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In recent decades, quantum chemistry calculations have been used for various chemical fields such as reaction

pathway analysis and spectroscopic assignments due to the theoretical developments, especially accuracy
improvement of functionals in density functional theory (DFT), and high-speed parallel computers. However, the
functionals in DFT should be appropriately employed for a target system or phenomenon because its reproducibility
depends on the functionals used. Therefore comparison among obtained results with available experimental data
or high-level computations is necessary to avoid misleading. In this review, we report the DFT-based mechanistic

studies and spectroscopic analyses on reaction intermediates of catalytic reactions.

L BHIC

EMEEEH L ROSEKRMELIR Y AL T 4
V. LA, IREEREL G, THHEE TR O
BEIZIASFHEN TS, a5 2 & TEM
EREALEMZ B U, B LOEREZ RO 2R D
ML TW5, &8RO RISIIAEARNT IR E T
B0, B0 o ic e BEARHIEH- TV 5,
%%@ﬁ%ﬁ“tﬁmiLﬁw<ﬁﬁ®¢%W&ﬁm
UTRILAHEITS 2 Z e 6T D, KL % il
T2 720IIE T O & Th ARG 2 L U < BR S
WD Do RIS L, X0 &btz iz
BT 22 L3, ERSBOMEHREZKS 32 & T8
FcE U<, BOED 2 MHIRE WREICS TS Z &2 SR
FELLTOEENETEREN,

1. ERETEOEE

k4 A EBIR & FamicE A 5 L. 2L O
DA EBKT 2B IRENEZLTE T LIk > THREL
T5, ZHUITIFERE RS 2 LEZITHRTE 5,
Bl 2 IXUVRXPS TIIFRFED N M5 Z &Ik - T

{FRAEE 2013

HAPLEORE T2 E A BLENR T 5 Z LIS
. LRI G & 72, fllE & RSP O T IREA AL
5L TREDERSCHAMEZ 2LFEBRTH 5.
SHASIE A 5] ZH 5 S RE D ks AP RE D FEBLIZ
EMEEOAYEOE 72N IS K> TEREE IR
& (FUE) % & Dk~ RIRILIKGER 2 © VIR &+
rhlEZOND, EETEL AL Z S 5720
BRSSO 20kl KOS BT L 75 >
Tk, ZOBTIREZFES 5 DI BlGRI I &
BIEHTIIARN TR TH % .

2. EREIEFE

VLA, PHrFEERD 2 X2 b L Ol R il B I 2 Fo
1T B IR, G R SO A BRER TR O 4 %
WEFIARMLTWS, ZOMNEICIZ, G0
HE O LI KO FRERORIENE T O N5,
Table 1! \ﬂﬁJ%7U77ATﬁﬁT%é£&@
AR T ARE TS, JERERN \d‘ﬂﬁhfﬁd&

3 ¥ FEOFMERGL. 80F E Tl i%iéﬁ
TH BN EEDRTHIUL. MFE< 7O E B
ERINTAIENTE S, ZTOHTEHMEmGHROE &

43



RICHBRETICE T 2 ERETEDORE

1R List of major theoretical calculation methods

Method Scaling .factor Content
for Basis set

HF N+ The simplest ab-initio method

DFT N The DFT reproduces a high level ab-initio MO with reasonable computational costs, but depends on the accuracy of
functional.

MP2 N The MP2 is the simplest method to take account of dynamical electron correlation and describe the weak
interaction energy such as van der waals.

CASSCF N> The CASSCEF is the one of the multi-configurational method and used for the analyzing the reaction pathway.

MRMP?2 I The MRMP2 is quantitatively multi-reference method to take account to statical and dynamical electron
correlations.

CCSD I The CCSD utilizes the exponential cluster operator to efficient take account an electron correlation with single and
double excitations.

CISD NGB The CISD is a popular multi-configurational method including electron correlation and its procedure is very simple.

CCSD(T) N7 The CCSD (1), added perturbative triple excitation term to CCSD, is current gold standard of ab-initio MO method.

*) N refers to the number of basis functions. For example, the computational cost of HF method is proportional to the fourth power of the N.

