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Kurokawa, Nakao, SS,
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T, (#-n6: 16-CH.CH,)[M(DDP)

&3 pop DDP = HC(C(Me)NCH,-Pr,),
A\ <3 Metal Sc Ti V Cr Mn Fe

a‘/] <= DDP REICBEVWREVZEE

Tsai, Wang, Chen, Chen, J. Am. Chem. Soc., 129, 8066 (2007).
Tsai, Wang, Lin, Chen, and J.-M. Chen, Chem. Commun., 205 (2008).
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5¢DFT
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PES by CASSCF(12,12)

——1tet -m-3tet

.-‘_;.60 S5tet —7tet
——0Otet
E40
9
=20 -
Ll
<]
O I I I I I
3.2 33 34 35 3.6 3.7 3.8
R(Mn-Mn)
20 PES by MRMP2
=—-1tet -B=3tet

Stet =—=T7tet
=i=Otet

3.2 33 34 35 36 3.7 38
R(Mn-Mn)

@ R(Mn-Mn)

¢9 (1)10
b, g #+

e

S

Mn complex takes nonet.
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YY CASSCF(12,12) in 9net
%&% Formal Understanding
r I by
_ 9 10
% b1 o, o ﬁ+ Excited
(1.00) (1.00) -

b 3 ++ configuration
-

o b s

Elec. Config. of Mn

(1.00) (1.00) The ¢1 and ¢2 are doubly occupied.
f Remaining four orbitals induce

high spin coupling with other four

orbitals.
H B

Mn complex takes nonet spin state.
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PES by CASSCF(14,12)

——1tet
-B-3tet

——T7tet

30 3.1 32 33 34 35

R(Fe-Fe) (A)

PES by MRMP2

-i-3tet
\\ﬂ-:t:t_"
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R(Fe-

F
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3 &Y 7

DFT Tl tripelthiseptet

R(Fe-Fe)
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0.547

\"'Lu" N e "v‘“\ " ¥ .
| y “‘ #ﬂ

0.478

0.998

1.475 " 1334
1.632 1.595

>

1.363

1.524

3

0.999

:
:

CASSCF(120,14e) in the singlet.

Formal MO diagram
--E mber of \

electrons
Excited
1 1 . |
configuration
1 1
Totally
10 %%
Open-shell singlet

15



AIBBERTIHEITLHDIZAS?

DFT(—EMRMP2) TRO=-AELZEE

Y Zr Nb Mo Tc
rtet 44.1 51.5 21.0
otet 51.5 17.4 0.0 19.8 21.6
3let 26.9 0.0 13.4 0.0 (ca.1.0) 1.2 (0.0)
1let 0.0 0.8 325 0.9 (0.0) 0.0 (ca.10.0)

AEVZEEEI—EEIMSEEHECTHIAEM
(3d &EERIL)
MoTRICZEIRIZIET (dEREED)
RAREVZEEIINDTEZ LN, quintet
(3d: RRREVZEEIIMnTEZ 5., nonet)
dEFH Ed-dENE S R TEHAR A HE
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Ando, SS, Ohba, Kitagawa et. al., Chem. Phys. Lett. (2011).



Hofmann-type MOF

This MOF consists of Fe(ll), Pt(ll), pyrazine, and CN ligands

This porous material absorbs various gas molecules.
This is spin cross-over complex; Fe(ll) High spin<> Low spin

Ohba, Kitagawa, Sakaki et al. Angew. Chem., Int. Engl. (20(1399).



Spin Transition and Gas Absorption

: — : 0 A
Gas Spin Transition Bulkiness = thz | e -
€3 |
CO, N2
S 9 Guest
1 N2 non Small = oot
O
\ 02 : 1 L ° .
3 . .+CS, |
( 1°0°0°T° e 0epeepttegeges s s s, o
MeOH 240 260 280 300 320 340
- T/K
1 EtOH 2 Small

In general, absorption of gas molecule, in particular that of
bulky gas molecule, favors high-spin state. |
This is because pour size is larger in high-spin state than in low-

spin state.
But, CS, adsorption induces high = low spin transition. Why?

Ohba, Kitagawa, Sakaki et al. Angew. Chem., Int. Engl. (2009) .



Entropy change& AE > B5#%

T/, = AHFSIS/ASHS-LS

Without CS,:
Pyrazine rotates around the
coordinate bond.

With CS,:
Pyrazine does not rotate around
the coordiante bond.

