1-1
Red solid curve...a profile of E

(c)

Blue dashed curve...a profile of F

with y = 200 kJ/mol starting from R2-1
Red solid curve...a profile of E

R1 = 133 gradients and 2 Hessians
R2 = 90 gradients and 2 Hessians



Optimizations Starting from
Random Orientation

New procedure...optimizations starting from random orientations for R1
and R2 at y = 100 kJ/mol, where generation of
random orientation was terminated when last ten
optimizations converged to the structures which were
already found in earlier optimizations.

R1 - 1943 gradients and 49 Hessians
R2 - 1355 gradients and 39 Hessians

GRRM

Conventional method —— R1 - 25758 gradients and 747 Hessians

R2 = 24230 gradients and 653 Hessians
Satoshi Maeda and Keiji Morokuma J. Chem. Phys. 2010, 132, 241102
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R3 and R4

40 - | (a)

o | (a)...IRC profile of R3

| (b)

Blue dashed curve...a profile of F

with y = 150 kJ/mol starting from R3-1

Red solid curve...a profile of E

(c)...IRC profile of R4

(d)

Blue dashed curve...a profile of F

20} 5 with ¥ = 50 kJ/mol starting from R4-1
Red solid curve...a profile of E

' U U
W N

Relative Energy (kJ/mol)
&

R3 = 103 gradients and 2 Hessians
R4 - 148 gradients and 2 Hessians

Reaction Coordinate

Satoshi Maeda and Keiji Morokuma J. Chem. Phys. 2010, 132, 241102 19



Short Summary

 AFIR is an efficient algorithm to obtain a TS of
A+B—->X type reaction

 Conventional methods don’t have an ability to
systematically predict geometries of TS on
guantum chemical potential energy surfaces. AFIR
can be used in automated prediction of unknown
reaction pathways.
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The Anomalous Formal Nucleophilic
Borylation of Organic Halides with Silylborane

Scheme 1. Proposed Reaction Mechanism of Formal Boryl
Substitution of Organic Bromine Compounds (R = Aryl or
Alkyl) with Silylborane and Alkoxy Base

0 R-Br (3)
Ph—Si—B, (1 equiv)
/0 +  KOMe - R-B(pin)
1 23 DME, 30°C, 1 h 5
(1.5 equiv) (1.2 equiv)
O]i . . —
Ph-Si—B Ph.l O )R A 07K
/SIH-E;;éO & R-Br /Sl ?éo &
* omMme K _Br” OMe
KOMe A

° 7 X MeO S'/ Ph E'a
® : , — MeO-Si-
K R ‘\-_._TS| ,6 \\ R

—KBr7

R<Br—Si-Ph

B c

The mechanism of this
reaction has not yet been
elucidated.

Rhohei Uematsu et al. J. Am. Chem. Soc. 2015, 137, 4090



The Anomalous Formal Nucleophilic
Borylation of Organic Halides with Silylborane

1 (1.5 equiv)
A pr BT KOMe (12equiv) |~ B(pin) + g~ SiMePh
33 1,4-dioxane, 5a 6a
100°C, 1h total 82% GC yield, B:Si = 91:9
gr 1(1.5equiv) (pin) SiMe,Ph
3 ©/ KOMe (1.2 equiv) @’ ©/ (eq 2)
3 DME, 30°C, h 5b

total 85% GC yield, B/Si = 94:6

Rhohei Uematsu et al. J. Am. Chem. Soc. 2015, 137, 4090



Reaction Mechanism of Case A

Free Energy [kcal/mol]

start

Me

step (1)

\ Me
,S\ . Ph

8 ~  Me

" A2

Me

+ PhCH,CH,Br

-23.9

step (1)

e, H
Me Me l

O

I

B M\
o1

(o]

Fm@u
H H

TS(A3/A4)
-6.7

TS(A3/A4")

TS(A4'/AS) «<—
-12.5

e
TS(A4/A7) \
-18.3

e Me Me
TS(AS/IAG) | 1M
-37.1 o, =

-~

A5
Mo Me Mo =57.6 en_ Mo
si
ilylati 4
Silylation g 'a/- Me
step () step (IV) step (V)

Rhohei Uematsu et al. J. Am. Chem. Soc. 2015, 137, 4090
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Reaction Mechanism of Case A

(a) MeO- (b) [PhMe,Si-B(pin)OMe]-K* (c) PhMe,Si-
_ ) Me . 3
Me g e Me
<, I =g Phe I
s "O ,Me \B O Me ll \Si\\“ e
\ ‘ m /
ph ~~H 310~ ‘O@Me K et
H H \ ] \H H
@ Ph H Me pMe Ph@
, H H@H L A
L Br )| "H i Br A
1 Br i
AG* =156 AG¥=224 AG=-0.1
AAG* = 12.2 AAG? = 26.2 AAG* =121

