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[Introduction] Newly synthesized Rh(l) complexes 1a, 1b and 1c (Figure 1) with anionic aluminium
ligand possess interesting geometry and bonding interaction.! In 1a and 1b, for instance,
norbornadiene coordinates at an unusual position above the Rh-Al molecular plane which deviates
very much from the normal square planar geometry of Rh(l) complexes. The characteristic features of
aluminum ligand are the presence of a lone pair and a vacant z-orbitals at the Al center which in turn
leads to its bifunctional nature of nuleophicity and electrophilicity. The NBO and molecular orbital
analyses clearly show that Al is positively charged but has a lone pair orbital at high energy, indicating
this is strongly o-donating. This suggests also that the Rh-Al bond is covalent rather than usual
coordinate bond.

We investigated the geometry and bonding nature of the anionic aluminium ligand with Rh
centre using the DFT and CAS-CI methods.

1a 1b Ic
AI-N' 1.865 Rh-C'2.198 AI-N' 1918 (1.889) Rh-C' 2.150 (2.151) AIN' 1.850 o' 1.158
ALN? 1881 Rh-C22.207 AN 1.915 (1.874)  Rh-C? 2,126 (2.134) AN 1.885 0 1.163
AN 2158 cLc?i417 AI-N? 2,376 (2.428)  C'-C? 1.445 (1.451) AIN? 2,091 Rh-ALN? 141.6°
Rh-A12.393 Rh-ALNY138.2°  ALNY 2,033 (1.970)  NY-AL-NY 80.1° (79.3°) Rh-A12.423 p'-Rh-P? 119.4°
Rh-P' 2322 pLRh-P?141.5°  Rh-Al2.430(2.433) Rh-ALN’ 177.2° (177.2%) Rh-P' 2391 C'-Rh-C?106.7°
Rh-P?2323 ALRh-X"147.6"  Rh-P' 2294 (2.255) P'-Rh-P? 111.6° (111.3") Rh-P? 2381 AI-Rbh-C'170.2°
Rh-P? 2,319 (2.286) Al-Rh-X" 103.1° Rh-C' 1929 Al-Rh-C?83.0°
Rh-C? 1,900

Figure 1. The optimized geometry of rhodium complexes 1a, 1b and 1c with selected bond lengths (A)
and bond angles (°); the experimental values are given inside the parenthesis; H atoms have been
omitted for clarity..

[Computations] Geometry optimization was carried out by the DFT method with the B3LYP
functional. The LANL2DZ basis set was used for Rh atom. In evaluation of energy, the functional
wB97XD was employed, where the 6-311G(d) basis sets were used for all nonmetal elements, 6-
311+G(2d) basis set was used for Al atom, and the SDD (Stuttgart-Dresden-Bonn) basis set was



employed for the Rh atom. The CAS-CI calculation was performed with localized MOs (LMO) after
CAS-SCF calculation with a (2e, 20) active space. This active space was taken here to make valence
bond type analysis.

[Results and Discussion] As shown in Figure 1, 1a and 1b have a similar trigonal pyramidal structure
to each other and 1c has a five-coordinated trigonal bipyramidal structure. The analysis of the frontier
orbitals of a model anionic aluminum ligand suggests this Al ligand (abbreviated as PAIP) is
understood with a canonical form of diamido—Al*. The Kohn-Sham orbitals of the Rh-complexes
show significantly large bonding overlap between the Rh d and the Al lone pair orbitals [Figure 2(a-c)].
Because the d orbital (-8.5 eV) of a neutral [Rh(nbd)] is at considerably lower energy than the Al
valence orbital (-4.7 eV) of PAIP, the Rh-Al bond is polarized as Rh> and Al°*. Because the d orbital
(-8.5 eV) of a neutral [Rh(nbd)] is at considerably lower energy than the Al valence orbital (-4.7 eV)
of PAIP, the Rh-Al bond is polarized as Rh> and Al ®". These results suggest that a large covalent
bonding interaction is formed between the Rh and Al atoms in these complexes. The CAS-CI analysis
indicates that the covalency is about 60%, which clearly shows that the Rh-Al bond is considerably
different from the usual coordinate bond.

