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We systematically evaluated the binding energies'&fdf, and @ transition-metal complexes with various
m-conjugate systems such as PtgRHC,H,—n(CH=CH,),}, Pd(PH){ CoHs—n(CH=CH,).}, [PtClk{ CoHs—n-
(CH=CHy)n}1, [PACE{ CoH4—n(CH=CH,)n}], and [PtCH CoHs—n(CH=CH,)n}]~ (n = 0—4) using the MP2

to MP4, CCSD(T), and density functional theory (DFT) methods. The MP4(SDQ) and CCSD(T) methods
present a reliable binding energy, whereas the DFT method significantly underestimates the binding energy
when the size of tha-conjugate system is large. The underestimation occurs independently of the coordinate
bonding nature; ther-back-donation is stronger than tledonation in the Pt(0) complexes, as expected,
they are comparable in the Pt(Il) complexes, and onlydduonation participates in the coordinate bond of

the Pt(IV) complexes. The DFT method provides moderately stronger charge-transfer (CT) interaction than
the MP4(SDQ) method, suggesting that the underestimation of the binding energy by the DFT method does
not arise from the insufficient description of the CT interaction. From theoretical investigation of several
model systems, it is concluded that the underestimation arises from the insufficient description of electron
correlation effects.

Introduction because Pt(Il) and Pt(IV) atoms possess one and two unoccupied
. ! . . d orbitals, respectively. Actually, it was theoretically shown that
in Dg?t?(l:tgl;urng Irolr;;l arll t:(?sors,ytgr)nFsT)r:f)vt\)/ggzvid E)ot:/se\(/eerry lfg/fg:& the m-back-donation interaction mainly participates in the

P ge sy ’ ys. ' coordinate bond of a Pt(0) complex, Pt##C.H,), and both

\évssckripggﬁsoﬁi\/;nbde;nvﬁ’/g';f?n?;té;g%ogér?rrgt';r:gzuggem theo-donation and the-back-donation interactions participate
P : ’ in the coordinate bond of a Pt(ll) complex, [P§@,H,)] ~.1214

conventional DFT method fails to evaluate the dispersion Thus, it is of considerable importance to clarify whether the

interaction, which plays important roles in van der Waals DFT method underestimates the binding energy of the transition-

o sy YAt el complex when oy tha-bac. donaon pariiptes i
9 y the coordinate bond or when both theback-donation and the

point is thg'lncorrect evaluatlon of polarlzabllltu_as and hyper- o-donation participate in the coordinate bond.
polarizabilities of larger-conjugate molecules. This weak point . i .
_In the present study, we systematically investigat&t af,

has been discussed in terms of the exchange-correlation func ddét " al | of coniugat : .
tionals, which shows the hybrid functionals present better results and d transition-metal complexes arconjugate systems using
various computational methods such as DFT, MP2 to MP4-

than the pure functionafs.
Recently, we theoretically investigated Pt(0) complexes of (SDTQ), anq C.C S.D(T)' OUF purposes here are to e_\{aluate
corannulene (@Hig), sumanene (GH), and Gol° because correctly their binding energies, to examine the reliability of
- AROT0) 12 o : the DFT method, and to clarify the reasons why the DFT method
these transition-metal complexes have drawn considerable . - .
underestimates the binding energies of suéhdd, and ¢ metal

attention in wide areas of chemistyin the study, we observed e
that the DFT method underestimated the binding energy betweenCOMPlexes as PURIH CoHan(CH=CHy)a}, PA(PH)o{ CoHa-n-