IZKE S EW L 72— D113 90 LIRS Sudic RIE L 72
Z LB B EEE  (Density Functional Theory, DFT)
ISk B & ZANBKE N, BTEEONMEIZ X > TL
BYIDOETIREEARIT 2DFTEIE. 2 OPBIE DR
JEITATT 200, ARG T 2 TR R OISR
W F B DR LB AR B IZE > Tnb, DFT
HEORFETRESHIE, THARY PLOJE R E LfF
IZ ISR A WS TWB ZETh b, A
IREEERAL 538 D PR & M7= ARBRIN 250568 % PRI Ll
B B OREEHESHE 5 A DGR S Ak < kv,
DFTHOFHAMD D X LR T a s 5 4 THA &
PEAE S S Z &1k, PRISEHERZTS Z
EMRAHEE L5 TV D,

TR, A A FI N2 o 7Y v 2 ROBODFT
FHELDYRCEK & T B AR SCE 20004 DAR SIS S A2 T
W3 (Fig. 1), 7z, $ERMLEMEZTOD S 72 ) 7
b= 2 2R L T 2 4iiREOrganometallics D 20074

Number of papers
!
|

20 B B

) i[j]r{lJ‘r ! Il
()'—r—r—r—r-ﬁm4jﬁgJJJJrDr . )

1990 1992 1994 1996 1998 2000 2002 2004 2006 2008

Year

BEEEN Number of papers involving DFT studies
on organometallic-catalyzed coupling
reactions

44

VZPRR & 723D T25% M EEGR A TR A LD - 7=
ML TH-T2EOWMERDH SV, ZOXSIZHERGIRIC
& 2 il RO O IRAT I B R AT b C 5 208,
PHERGT R TR 72 RISHRE D 2 M % 2B 7 — & 120
SWTHZER SN T 2@ IR s Tn 3,

DFTH: & W ABITIEER L Uk 6 Rk
b5, DFTILOETIRAE 2R BT 2 PBAEUC LG FORS
JE %58 B 20 DIkA SAfilE 37 X —%) A5
NTED. ZOMIESTEIZ L DML B PLEI B RS &
T35, @Y NBEEE BRI L THO S UL IERE
BEtFESE LNV IRERH D, R ETHLA
YAt 2 OB W6 U] 2 LB $ & SHR P R 2 38 R 5
BWhd b,

AREFTIE, AERIGORTEE R (HER) O
SERAESOIZBRE LT\ 5, DFTRMRE O 4 D)L
BOKEE DB DWW TR, SEARAMIE D RS HE~
DG & R BIARRRE % 206 ISHE 3 2 77D 0
RIS 5. FaFEan 7 ROBH AR O §i RS % A& 4
B7DIHHTE 20 FERRENTH D, T
TIHHEDEN Stopped Flow UV A2 MILVHIE % et
L7z, HIE$ RMCHEE LTS HRIAOUVZ XS b
Lz PEERET R CHERL U, PARE D AR IS 28 L 2 v
FIRERD Z X7 b oL &L 72355 % 5§ 5,

PEmaTH & T

PR Al DB B HE TId. o irBR & i g L <
(= EFiji]in) ! nmnfﬁrb\ﬁﬂiéhé BHART P&
sz n%£ <, FHlAE, IR, Raman, UV, ESR,
NMRZX%Z MVEZPHADFE 7 1 5 5 4 CHREEHERIZ
BT E 5, N APEOERS T OIRE 2 X b
JAZHI10% AN DR TR A LT 5 Z & A5

FRiLE 2013



NTN52, 207280, FERTHEONIZZAXRY L&)
B4 5 ECH TR E R T05, HEMFEDESR
Dgfl (g7 VN LEiiEaER ATy %
TN ET %72  MEEHONMROLFY 7 - 2V
By TN VTR IR T X — 2 TR IS
i, BIHIREOL AREE ISR 2 HME 55,
LA LAEDRS, R v—fiEkE TiEZ O EEED
BT HMZ PSS EE SN 22 P L KD
SHMIC R DA H 59, 2070, DFTRIFRIZLD
FERT — 4 %Y AR— M5B8 Rz 6hbd, Rtk
FZTIE, B3LYPL ~NJLCDZVPRTZVPRIE R A % <
Huoh, FERfEs K< HERT 2 EHE S T3,
FAE Y TR VAN AW A= b a
R 7Y L OIS E BUZ B ¥ BHandHLYP
T6-31+G (3df, 3pd) FEIEBIEL 2 Fl W THABI R % B &
FHuL, FERiEE A RT ZEPME SN T B9,

— . EREEIEHAD & 5 AR 5 R A PEE
L4 2EFETEEAZRIZE T 5. NMRO{LFY 7 b
RLESROH GRS A K 7 B (0 3T 1 P 4 A FH
2ZLIINEETH BN,

PIER N 75 2 X2 b ILOTEME, LA D
312 & > CDFTVE TR B < BHR T & 2 PR Eh 2
KA OEEICRMRD 5 0ERH D, T TR,
GEILAMOUVZ XY b IL ORI IZ DWW T,
DFTWEDPLBIEIC K 2 HERAH O FBIE D45 % Mealk U
AEREMHITT 5,