In 1a and 1b, the position of the C=C double bond of norbornadiene is above the molecular
plane. This position can be understood as a result of the geometrical constraint by the Al-N(Ph)-CH,-P
chain structure which allows the PiPr, moieties taking positions below the molecular plane with the
PRhP angle of 141.5° and 111.6° (Figure 1). The two phosphines groups destabilizes d orbital which
expands to the opposite direction from the phosphines. Because of the strong m-back donation, the
C=C double bond takes the position trans to these two phosphines, which in turn lead to the strong
overlap with the d orbital. The presence of the empty Al 3p orbitals allow the Rh-complexes to
coordinates with DMAP very easily. This coordination increases the constraint on the Al-N(Ph)-CH,-P
chain to decrease the P-Rh-P angle. This in turn leads a further change in position of PiPr moieties
more downward from the molecular plane and the C=C double bond moves more upward. Therefore,
in 1b the C=C double bond occupies almost perpendicular position to the Rh-Al bond. In 1c, smaller
steric repulsion by CO molecule causes the coordination of two CO molecules with the Rh centre. The
Rh-C at the position trans to the PAIP is moderately longer than the Rh-C? by 0.03 A, suggesting that
the trans-influence of PAIP is strong. In the
presence of the CHj; ligand, the Rh-C!
distance is moderately shorter than in 1c. 2 N
This result indicates that the trans-
influence of PAIP is as strong as that of
CHs. From these features, it is concluded
that this new PAIP ligand has unique
natures and its Rh(l) complex 1la is
reactive for the heterolytic o-bond  Figure 2. Kohn-Sham MOs of 1a, 1b, and 1c
activation because the empty 3p of Al can
interact a nucleophilic moiety of reactant and the doubly occupied 4d of Rh can interact with an
electrophilic moiety.
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@




22T QMO T L — ERY 95 £ TN QMMM [ 00 E R LA R L —
Egimm @ QM HEIEIZBIT 285713, CDRK £7 L& 5 LR CREND.
oE! OES ) OE\(r s
QM:MM| QM:MM| = _QaE (ral- - Z ﬂ;# +ZKb,rav(rb]i _Z Z ysb,raE (rbX- 4)
ara L ara L : tex,y,z ara i b b sex,y,z !

FEG O&E HIZ CDRK €7 V% HW 5 Eit 7% QM(CDRK)/MM i & FESZ 2T 5. QM
FEIK T M06/6-31G(d) % fvy, MM fE1% 1% Amber9 @ GAFF /1354 W CEE L 7=,

[f5] FUTL-BPTIBEIO MY P -EF MEEETE Z D RET UG &,
BT S WACKE D & 72 08, RFEER TIIEERISTH DT VLI DWW TE 2 5. Kk
R R 2TV, OBl L —7 Y 7o BPTLA
a7y AnErLE (K 2). U7 -BPTI
DOIEMEAL H = 3L ¥ —D1fEIX 30.1kcal/mol
THO, N T r-ET /LDOfE 18.4kcal/mol
L EER LT 11.7 keal/mol &<, BAIIEHIITR
BERISTODZ EDRHLNTHD. I HIZ
cY 72 -BPTI O 7 3 WAL G DA R 13
9.8kcal/mol PEHHZR/NLX—%FH, FU T
- T )L DfE —3.7Tkecal/mol & il LT 13.5
kcal/mol REZETHDH. T DT &HHHEGRM 0 ;;r;@yg (;?nu-lfzbolhi) 20 %
2SI EITLIZS WD & 2 L7z, 9 T UMMERIED TR E—TF 1T 5 A L

EROENMESNZHAEZHAL TS
D, HHT R — 50 ENE A T T %
Tolz. TRICHESEROGEFROMERE £
iz (X 3). BRIREICKIETREDES
ICREREDHR SN IE, EEROT I/
ikt s QM/MM fEia TRV ¥—ThbZ &
B SN -T2,

—75, A OB BT RLX 221X QM =
¥ —E& QM/MM A = RV X — D5y
FICHFELTND, £/, 2ITIERLTY s 0 5
BB RY ST AESRICB T T S (amu 2 bohr)
IS TIE, WIETH 2K 7026 X0 K 3 B TR X — R EREIC L B AT
EREENEZTDHZEBEHLMN LAY Ef: Y T -BPTL i b ) Y - T L R
ZRERLT A RIS O JR - AL T O MRS Rz o QM =3 L¥—, Afa: QMMM fEid =R ¥—,
WL, Y HEEKTD. HEEOEBRENLOHEEDO, i BEOET X /B