Rhohei Uematsu et al. J. Am. Chem. Soc. 2015, 137, 4090 25



Reaction Mechanism of Case B

Free Energy [kcal/mol]

start

Me 1
\s-f.h,;',’: t 1
g 'Me i — _
0%k e Mgl ZINIVEIIC RIS U 7R W
k<., w_oixi | (BFHICERBEZ L > TWV3)

Mo . i
TSBAnT) TS(B4/B5) T
0 -28.4 Mol oM
Me Me, -35.3 Oy 57 s,
MeMe Me 8
(Si—Me
w SN "
o~ “<pn
o i 2 TS(B5/B6)
Me—~o? . —47.0
Me 5o ;
Me X 5
Silylation Me
- Ll Ma ‘M‘e —\»Mo
Me O Ph
N s Me

Mo 0 ()—Sl.

Me Ph Me ‘r:. -
Me

step (1) step (Il) step (1) | step (IV) step (V)

Rhohei Uematsu et al. J. Am. Chem. Soc. 2015, 137, 4090
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1607kisoyuki
ラジカル的に反応しない
（電子的に閉殻構造をとっている）�


Iridium-Catalyzed Asymmetric Borylation of
Unactivated Methylene C(sp3)-H Bonds

[Ir{OMe)(cod)]s (3 mol% Ir) e
Cl\/( Ligand (L, 3 mol%) @l\l\in
CPME EmL) 80°C, 150 X Me

a(20equiv) 2 (Bypiny, 0.30 mmol) (=HBpin) (9-3a
NaBOj + 4H,0 (3 equiv) @\J\ELOH
THF/H,O (1:1), 1,30 e
Ligand, Isolated yield of 4a (based on 2), % ee (5)-4a
e N
ssgtalieoe

(R)-L1 (R =H), trace ("H NMR) (A)-L4, 49%, 76% ee
(R)-L2 (R = Me). 30%, 30% ee
(A)-L3 (R = Ph), 25%, 63% ee

i

55%, 90% ee?
(Fn L5 21:}/0 80% ee 75%, 98% ee 26 lutidine 20 mOlw)
83%, 99% ee { 2,6-lutidine 20 mal%
(3 equiv 1a, 36 h )
96%, 99% ee { 2 mol% Ir, 2,6-lutidine 20 mol%
(2 equiv1a, 36 h?,1.10 g (S)-da)

Ronald L. Reyes, et al. J. Am. Chem. Soc. 2019, 141, 6817
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Substrate Scope

ield of f
entry oxidation product 4 TE%},JD E:ﬁ; '
1 4b @l\jﬁ/\ ¥ ©

Me
Me Me
3t 4d w/\ . 7
& Me
| N OH ©
. o AN 54 91 (R)
H
; N  OH 5
6 4g (;]\/l\/osm:agmu 32 %5 (R)
=N OH
7 4h @K)\/DVDMH 7 R
¢ e QD s e
O
Q‘N OH :
9 4 J‘K/L./‘\ME 95 93(5)
Mé

Ronald L. Reyes, et al. J. Am. Chem. Soc. 2019, 141, 6817

10 4k N ! 86 98 (S)
Me
M oH
11°¢ 41 N)L\/Lph 75 96 (R)
Me
Q‘N OH
127 4m N 87 95 (R)
Me
134 4n Q‘{“ OH 87 92 (S)
g'j\/'\/\mﬂ
147 40 Q";‘ oH 71 92 (R)
S’l\/'\Ph
15%¢ 4p Q"f‘ OH 78 90 (R)
D’l\/l\Ph
28



Kinetic Analysis

@® product 3
50
L]
® product 3-dS
40 .
y =0.0025x-6.1616
3 R?= 0.9944 o
= 30 e
=
-
20 »
.".-. -.-.'.I-
10 o y =0.0007x+2.4
e e R*=10.9955
0
1 3001 10001 15001 20001 25001
time, sec

= |N H H o] o [IMOMe)(cod)]s (3 molSe In) == ||~,| H Bpin
) + B-E, (R.A-L6 (3 mol%s) y
= CHy o} (o] - CHy

CPME (2.0 mL), 80 °C

(3.0 equiv) (030 mmal) kylkg =36
DD [Ir{OMe){cod)]z (2 mol@ Ir) )
Cl\)(( O.E BP (RA-L6 (3 mol®%) Z "N D Bpin
Pl = -
o o CPME (2.0 mL), 80 *C CD3
H H
(3.0 equiv) (030 mmal)