¥
ASCSZzASnon - S

rot




Binding Energy of CO,, CS,, and OCS

Real ONIOM ONIOM
(M06-2X) (MP2) (MP2.5)

co, 3.3 5.9 4.3
cs, -13.5 222  -15.8
0CS -7.6 128 -10.1
SCO 9.1 133 93

OCS: O approaches Pz, SCO: S approaches Pz.
BE : CO,<<0OCS ~SCO<CS,

Larger BE of CS, than CO, agrees with experimental
result (CS, is observed but CO, is not).

22




PES by PZ rotation

7.0
perpendicular model . 6.0
@ g 5.0 -
PC_ . T ... g i
h N < 4.0+
N NS é
pPc™ :_3.-\:9 PC m -
@ S 301 LS
PCP_ N _pc o -
C%NH“"Fe/héc (._U -
P!/C?N/IEN%CH .'E 2 0 |
PC N PC 9
| S
N | /.'\ .-'.'\ /.‘\. /."n
1.0 o e o e o e o e
/o HS  “a) e’ W2 R\ .
0‘0 L d ] i ! i !
0 T 2T

Rotation angle 6 (rad) of the pz ligand

Barrier is 6.0 kcal/mol for Low-spin-state
1.0 kcal/mol for High-spin-state.
BE of CS, is ca. 13 - 15 kcal/mol, BE of CO, is 3-4 kcal/mol.



Evaluation of S_,

Schrodinger eq. for rotation:

h® &
£_2|¢ é’¢2 +V(¢)]LP|(¢) — Ei\Pi(¢)

IS solved by Fourier Grid Hamiltonian method.

From E;, one can obtain partition function Q.
Parition function Q provides us entropy.

Srot :(é(kB;]_an)j’ where Q:qN :[Zexp(_ Ei j]

K T




Evaluation of AT, ,

AT1/2 ='|'1/2CSZ _ T1/2 non
— AHnon(Asnon_Ascsz)/(AsnonXAscsz)

AS™t =1.84 cal/(mol K) from 200 to 400 K
AH"" = 6,05 kcal/mol, AS"™" = 20.3 cal/(mol K)
for single crystal {Fe'(pz)[Pt''(CN),]}

T,/, ©> 330K
Expt. non-CS, : 285, 305 K = CS,: > 330-340 K




A&, CS,DW/BE I RILF—IERELDH?

0
@ , ¢ R2 = (.953

= - .
= ¥I2 ﬂ
: _4— .......... SIN@
S Vo Y
= -0 |

2 O S2
28" .

10 . .

0 0) 4 6

Polarizability along z-axis
Good relation between polarizability (z-component) and
dispersion interaction.
CS,MDHHBE(LCO,ITHERTKEL,
SRMRDTFICHAIRFZILHF

Milind, SS, Theor. Chem. Acc. (2011).
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The Hiyama Cross-coupling reaction

Cross-coupling reaction leads to formation of new C-C bond.
Organosilicon species are useful because of the non-toxicity.
Various organosilicon compounds are available.

Its reactivity is low.

The Hiyama-coupling reaction
J. Org. Chem., 1988, 53, 920.

_ Pd(PPh3); TBAF
nCgH;3 \/ SiMe; + nCgHysz-1 - nCgH3 NN nCgsHy;

0
THF 50°C 2h 83%




Theoretical Study of Hiyama Cross-coupling reaction

Pd(PMe,),
H,C=CH-SiMe, + H,C=CH-I > CH,=CH-CH=CH,
[NMe4]+F'
\/\
I—SiMe; CH,CH-I o
Reductive PdL, Oxnd.a.tlve
elimination addition

L

! 4

L=PI™N L—Pd—1
I
“SiMe; L
I/ CH2=CH—SiMe3

L— Pld l Coordination of

Transmetallation

Rate-determining step |




Energy changes

E,:9.6
(9.9)

E,:7.4
(7.6)

100} 12.8(18.4),

(25.2)

Tsll-ll

“124%0"

4a TSea 4b

€0.0)-5.5 "

(7.3)

:

.-3[

o
-21.3

/13) 0D 0.3°,6b)'}

121 07 a1, !