FRILIN DT D5 0Fn

o= N N W W
o O Ot O O
1

H i %L ¥ —3 (keal/mol)
(@]

q o wm

= R L ¥ — 7 (keal/mol)
a IR R NN
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On the intramolecular charge density migration caused by the OH stretching vibrations

of some acids and alcohols
(Keio Univ.) oRyo Hosaka, Satoshi Yabushita

[FF] o rtEaiEin T2 L CEERYEED —DI0 FNEM DA NFETOND, BHIR 72 LD EfH
ZRH A B AR T EE L CL Mulliken OB £ fi##T#£1<° Bader ¢ Atoms in Molecules(AIM) 7%
REZLDFERMGIVTND, UL, 2D HFiEE W TREOLILD B I B P HE R & B B RR T 51
TN, TR IR EA() I ZBLR FTRE R D — > THY , 0 FIRENILE-> TEL B0 W 0 Ah D28
(b4 % DG — A M (DMF) p(AR) DAL AL TR BLT 2, FrlZiE°T /Lba—/ L (ROH EFET)
7 OH HEOWILFREEIZIE, 3 (Av = 1) DA IE#L R OMEICHEITKGF T2 7 5 (Av > 2)
DAL R OMEIIZEAEHKAF L2 (Universal Intensity Concepti4l(UIC)) NI 2380 BILBE P
ARWFECIIERGFH IS, iSO ROH 28\ T OH R & %, R, DARTT AL S ¥ 72
WZAECDER DY q(AR)Ru(AR) DELDARIETFM% local mode i1 T, TNOLOBEHILKIFIEE
i T D, BIZZOfERE UIC OFEBIIZXL ., Trischka HOFECSe s i €7 % W fifIRE 52 2,

(35 - &)

Gaussian09 T B3LYP/6-311++G(3df3pd) (25— SEHHE ATV, 12 F _
D ROH (2513 Dp(AR) DA &R T2, BT HRDASMEILIRIEA(v) B[
(21 O-H #lz) 18] (u,(AR) EFETILIAME , EAUCH AT By, (ARY S %5 5
BZEMWS o TWBT, ZZTu(AR) D 3% 4y % T AR IR A5 35 W IV 58 5 % F
LIZHBLT D DMF OO, Derp) ™ % sum-rule®nHIEL, 15k
7D DMF  pes(AR)EL 7z, Local Mode #5225 % Grid {EZMH V., 2
ARTED pogr(AR) &RV — DFHREN G IR B I B B %, S E IR B E,, 20 E LT, 12 FfHO ROH O
Potential Energy Curve(PECIZ/r FAAFIEITFAE BbiedoTalo8 | i, &V, %00 I3l 320 D & A
L. 01 A D 0-viBBOERE— A N, OZEE S UIC 123t 20821772,

55F A D DMF % pl:(AR) = Yoo MAAR™ & ARDBIRDLIENTIRBIL, ZDdd, (5§ 5B KA
PEAFHRL 72,

Ty = ((WolARIYy), (WolAR?[,), (olAR®p,), -+ -) E £ R L . S5 12

X

MA = (M{, ME, ME, - - Y EEFT Dl T, dy, = (Yo|ule(AR)|Y,) = — - uﬂ;[D:.bs}IEIBohr]
Tne1 Mh (bolAR™p,) = MA T, = |MA[I| cos © LRIIFE 2 DDIbb AN
DNBELTERTE D, 5 A ORMEREAIILEL, ZRoEHM § | W\ —
THEEEREM,EHEL R, BROEY, PEC T, Ich Tk § .

EEAL BB, T, ELTHE MeOH OIEEFIVCTavhLiz v 3| 20N
BT DL, v=1 OLEAIL, EEHEOHME L TZEM B 2T

AT TM, EARE 2T B I3/ NS W2 B FEME TR, — . v

=2 Ll EOLERON = 1,2 ORI EVNTHH 5T, %EITRTHED 3



L MEZRFE D, 2O | (EERIGEB O L, B IEM, BERRE90°ITIWAZ A O TR DY, (MA — MB) -
I, ~ 0 L7578 BREEOD B IEIEIETI O, ZOM, ERET EAROBIRIL. CH f54 T SH 54 Th R
DIz, DFEVHD5 T REMN UIC ORI E R T EXI21E, Z60 DMF O BB THD M & M, DRI
FIZOBRDHIFRF TE D, LT ZOMIBIEIZ DN TERZE MR T,

KIZ, Trischka 5O 3% BB BAIAIC I DB L %1 T 72, PEC IZ Morse /37 A% o ZFF> Morse
Potential # i\ 54, d4, = dBy(v = 2) & (M5 — ME)/(MA — MB) =a/2 LLTC My ERMROEEERITE
%, Fiz. GallaslIbDF AL, v = 27T (W, |AR? [Yo) /(P |AR Y W) = — 2/alie D LNy nD, 22D
B, d, 3 TARLEMEDS NSRS, Mn [ELRR ST, DS E A VDO FE TR A E N ERTE D, TR O &
Tl (1| AR [Py (W, |AR [1ho) (v = 2)DAEIFN TS 0 E720 . T 1% My i AT E 0 DR,