Figure S7: Initial Rate Data on the Formation of Alkylboronates 3 and 3-dy

Ronald L. Reyes, et al. J. Am. Chem. Soc. 2019, 141, 6817
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Chemical Diagrams

iF U HIBEDEENHTL %
ZDS5E5ZNRZDE—DEWN] OE%=
ZDRDEFRICES,

P=(RR)-L6 P Me

State PC-S —» TS-§ —» PD-S
AG'® (kcalmol-') O +23.8 +17.4
[T VADLVAT=]

KERFDEREMER

1) I LEEI120ED DI > TETE
3X4=1218D . FHTHREY

Ronald L. Reyes, et al. J. Am. Chem. Soc. 2019, 141, 6817 30


1607kisoyuki
はじめ93個の構造が出てくる
そのうちえねるぎーの低い１０個を
その後の計算に使う。�

1607kisoyuki
配位の位置
水素原子の鏡像異性体
イリジウム錯体120度づつ捻って計算
３✕4=12通り、手動で検討�


3-D Representations with
Geometrical Features of the TS

»
TS-S (Major) ...-_f_ ' 4 ’/. -
AG™ 0 kcalmol-! /\-— ¥

»
P ‘C—Hln

, C(sp*)-H---Op. 24
reaction *ﬂ;m:

C(sp’)—H-'-Q
L NS T l/ E
]
=
~

A

o N

repulsive——————— attractive

TS-R (Minor)
AG™ +2.8 kcalmol™' "} o
P ‘= - -~
Clsp?H-0 | \:,,0

&) =

’ " ’. » y ';ﬁn/n
C(sp’)—H--E’\ r’ r’
s ¢

Ronald L. Reyes, et al. J. Am. Chem. Soc. 2019, 141, 6817
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Summary

 AFIR is an efficient algorithm to obtain a Ts and
reaction pathway reaction.

 Conventional methods cannot calculate unknown
complex reaction, but AFIR can be used in
automated prediction of unknown reaction
pathways.



Appendix

O O O

3f 3b 3g
Ar-X OBF OBF
MeO 3h F 3

KOMe LiOMe NaOMe  K(O-t-Bu)  Li(O-t-Bu)
2a 2b 2c 2d 2e

Base

Rhohei Uematsu et al. J. Am. Chem. Soc. 2015, 137, 4090 >



Appendix

$5-1. Steric Effect (R = 'PrsCsH»-)

TS (B2'/B3)

start TS(B1/B2)

-4.4

B1

Free Energy [kcal/mol]

: without substrates

step (1)

step ()

TS (B2'/B3)
-10.5

TS(B3/B4
I S
—10.2 TS(B3/B4)
B3 -10.1
-10.9 :

TS(B4/B5)
TS(B4/B7) -31.1
-23.1 TS(B4/B5)

-35.3
TS(B4/B7)
33.9

| Silylation

step (Ill)

step (IV)

Figure S5-1. Reaction Pathways Leading to the B/Si Products with R = PrsCgsHs
Rhohei Uematsu et al. J. Am. Chem. Soc. 2015, 137, 4090
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Appendix

S$5-2. Halide Effect (X=Cland )

5

E

g| _start TS(B1/B2)

= -4.4

) ——

g B1 .
c -5.4 \
(I} ’ \
&

s

TS(B3/B4)
0.5
=101
-12.4

TS(B4/BS)
-29.9
-35.3
—-38.1

1
- —
Ts(4BT) T |
B4
295
T3s -316
e -36.3
: -30.8
——— : without substrates
— :X=Cl
— :X=Br 87
— X=1 -59.8
o 644
-87.9 Silylation —85.1
—
step (1) step (1) step (Il step (IV)

Figure §5-2. Reaction Pathways Leading to the B/Si Products with Different Substrates

Ph-X (X = Cl and )

Rhohei Uematsu et al. J. Am. Chem. Soc. 2015, 137, 4090
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Appendix

S5-3. Base Effect (LiOMe, NaOMe, KO'Bu, LiO'Bu)

TS(B2'/B3)
? +1.3
E Ts(B2/B3) B3
i -2.8 4.7 TS(B3'/B4)
x| _start TS(B1/B2) B3 -2.3
] ) -4.4 .
g" > B2 TS(B3/BY)
= B1
w
@
a
'S

54 \

TS(B4/BT),

TS(B4/BS)
-33.8
TS(B4/B5)
-35.3

B2’
. -336
;224 6 [ +pner TS(B4/BT)
—28.4 =38
B4
—36.3
B4
-38.2
: LiOMe with PhBr
....... : LiOMe without PhBr
—  KOMe
B7
-83.0
B7 Silylation
~86.0
step (1) step (1) step (Ill)

step (IV)

Figure §5-3-1. Reaction Pathways Leading to the B/Si Products with LiOMe

Rhohei Uematsu et al. . Am. Chem. Soc.