-13.5
(0.8)

2.518.7)

(11.1)

|

(-7.0)

46.1
(-33.0)

oxidative addition
of CH,CHI

Coordination
of CH,=CHSiMe,

Transmetallation Reductive elimination

of C-C bond

Ea

Oxidative addition of CH,CHlI
Transmetallation

Reductive elimination

9.6 kcal/mol
41.3 kcal/mol
7.4 kcal/mol

( )Free energy
@& GRS




Transmetallation in the Absence of Fluoride Anion

Si-C2 = 1.901 Si-C2 = 3.338 Si-Pd-1 =62.8°
Pd-Si = 2.795 Si-Pd-C?= 83.9°
Si-I =2891 Si-Pd-P =107.8°

TS,, Square pyramidal 2

DFT(B3LYP)/triple-C//
DFT(B3LYP)/double- E,:-435 AE :318

Very large activation barrier

Very large endothermicity
Sugiyama, Ohnishi, Nakaoka, Nakao, Sato, Nakao, Hiyama, SS, J. Am. Chem. Soc., (2009)




Transmetallation in fluoride complex

6

Si-C?2 = 1.901 Si-C?2 = 2.319 C2-Si-F = 78.8° Si-F = 1.667
Si-F =1.782 Pd-C2-Si-F=34.0°
Pd-Si = 3.163
TS, AE

Four-center TS
For Heterolytic o-bond activation

Acceleration by Fluoride anion
E. :22.9 kcal/mol AE:-5.6 kcal/mol

(43.5) (31.8)

7

: =5.6




Transmetalaltion in the Presence of Fluoride anion

Interaction of [NMe,lF with Si center In transition state
[ -

Pd-C2= 2.424 Pd-C2= 2.239 Pd-C2= 2.048
8  c2si=1011 TSge C2-si = 2.424 Si-F = 1.632
Si-F = 3.243 Si-F = 1.795 AE - -16.6

Accerelation by fluoride attack to Si
E. :9.5 kcal/mol AE:-16.6 kcal/mol
(43.5) (31.8)




50.0
40.0
30.0
20.0
10.0
0.0
=10.0

Energy Changes (kegl/mal)

Why does F anion accelerate transmetallation?

X=| reactlgnt product ’
MesP—Pd--{| — MeP=PRATR

| SiM83 l\
SiMe3

D(Pd-1)=70.5 keal/mol
D(vinyl-SiMe;)=101.3 kcal/mol

XL Ap 23 X=F Y
|
Me;P— Pld—~| —
‘.‘ F SiME3
* — L]
. AE : -45 D(Pd-F)=118.2 keal/mol
% . D(vinyl-SiMe;)=101.3 kcal/mol
s Si+F AE : -30.4 _
SI-F
l/
Me;P— Pd--|| —
A

[ SiMe; F[NMey*

D(Pd-1)=70.5 kcal/mol
D(vinyl-SiMe;)=101.4 kcal/mol

D|Pd-(I-SiMe;3)]=7.0 kcal/mol
D(1-SiMe5)=79.9 kcal/mol

|/
Me-P— Pd
TN

F\
SiMe3
D|Pd-(F-SiMe3)|=3.6 kcal/mol
D{F-5iMe;)=154.9 kecal/mol

“

Me,P— Pd
SN | NMeyt
|

+ F-SiM €3
D(F-SiMe;)=154.9kcal/mol

Formation of strong Si-F covalent bond leads
to acceleration of transmetallation.




Why is the Si-F bond much stronger than the Si-1 bond ?

AEbond:8A_SB+Zﬂzl(gA_aB)

« — — e _
| ﬂ' ( 8A 8B ) — A Ebond — SA SB
Sakaki, S.; Kali, S.; Sugimoto, M. Organometallics 1999, 18, 4825.

.SiMe, (-9.07 eV) DE
F 154.9
"‘.:::::'*."‘%% _119 eV I 79 . 9
| OH 123.1
14.4 eV (kcal/mol)
¢“:‘ | I:
-14.9gv '©OH

FEFESEIRILE—DIENT IIL—THER0 Si-X FEE5D
HE I DB,




Hypervalency of Si

::".-: /"“—“-:—/ xfp )
@, L A g O
R o} (E]— ( Sil ° 0 b H

c 5 C-SI = 2.060

Si-F =1.761

Typical silicate

Structure around Si is

similar to silicate.

!

Hypervalency of Si
IS Important.

C-Si =2.319 C-Si =2424 7 P
Si-Me =1.926 Si-F =179 /7
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BEmIbF - FT E L DActivity

FMO (Fragment Molecular Orbital)

MPEK(CMSI) dLiEfiks4E
A KD FEITITAVMID T, KIREEFREHEZXTI. 4
INJBXDNA, DM IIWRGELEGOHEBERIZDLNT, Emﬁﬁ
NIGICHESLEVEETENEITAIETHS.