L= 2T Ml R T AHEHE oD E ML/ 2D, DFEY LTl 7L AR OME X ZIER I E KL T,

SHIC, O BEMAL DD BN ET VA peg(R) = q(R)REFB X il % R Ty
ditege/dR = q + q'R, d*legr/dR? = 2q' +q"R %7135, ZNH2K TR =R, EENZHDON M & ZMZ“C“X?)%BO
EBIZQEEETHIET, My & M, OB OBIERHZEN M, =M,/ R, + {q"(R)R,./2 — q(R,)/R.} %155,
ZOBXILL/ R, THY, OH F5 A FEHEA R AR TRIL THLHK 0.5 O IE, K2OEMBOMELIL
KT 2, ZOWMIICEITS M, = qR,) + q'(RIR, ZHAWDE, MITEF EOERqL BN SHEE g D
FHEEEG R, Fi2q" =~ 0 OITLLFFHNI jau\sz = q'(R,) LN TZ%, OH EhOMGRMEIT 0 & H O
PEEEERBIOERIL R OBKAMEEIKIFEL, @200 - HIr D IH72 B DR qa >, £7-AR — oo
DR BERR T H JRAIXh 225720 —f%i12q’ < 0 THDHN, gBARDZEALITE ST —E, Blbg’ = 0T
HAT H LOBMIZIEICOLIZEETHID . tegr(AR)IZARIZKILIED K E/RHX A B EARAIITIED
D, m ORI A A T OMERZRE O ROH BEICZ OB R oz, —F BRMEE DN T La— Ll o
ROH #EClL, ARMRELRDIZHON 0 EOAEMN H EICiiiiATei=Hq < 0720 BAPEE O &V ROH
FEIZ R peif(AR) D IEDEZ N/INEL Tp o T, LA E OGRS My 138 - FEVERE | My | XFE M 5 B 2 R B
L., BF TS - RODNSIZER LA B W2 KT D LR & D,

I My Mz CTEHEE R OBIMREE LR T 5, B REIEREZATSHROHHEOLG, 0 LB RS

\ZRBISNDTZDORAZEIT D 0-H FOEMDmMYqIEREL, EBIZRZMIZLTH 0 b H ~OE K
BIEZ0IZW, TESTM DIESKEL, | My |OfEIT/NEL 72D, —T7, BTG5 R #4795 ROH #EDOL;
G0 BICHBET 2 ROBE FIMEESNDTZORICE T 5 0-H B OER DR qIE/IESL, SHIZREMIEL
7ZB1Z 0 225 H ~OBEFBENTE IR0, 50T MyDEIT/IEL, | My | DT REL 2D, ©F) BTk
7 Mi & My OREIOBTEEIFRUITHE o2 UIC DAL FHIEE I O 1, EH#UE R 7Y OH FEOHHEIC -
C DMF [ZRIZTELDORR LD En b otz BLEORNERIL, JR O E DAL OMBRT v v v

DEAL) INEAFEEDEAIZ KT T HEE | /3 FHuBIEDOMN TiX Coupled-Perturbed Hartree-Fock V5%
FAWT, HDNOFEEIERMIIZIL Bader OBEFRI0EA{ > T, SHIZITLFHR T2 2%/ Hardness D&
“3< Parr & Pearson @ CDFT {£E% D)o THEEIL TED, ZOLIIZ OH A IILDHET 5 XH KO E - HE
WR USSR EE 1322 D4y - O 2 7L M % T D2 E N BRiE T D,

[2% 3C#k][1] R.S.Mulliken, /. Chem. Phys. 1955, 23,1833. [2] RF.W.Bader, Chem. Rev. 1991, 91, 893. [3] G.Zerbi et.al. . Mol. Struct.
2010,976, 342. [4] M.S.Burbery etal J. Chem. Phys. 1979, 71,4768. 5] H.Takahashi et.al. /. Phys. Chem. A2013, 117,5491. [6] ].
Trischka et.al. /. Chem. Phys. 1959, 31, 218.[7] K.Takahashi et.al /. Phys. Chem. A2003, 107,11092. [8]K. Takahashi et.al.