2015, 137, 4090
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Appendix

Free Energy [kcal/mol]

--- : NaOMe without PhBr

TS (B2'/B3)
6.2
TS(B2'/B3')
-8.8 TS(B3/B4)
, TSETZ’ TS(B2/B3) -10.1
— 115 B3 TS(B3'/B4)
B1 ] ~ -10.2 -10.9
-5.4 \ ) -
B2 | TS(B4/BS)
246\ \ -35.3
B? pm————— o I':_ Ts[Bule
—28.4 - \ -38.1

- NaOMe with PhBr

——— KOMe -
B7 |
-86.0 | Silylation
B7
-89.2 _J
step (1) step (Il) step (Ill) step (IV)

Figure $5-3-2. Reaction Pathways Leading to the B/Si Products with NaOMe

Rhohei Uematsu et al. J. Am. Chem. Soc. 2015, 137, 4090
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Appendix

TS(B2'/B3)

h 0.8
- TS (B2'/B3)
g 6.2
E TS(B2/B3) TS(B3'/B4)
:é. \.\\ o 4.4 B2 _Bl!]? - TSI:BS.FB'{F
8 - | T4 ! -10.1
w 54 f WA -12.1
o N\
2
. - /

B2’ \ T'I'PllBr i = Ts[E.q,fB 5}

~24.6\ " .pngr Jad
B2 Lo TS(B4/B5)
Coea ~35.3

: K(O-t-Bu) with PhBr
________ : K(O-t-Bu) without PhBr

BS
- :KOMe =644
BT
;;s.u . Silylation
891 |
step (1) step (I) step (IIl) step (IV)

Figure §$5-3-3. Reaction Pathways Leading to the B/Si Products with K(O-f-Bu)

Rhohei Uematsu et al. J. Am. Chem. Soc. 2015, 137, 4090 >



Appendix

Free Energy [kcal/mol]

start

TS(B2/B3)
o TS(B3'/B4)
TS(B2'/BY . L
TS(B1/B2) '1‘{2 1 5333 o
————— By TS(B3/B4
-4.4 B2’ / . B3 _1é_1 )
o1 | 155 /N -9.0 .
-5.4 | B2 [ (TS (B2B3) |
' \ =159 / /6.2 B3 \
\ -10.2 TS(B4/B5)
B2’ \ I.". TS{B‘“BT —31.ﬂ
246\ FT—— -33.6 _ TS(B4/B5)
Bz LLePher TS(84/87) | ~35.3
—28.4 -33.9 S\
N 7
| Fy 1 "'-,
B4
B4 .'. 5_-
-40.8
1
: Li(O-£-Bu) with PhBr ,1L \
: Li(O-t-Bu) without PhBr I B5
X f —64.4
. KOME ET |III
-81.7 f
Bgﬁ . Silylation
step (1) step (ll) step (IlI) step (IV)

Figure $5-3-4. Reaction Pathways Leading to the B/Si Products with Li(O-t-Bu)

Rhohei Uematsu et al. J. Am. Chem. Soc. 2015, 137, 4090
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Appendix

55-4. Substitution Effect

(R = p-F-CsHs— and p-MeO-CH,—)

=
:E TS (B2'/B3)
S| start -60(72) B3 TS(B3/B4)
“; \ TS(B1/B2) —6.2(7.5) -8.7 -8.9
@ - B 4.4 -6.3 (6.9) -10.2 -9.1
E B1 \ -10.6 -10.1
p 5.4 \
@ \
'S \
I\
' TS(B4/B7) | TS(B4/B5)
-32.9 -34.4
-28.4 -33.9 ; -35.3
—36.6 —~—— -38.0
B4
-35.8
-36.3
— :without substrates —39.2
——— :R=p-F-CiH,~
——— R=CgH+ B5
— :R=pMeO-CiH,~ -62.9
—64.4
B7 -65.0
-86.0 Silylation
-88.5
-90.0 —
step (1} step (1) step (Il) step (IV)

Figure S$5-4. Reaction Pathways Leading to the B/Si Products with Different Substrates

R-Br (R = p-FCgHs and p-MeOCgHy)

Rhohei Uematsu et al. J. Am. Chem. Soc. 2015, 137, 4090
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