Gritzel 5 235] L 725MfHO @K ~13) (Fig. 2) 12D
W& B CHESE L 72655 % Table 21234,
FRERI 75 F-7E T H B ZINDO R IR & T8 2o S BR Y i

RICHEBET B T 2 ERETREORE

IREEDRRLETH HCIS (— T I AdE A FAE )
HTCIE. 1eVIRE., W KEHE X 7z, ZINDO. CISEL
N OEIHEFEIZTD-DFT (Time-dependent DFT) FI5
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DEFNTOROPBIEOMFIZIEIEFE CiE 478 L7,
Zh 6 ORI BIE#EAIE (Long range-corrected,
LC) L7zffid, —RiE T 2L ¥ — M CEipRm)
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5.% & ¥ 7zhybrid functional ®B3LYP (HF#4320%) i
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Rz
R1 R2 R3
th O 0O
A p-m}f o;(y Same as R1 [\ S
pheny. . S \ / \ R
g7
B p-methoxy
phenyl O‘@
C Phenyl Same as R1 N g\

. /\
9,9-dimethyl S 2
-9H-fluorenyl Same as Ri : ST

E Phenyl Same as R1 p-Phenylene

BN Dye structures, Ato E

1P The calculated excitation energies in eV for lowest excited state of A, B, C, D, and E using various

functionals
Method Dye MAE®
A B C D E %)
ZINDO 2.93 413 3.39 3.20 4.24 11.7
CIS 2.87 3.87 3.03 3.03 3.96 8.7
MPWB1K*a 2.50 3.46 2.70 2.60 3.40 3.6
CAM-B3LYP*2 2.64 3.48 2.97 2.78 3.45 44
BLYP*P 2.08 2.44 1.60 2.22 2.45 11.8
BPBE*P 2.08 2.43 1.61 2.24 2.46 11.7
BPW91*b) 2.08 2.43 1.61 2.24 2.45 11.7
LC-BLYP*» 2.78 3.44 2.90 2.93 3.56 5.5
LC-BPW91*b) 2.80 3.45 2.92 2.96 3.57 5.7
L-BPBE*» 2.80 3.45 2.92 2.96 3.57 5.8
B3LYP*D 1.79 2.85 2.01 2.64 2.82 7.8
BHandHLYP*» 2.41 3.30 2.54 2.53 3.32 34
(Experimental) 2.25 3.18 2.81 2.84 3.21 -

*a) Calculated by Gritzel group with 6-31G* basis set in vacuum!®.

xb) Our results calculated with 6-31G** basis set in vacuum.
xc) The percentage of the mean absolute errors.

{FRAEE 2013

45



RICHBRETICE T 2 ERETEDORE
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Transition State 2

Energy Transition State 1
A—M-B

Reactant
A—M+B

Time
A—M—B
Intermediate 1 M
7/ \
A—B

Intermediate 2

Product
A—B+M

AG1, AGz, AG3: Activation Energy

Reaction energy diagram
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HO,, s OH
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0 o H Me
NH:z
HN Me
HO2C
Vancomycin
HO
o Y "Bu

BnO
OMe
MeO OMe

Key intermediate

PEEME Vancomycin and key intermediate
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AR AUV AR P IVHIE THEERNE U 72 F51 2 RS
T8 %0 M FRISHEEIERIED Cu(D) 2 H 5 $iHA
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bioallethrin tetramethrin

Synthetic pyrethroids with chrysanthemate
moiety

11 List of major analytical methods for observation of reaction intermediates

Method

Content

Flow NMR Flow NMR techniques are superior for determination of chemical structures without paramagnetic substances.

The measurement needs a certain level of concentration, and the time is on the second time scale. Example of

application: chlorination of thioamide derivatives!?, the synthesis of imidazole rings??, and the metallocene-catalyzed

polymerization of alkene?D.

Stopped Flow UV

Stopped flow UV techniques are wide-range application of intermediate observation in homogeneous reactions,

however the spectrum is simple with little structure information. The measurement time is on the millisecond time

scale. Example of application: synthesis reaction of Cu complexes with active oxygens??, oxidation reactions with Iron

binuclear complexes??, and Diels-Alder reactions of tetradines??.

Stopped Flow ESR

Stopped flow ESR (Electron Spin Resonance) is technique only for observation of paramagnetic chemicals.

The sensitivity of chemical concentration is better than NMR. Example of application: ligand exchange reactions of

Cu complexes?, degradation of active oxygen species?®), and Fenton reaction??.

React IR React IR (Infrared spectroscopy) technique is one of the most popular ones, however the spectrum is sometimes too

complicate to assign the intermediates.