J.Phys.Chem. A2005, 109, 4242.[9]]. A. Gallas Phys. Rev. A1980, 21, 1829. [10] R.F.W.Bader. Can. J. Chem. 1962, 40, 1164.
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A¥E ‘/ﬁ?ﬂﬁ'ﬂéﬁk L 7= Elongation £ B%E
(JUKBE - #8821, JST CREST?) Ok L ¥ 5K 541"

Development of a spin-restrained Elongation method
(Dept. Sci. & Eng. Kyushu Univ.!, JST CREST?)
oWataru Mizukami ', Yuriko Aoki '

[ S]] T2V —mEthdl T 28 % ORKWIEEE IRREF OB E T 52 LI TG H i
REAKIEIZ EL=4 H CHERENLIISVER Y, WHEOBKMEE 2B - T+ 25 Tk
Heisenberg E7 /WICRRIN LR RBGIRIIE T L OGN AR ThHhD, BUE, 55— HHE
RN NERI D /RT A=K (] 55%) R ETLFEEL T, BELE%E (DFT) @ Bro-
ken Symmetry fi# (BS )L AL RO T RNF —EEFIHTHHIEN RN THD, 077
P—FIEEHR XDy DFT A2 H TE A OFHRIENEE THLEVI RERF RAFF O3, %
OPORERBIZ TWD, I BS fREBIEFRIVET NV EDXISRTHL, RSN D/ T A—H
DOWEBURAFED R ENE W) BB EITBND,  Flo, RITKS> TTEAT BS fREH5ZE01E
FHEGTIIRVEVOER LO#ELHD, AL AR EEIFAET DR CIAUTERICEEE L7
%o AIAEICxTT 5K LT Van Voorhis HIEHil#% EILEI%L (CDFT) # HWAZETET /L
NIVRET L EDFIEN R WVE TR E G TIEZRELTOD, [1-2] LMLRA5 CDFT (3
AT DK RO Z DITHEN DR Z L AL T 52BN TEY R~ —DLH7%
DALY AN FFORICHEA T HZ LT, 22 CTHIFKI SR ORDVICTHFIEL D AT
ART vV AN LTz DFT (Restrained DFT, RDFT) % Elongation % [3] 28T 2524 T
ERED2RICK T D UE AT,

[ 1] D LH78 harmonic restrain Z N2 7- =X LX — kL CEFBIE 2 b3 5,

2

Elp) = B1p) + 5 . v { | arw' o) - W

I Tp(MITETHE, widdh D KT ( IS T2 A VB E 2 RODBEFE - Tho, whilld
A A% Lowdin population 208 L7, NG IZFEIEK i ICB W TH—F v T HAE L O REXER
LCWD, AT ADKESERDDH/NTA—H VL T/ Rk T D CDFT dHHENDRDD
EERol, whe N Za——MICRETIVNENDD, ZDi=h CDFT 20 RDFT tit
IZ LDA+U DI RBRIN R BT A2 L E L FlEL S x5, RDFT & CDFT #th#kd 5L, /31
TART U3 VE BHRETDMEN2 CDFT OIEIN— AT DHEEMEMESF ELV LD
IR D, LL2RD, RIEHEEMBEIZLE ZBRITHR S 4 EfMICERTHIE B IRMNEL



<. KVFBEWEAETHD harmonic restrain DIEI NEEFH R FOZEMENEHLFEHTHHEEZ
TW5, AHFFETlE RDFT & CDFT % GAMESS (235 L=,

[f55] %53 RDFT OS5 &2 UM ~D
DI AKIZE T 42505 Flox LT,

A: [CUZC16]2" B: [CUZC16]2"

(c) j© () Aok, Lo
Cu-Cu [0 J DB E B o, —04fE Oa e 08 I L
T > Q9.0 Spe O & &0 =
MO T1E T EOREIZHOW TN 725 R ©
MEEIZB IR TRIRCFv—7RITHEHL C: HCuOCuH D: {[Cu(NH;),],0,12*
TUB, [4] TLEIXITIE B3LYP 8 L. LI Do 3

%3+ ABD I LT def2-SV(P) %,
¥ C oW TiE O 12 aug-ce-pVTZ %
Cu & Cl (T LTIk TZVP Z /=, CDFT
& RDFT OFHFEFERNLICHK 1,2 DOIFIEICHE 1: RDFT Oy F~— 7 2HEIC AN 5F
STRHLEANAAEB L NV T BT L OF R0