Gellan

P X XEEfR—HRGEAE

XK EFIRBEBORARLEER. THhHL. HBRFRODN)E
HI¥5E TDpost Hartree-Fock T B AN AT RE, F12ERERIC K Y EERH
)SYRDEFTREELTARE, xR EHEROERBIE S, CNITE
ULF77—RAODREMERZBIET,




BEmIbF - FT E L DActivity

SAC-ClI (Symmetry-Adapted-Cluster & : Configuration Interactionj%):
aF IIRIEESESE
PEsIZkYERESh, S FORERREOEBEETELZITOIAE, AL,

RN - ARV DE R, HIEREH, ARELRENAFF. F/\0FD
TAa—JEEADIGRADAIEE,

DC (Divide Conquer)i% : 2Bl 5TEiE BWMEAX BHEBEXE

B FERRT—) T %ICE DWW -2l A B FILEHEE,
Hartree-Focki%k. DFT;%. MP2, CCSD(T);EE#HAEHE . EHLEFIREE

FOXBRROERIAFENAIGREL STV,

QM/MM-MD;EDRRFEEFIVINIDRIGADIGH: R HERL
AN DMEBRE. MDETEDENIFZLEL T, QMETEICTERYAL , Z2/\D
DAMETEDIRERLTF EITES,




BEmIbF - FT E L DActivity

Modylas: &KX REIFELXE

ERFRFENHFEHETOTSLT, INWIMILRGLH &
HETED, VMINRETIFUOPEDHEERAZS—S VML

TW%, ERZV/INIGZEDILEADIGAFRE,

RESFREZE. BRASFEREADT7TO—F:

SFH FHRIEE. RIEKZKE

] B 5l

MDD Zal—arhoidEDEIRIIRSEIVZKD ., Hitik=zé
DEEEZBHLMNZL, ILWEHAIF . EBRFELMEABTHLET

I‘ﬁ‘l& :ﬁﬁw’\?ﬂ’l :lﬁjéﬁ‘FHﬂj—éo

RISM-SCF, 3D-RISM-SCF;% :

53\?114 o K% Ek {Eﬁgi

DEE,

,ea£$ul-E§TéF DHBRXEZHBT., DFHEREAR
DiaEE. BEMBBAIRILEF—FKRDS,
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HWGTIZ:

B FANRTOvILE
BAFDEFHEEEZETIVIE
(Ohnishi, SS et al. JPC A(2008))
3D RISM-SCFi%
EBREREBEADBEMIEELTIGENZL, BEMNEED
EfaEENAIEE, (Aono, SS, to be pulbished)
Van der WaalsZ7 5 X 32—®D Ll )Post-Hartree-Fock5T &
BE(MP2) = BE(HF) + = { BE(M;:M, at MP2) - BE(M;:M, at HF) }
(Deshmukh, SS, JCC, (2012))
fam-EEmRNEFIREEHE

ERATOLFOSREEFREBHRE BEXEIL. EFIRE
HEAXRBOER S HZZERELTITI. (Aono, SS, to be pulbished)




Van der Waals#&{A D& & LBE

BE(MP2) = BE(HF) + = { BE(M;:M, at MP2) — BE(M;:M, at HF) }

A) B) O)
. 13 yz=_1.011:'x+ 0.06 10 v = 1.0091x - 0.046 101 y=09972x - 0.061
2 R"=0.9997 = 0 R’ = 0.9997 = 01  R2=0.9999
$ 10 1 .10 - g-10 -
20 220 - 220
AR -30 - 2-30- 2-30—
-40 ——— 40 — 40 ' ' ' | |
40 -30 20 -10 O 10 40 30 20 -10 0 10 -40  -30 zlg.E -:0 0 10
re

BEref.
A3) CO;-trimer
at MP2.5/aug-cc-pVTZ

B2) CSz-trimer
at MP2.5/aug-cc-pVTZ

2 = 05 -

-1 —— BE by eq. 12 E :‘l]-g ] —~+BE by eq. 11

6_3 = -3.5

=l -4 T T T I = -4.5 ! :

2 31 33 35 3.7 35 4.1 4.6
R (A) R (A)

BEUVETE 2 T, §Xvan der Waalsf&E (A DI ExBEIE A AT EE,
MM Force-fieldfERLIZB . EHIERF -
EFHHEE S DFMOD K511l DR #L
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BFIREFTEMNTIREICE S,
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