Direct ESI-MS

Direct ESI-MS (Electrospray Ionization Mass Spectrometry) needs ionization of reaction intermediates, and the

measurement of time-dependent change is difficult. The measuring objects are sometimes affected by ionizations.

Pulse Laser The low-molecular-weight intermediates are observed with ultrashort laser pulse and gas phase-molecular beam on

the femtosecond time scale, which is equal to 10-15 of a second time scale.

48
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PIERRTRIC K 2 RIBEIT T, & 27 a7 ar S AMURIG
. ETOY T VBT FILORE S Cu(D)IEN L.
@N2AWBEEE L 28236 2 7 g = F L3 Cu(l) & s L
TCu(D)-HINRVEEER AR L, @Cu(D)- WAV REA
BAL T4 VERIETAZETYyraraSyFigE
JEHC L2235 Cu(1) 2 BIR EAMEEEL . @Cu (D) A FHE
THHAINTHEZENRE SN TS (Fig. 8) 2,
Z U CRIBEE B Cu(D)- A LRV k& F L T 4
VHABILRIGT B AT v T, AEHFLSER I NS
BEREICHY T 5,

Cu(ID)

l PhNHNH2

N2

Cu(I)-carbene

BEEEE  Reaction mechanism of asymmetric
cyclopropagation using Salicylaldimine-
Copper catalyst

EAFEVERME LT, v LA VB ZFLS B 0NIE
TILBEY TFLHBREN TS, BIRIBO KO
iE. Ca(D-FARVEERBRF LV T 4 v ERIBT 5 KB
AURERRE T, AL 74 v ORDODIZY T VBB FIL
ECu(D-ANRVEHMATHITTHIRIBTH S, ZLT
voua 7S ALRIGEBRZ, Cu(l) DAL FHAET S
(Fig. 9) . ¥ - BIKILOfEY 4 2 LD TCu(I)-71)L
NV REA L U TREBIHIL R T WS TH 5
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(By-product)

N2

Cu(I)-carbene

PPN side reaction mechanism of

cyclopropagation

Z DR Sl X N B,

Cu(D)- IRV EERIZIEFICARETH D, Rk
BT & O 2358 2 a0, MEORFy 7T
a8 U ALTHW S 15 B TCu(l)- 71 L VR 48
Bl -G T A0, £ 2 TARMEER THEEEIC
Cu(@)-A XY GER DR L Ty 5 O HStoped-flow
UV 27 b LHIE THRER OB % R A 72,

3. EFHEREHEECUI)-HILAN D SEEOE R

B, TS AL TRFE L 2L F L 7L Y 3 VN T
ZHWT, Cu(I)IThlighi L7z kiz o 7 kR = F L5
B U Cu(D)- ANV R A % & 2 DUVARY
N L ORI & B L 72, Stopped-flow UVZ X% b
VHIE. Cusbiho ML VL O 7 VBT F L
D PV Y EEEEE N2 THESE LA S8 72IRRBIC DT
DZEALEE L 7=,

UVHIE 23254 012, TD-DFTEHE T4 S i
KRBLUBEE LT YR U7 VBT FIL, U7 Vi
BIFLO2ERTHLIV LA VBV ZFILELD T
TIUEEY T F IO A RS ML EHEE L 72, HEEIC
BRLCIE, WABETH B MLV ORREEE L -3
AFEL 7. FHEFITNBIEICB3PWIL, LB
12CulZm6-31G* & D 7136-31G* & FV T, I 8ERD
RAEZE LS LT Y TOTD-DFTAHE % F2hi L 7=
(Fig. 10) .

Cu(I) & Cu(D)- A7 LV §HIRIZ500 nm ik & &
W A HER X =48, Cu(D)$E(A TI1X500 nm s} VT2
INA R ONHESIRE SR & 75 5 72, Cu(l) 2 Cu(I)IZETL L 7=
BIZAMEY 4 2 LM 5728, Cu(l) & Cu(D)-H X

49



RICHBRETICE T 2 ERETEDORE

Cu(D /

Cu(I)

Cu(I)-carbene

380 480 580 380

Wavelength [nm]

480

Wavelength [nm]

580 380 480 580

Wavelength [nm]

m Calculated UV spectra of Cu(II), Cu(I), and Cu(I)-carbene complexes

Cu@m | '
W

90

480
Wavelength [nm]

380

IEEEEN UV spectral shift of Cu(Il) reduced into
Cu(I) complex by phenylhydrazine

VR T B Z L3 a < RIS REROCu(l)- A X
VSRR AVERL U 7235812 A500 nm ST IR AL
EhpZenyans,

Stopped Flow UVZ X% F L TCu(l)-H X v §fhkrh
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