RS E) 2 FTHRIRT, £FO BS-DFT OEIZILALORIZE> TROLNTZHED THS,
[4] 2D F D5 BS-DFT X CDFT &t ~_T RDFT [ZFEBRMEZR VLSRR E & L3 iHH
(BNO-Mk-MRCCSD) OffF % BAFIZHIL TWAZEN R TS, xL T BS-DFT (%1 C
22UV T, CDFT 13531 B,C DWW TENENIEANSREE R DR LieoTlz, THOG
INIEDSA TR BAE A . ADLG ISR AAFHZE KL TRV, RDFTDOH134
TORD BRPIMEEEZ ELGLR TETWHIEERD, 728571 D 122\ TIL CDFT X° RDFT
£VE BS-DFT DIFHINSEZEIZITVFERE G52 TODH, 2O R TS P 8 B 4 #in 4 H
WA CHRHA FIEIC I Z BB RENIER DD > TS, RDFT @ Elongation {E~D /i H
LFDRERITHONWTITY H AT 5,

F 1 HUSET T80 RS RO F B A HRE /0 E (0 1), BAE em™,  FFFICIE B3LYP/def2-SV(P) 72
WL TZVP, aug-cc-pVTZ Z Mz, CDFT KT RDFT DIAO JEIZZE LR 4 DDikFE,

BS-DFT CDFT RDFT BNO-Mk-MRCCSD Expt.
A | =72 | -18 | -19 | -42 | -47
B 69 -12 24 36 23
C 2989 3 -30 -104
D -2234 -391 -1413 -2839

[ 3CHR] [1] I Rudra, Q. Wu, T. Van Voorhis, J. Chem. Phys. 124, 024103 (2006) [2] I. Rudra, Q. Wu, T.
Van Voorhis, Inorg. Chem. 46, 10539 (2007) [3] A. Imamura, Y. Aoki, and K. Maekawa, J. Chem. Phys. 95,
5419-5431 (1991). [4] T. Saito, N. Yasuda, S. Nishihara, S. Yamanaka, Y. Kitagawa, T. Kawakami, M. Okumura,
K. Yamaguchi, Chem. Phys. Lett. 505, 11 (2011)
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Study of the direction of effective electric field in diatomic molecules
for electron electric dipole moment searches
(Tokyo Metropolitan Univ. *, Tokyo Institute of Technology™)
OAyaki Sunaga®, Minori Abe”, Bhanu Das™, Msahiko Hada"

[#E] Charge-Parity(CP)xFrE DAV, BRI HEGFRAIC b HOGFAENFEH I TS, L
2L, BB SN TS CPAFMEDRIUT/ NS W, FHlAEROBE CTRKHEDOIEE A EN
W U-HH 2T 52 LN TE RN, ZOHBEZBET L 720iE, CPAFENRE <Hih
TWOMBBRAFRT L ENUETH D,

72 CP RMFMEDOMIE L THIENTE SN TV AW ED—D), &1 DEZImRE—
A N (eEDM)de Tdh H[1], eEDM (X, HEHR-FIZAMNBESZHIMY 2 2 & TR T hilt T\,
L UIRIE T, ERFE2E AL 2 HF0F P OS5 FNEOES(Ein) & éEDM & OF AR T 3%
VF—AE ZHIET D HIEN, R ZROTW 5,

AE = (¥ |Hgoy |¥) =d, (¥|Ey |¥)=d.Ey (1)
Ne
E’\eff = _Zﬂo-i : Eint’ Eint = ENuc_A + ENuc_B + Eelec. (2)

Ne |33 F D EEFHL, fid Dirac 1741, old Pauli 1741, Widor+ DOE R EIEIE 2 £, Enve_a Enue g,
Eetec. 1%, TNETNETEZA BBLOEFHKROEBEL THD, (B TOT L THD, Exldf
WY LT, xR E BB LR TEFEFR R TORRD D LN TE D,

AEVIIEFIT/NE < A TOERBE TIIBIHIE L 0 BIERRZEO T R RENWTZD, de OfEIE E
FRAEAHEE STV DICTE2R, JIERET B N REVIEE EFT 5720, Eg 20 TO
HRATRD D Z & ld, 5% DFBRTeEDM 2457010, EFICEETH 5,

KD, @22 IE, Eer DAL, BB KE < BRIRMEEN NS WRE 705 BRI/ <
BREMEENRKREWE O THD LTRSS, Lol Dmitriev 512 K25 E1TAFE[2] Tl
HgF & POF @ Eer i3, 12 1-99.3 (GV/cm), 28.9 (GVIcm) TH V) . FFEMNER > TWDHR, £D
BLERIZOWTE K LI EITHEIIFE L, £72 2 OFHHEIX, RECP & W 7= %t imik C1TH
NTWAH T2, BB LUOFEXFRIRZ 0 ICBR L FIETHRF L 2B T 2 EMEE L,

T ZCARMZETIL, 4 ARTFRRIGRAY CCSD VAT Ee 75 L7z, 7=, #LEFAIEH OB S
Eet # B439 5 2 & T, HYF & POF REL72 5755 D Eert A FFOBRH 2342 Z L ITlTh L7z,

[BHEFE] AT, BgaET A IA =T o O ROBEHIEE UCHE L, Bgld(Q)
DEICAEDLETHEAETRITRT LN TEX LD, AFETIIINEHAWTEHEZIT- T,
E,q = 2icy,p? 3)

DI EBEAL, ciIel, w37 1 7 v 7475, p I HEEBEHE T Th 5, EEREIL. Hy, PbJi



T-1Z1% Dyall Double zeta basis set, F J5i -2 13 Watanabe basis set Z FEfE# TRV, T Z /0
KA Z7-, FH%IZ. Dirac-Coulomb-CCSD (CCSD)y%35 L OF Dirac- Coulomb-Fock (DF)i£ %
7z, UTChem & DIRACO08 %&b, 7 r 7/ T AD—HERE L GEHEEIT- 7,

[#63R - £2] CCSD s LUNDF IEIC K B atsifk e R L AR TIECRIOTE B (GViem)

£ 1IRT, W DOHET, HOF 1-, POF 1T+ 2L | large  small HgF PbF
TWb, ZDOZ LMD, HOF & POF @D Ee DFF SIS THF s P12 2639  -91.1
JeLlAlkk, B725 2 L0 yhnDd, LR, DFIEIC X 2T P12 s -368.6  129.7
2179, Total (s, pu2) -104.6  38.6

Eogpl T3 B SR M DS C O DI T D720, DF -1034 395
7 7 ~— AR DF 5 L~ Tlt SOMO D B3 Eegel 7 5 CCSD 1095 366

T 5, F12RKE)DE3 By = Eiel=%, large ik4r & small 553 DITHIER D IS Eert (2 F 59
Do S DIZEeD XL 72TEIT Ene TH D728, HEIFFH%015 C Parity 23 572 2 B BSOS R A
THIEE, B lIRERFEZFFOEEZEZOND, LLEXV | s, pro BN T EnlZFHGTDHEE
2D, EEE, RLDPRT LI DFIED Eer TIL S, pro UE DI THIER N BRI TH H, L
EX V. sEUED large %45 (s-large) & pua-smal DITHIEE & | po-large & s-small DITHIZEZE DL
T OB, Bett OFFHOBEWITFEGT D52 L0307,

S, Pu2 WLIE DITHNELSE OFF 578 HOF L OV PoF THE 72 2 Bl % #LEM AAER OB DIENT L
72 HOF 53 7% B2 LT, SOMO %% Hg JFL-1-? 65,6pu2 #LE K N F 1D 2psp #E (4 iy A &
J V) OBIEAES TRl TX | large %4y & small fAr i @ DR C 2380 D S IET 5,

Vsomo = CesZngs +GCs pXrgep T G, pAF2p (4)

A

Eef‘f

A

Eef‘f ~ _ZCGSCGp Re<ZI-L|gﬁs Eeff

Zligﬁp>_2C6pC65 Re<ZII-_Igep Zflgﬁs> (5)
H(G) DT HEFE Y DFF51% HgF & PoF THEHRD T, Eer D5 51E CIRAFT 5, L3R
Hickel (51255 & | HIZHOD DA WD & Cos & Cop DHLITLLT D XL D IZFEE S,

HaE Csp - (ﬂZpGS_gHQGSSZDGS) (ﬁGpr_gHgﬁsS6p2p)
g ~ ’ gHgGs >‘c"FZp' gHgGs <8ngp (6)

Ces (8Hg6s_gF2p) (gngs _gHg6p)

PbF --- CBS ~ (IBZpGp_ngGpSZpGp) (ﬂGSZp_gHQGpSGSZp)

Cep (gPDGp_gFZp) (‘9Pb6p _nges)

v Epbep > Erapr Epbep > Epbes (1)

BEILBFESY . axa X X T D afiEO T F L — SXEAL Y FED TH D, Wolfsherg-Helmholtz

DL TRERD D & H(B), NPT DK FIEFR U TH DD, axa DKR/INBERIZE Y 5RO 5

138725, ZHUT XY Cos Cop DIF TR/ D Z EMN, Eet DB 5 NBRIRDHBENZEZEZDBND,
EoEFAERND & HEF-BERFOHFICBNT, FEAHRD Ex 35RO E 90, F1H

HELEIDETRTLILENTELN, ZHUHOWTITE HRET 5,

[1] E. E. Salpeter, Phys. Rev. 112, 1642 (1958). [2] Y. Y. Dmitriev et al., Phys. Lett. A 167, 280 (1992).

[3] B. P. Das, in Aspects of Many-Body Effects in Molecules and Extended Systems, (Springer, Berlin, 1989), p.411.
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Theoretical Study on Electronic Properties of the Active Site of
Multicopper Protein
(Div. of Math and Phys. Sci.!, Div. of High. Edu. Res. and Dev.,2, Div. of Mat. Sci.?
Kanazawa Univ.) () I. Kurniawan', K. Kodama', M. Wada', S. Nakagawa!, K. Sugimori?,
T. Sakurai®, H. Nagao!

[Introduction] The number of metalloproteins is almost half of known protein crystal structure
in protein data bank (PDB) file. The metalloprotein takes the important role in many reactions
on the biomolecular system, such as redox reaction. The transition metals are the most common
ion that exists on the active site of metalloprotein, which copper is the prominent one. There
are several popular metalloproteins that contain a varied number of copper ions, such as azurin,
plastocyanin, and multicopper oxidase (MCO). The knowledge of electronic properties of these
copper protein is important to get the insight into the catalytic mechanism. In this study, we
focus on investigating the electronic properties of type I copper site in MCO protein for both
reduced (4E9T) and oxidized state (4ANER). This protein carries out the oxidation of oxygen
into water by involving electron transfer process.

[Computational Method] The type I copper site was extracted from the structure of protein.
The hydrogen atom was added into the site and the coordinate was optimized using B3LYP/6-
31G(d,p) method. Some electronic properties, such as charge distribution, frontier molecular
orbital (FMO) and spin density, was analyzed by recalculating single point energy of optimized
structure using B3LYP and M06 method. The electrostatic potential (ESP) charge was derived
using Merz-Singh-Kollman scheme. All calculations was conducted using Gaussian 09 package.

[Results and Discussion]| The type I copper site in MCO protein consists of copper ion,
two histidines, cysteine, and methionine residue. The analysis of FMO in Figure 1 shows that
dy2_,2 orbital of copper ion was found on both HOMO and SOMO. This orbital was involved in
the electron transition in ligand to metal charge transfer (LMCT) process. The shape of HOMO
and SOMO orbital calculated using both BSLYP and MO06 is quite similar. The charge distri-
bution analysis in Figure 2 reveals that partial charge of copper ion calculated using B3LYP is
more positive than those calculated using M06. Meanwhile, the partial charge of ligand atom
bonded to copper ion is less negative when it was calculated using M06. This reveals that M06
method can account the effect of electron of ligand atom into copper ion better than B3LYP.
The existence of one unpaired electron initiates the spin activity on 4ANER protein. Figure 3
shows that surface of spin density of 4NER protein calculated using B3LYP and M06 have si-
milar shape with SOMO orbital. The analysis of spin distribution confirms that the activity of
unpaired electron was dominant on d orbital of copper ion. The spin distribution of copper ion
calculated using MO6 is less positive than those calculated using B3LYP. It reveals that the M06
method is better in accounting the activity of unpaired electron on ligand atoms.

[Conclusion] The electronic properties of both reduced and oxidized MCO has been investi-
gated using BSLYP and M06 method. The results show the difference characteristic of electronic
properties between both protein.The comparison of calculation method reveals that MO06 is bet-
ter than B3LYP method in representing the electronic properties of type I copper site due to
the ability to consider the dispersion effect. It confirms by the difference in charge distribution
and spin distribution of copper ion calculated using both methods.
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Figure 1: The frontier molecular orbital of (a) 4E9T and (b) 4NER protein.

+0.01
(-0.01)

-0.22
17
s(-4).21) \ oy
+0.06 [‘0 15 X
(+0.06) -0.20 o2 (+0.14) - -0.35
s (02 (019 +o58 N (030
(+0.20) \7:361291 ) (+0.58 \7+0.16
- (+0.18)
\ \
N N
001 -0.06 009 +0.19
(0.01)  (+0.05) (-0.08) (+0.16)
(a) (b)

Figure 2: The charge distribution of (a) 4E9T and (b) 4NER protein. The value without parentheses
are calculated using B3LYP and these with parentheses are calculated using MO06.

0.00
009~
S
+0.53
(\106%3) goso -~
N S
N \// :36?481)
+0.03
N (+0:04)
@
N
(b)

Figure 3: (a) The spin density and (b) spin distribution of 4ANER protein. The value without parentheses
are calculated using B3LYP and these with parentheses are calculated using M06.
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