Pt(PH), and thesz-conjugate system in comparison with the (C(:::)_}(»:]Hz);}néﬁt&a??ﬁn(c(%ﬂi%)ﬁ}; }'][E’(zr(]:i%{_':g”(_f_:hi;e
MP2 to MP4(SDQ) methods. This is another serious problem ' ”I ; I 2t4anh f " I I .§°Ofd§1
in the DFT method because many transition-metal complexescom%exes were selected here as typical exampie
have been theoretically investigated with the DFT method. and d transition-metal complexes.
Because Pt(Pyh(CzoH10), Pt(PH)2(C21H12), and Pt(Pk),- _ _
(Cso) are Pt(0) complexes in which the Pt center takes® d COMPutational Details
electron configuration, the-back-donation interaction mainly The geometry of Pt(P#(C-H4) was optimized by the MP2
participates in the coordinate bofh® In Pt(ll) and Pt(IV) and DFT methods, where B3LYP!6 and B3PW915:17 func-
complexes, on the other hand, not only tiack-donation  tionals were used in the DFT calculation. Because the MP2-
but also theo-donation participates in the coordinate bond 4ng DFT(B3PW91)-optimized geometries agree better with the
experimental geometry than the DFT(B3LYP)-optimized one,
*To whom corrgspondence should be addressed. E-mail: sakaki@ as will be described below, the geometries of the other
moﬂi@%&,yﬁg[yé?;fy?' complexes were optimized by the DFT(B3PW91) method. In
* Fukui Institute for Fundamental Chemistry. the geometry optimization, split-valence-type basis sets, (541/
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J § 9 ? 49 j TABLE 1: Selected Bond Lengths (A) of
2 ( § Pt(PH3){ C;H4—n(CH=CH,),} (n = 0, 2) Optimized by the
. 8o 9 -f_; J""'J'- O ~2 MP2 and DFT Methods
. . Pt(PH)2(CH Pt(PH;)2(CeH
2119/ 2.119 2.103 / ' 2.146 2123/ \2.123 PP ( f:i(cz 4)c—c Pt (CH;)Z( ch)c
4 J 3 » ] - _ - _
"f.m" {43}‘;“ & 99 {14'5‘ L B3LYP 2306 2140 1431  2.163 1.442
B3PW91 2.280 2.119 1.431 2.123 1.445
2 ? MP2 2222gg 22.12;) 1.43?1 2.121 1.439
A expe : A1 1.434
‘:‘ j J‘J 31 a IZeference 39
v i et 7 Wi | '
2.169/ \2.128 2.161/ __2;1‘61 coordinating with Pt become longer as the number of vinyl
% . Ty & groups increases.
9 ‘4{45'0‘8--.3, 0 ﬁf As shown in Table 2, the binding energy considerably
) ” 1.479 J fluctuates around the MP2 and MP3 levels but much less around

the MP4(SDQ) and MP4(SDTQ) levels in all the complexes
examined. The MP4(SDTQ) method tends to present a larger
binding energy than the CCSD(T) method, and the inclusion
541/111/1) and (541/541/211/1), were used for the valence of triple-excitation increases the binding energies in both the
electrons of Pt and P&;*°respectively, and the effective core MP4 and CCSD calculations; see Table 2 for the MP4(SDQ)-,
potentials (ECPs) of Hay and Wagéitvere employed to replace  MP4(SDTQ)-, CCSD-, and CCSD(T)-calculated binding ener-
their core electrons, where one f polarization function was added gies. As a result, the MP4(SDQ)-calculated binding energy is
to each basis séf.For the other atoms, the 6-31G(d) basis sets almost the same as the CCSD(T)-calculated value in these
were used! This basis set system is named BS1. complexes. Thus, here we applied the MP4(SDQ) method to

The binding energies of these complexes were evaluated withlarge systems which could not be calculated with the CCSD(T)
the MP2 to MP4, CCSD(T# and DFT methods using better method due to the large size.
basis set systems, BS2 and BS3. In the DFT calculation, various Though the MP4(SDQ)-calculated binding energies change
functionals such as SVWR24BLYP,1516BP862426 B3LYP 1516 little as the size of the-conjugate system increases, as shown
B3PW911517 BHandHLYP16:2324 MPW1PW911728 and in Table 2, the DFT-calculated binding energy considerably
PBE1PBE® were employed to investigate what functional decrease$’for instance, the B3LYP-calculated binding energy
presents good results. In BS2, the 6-311G(d) basi$’sstze is 14.4, 6.7, and-1.1 kcal/mol for Pt(Pk)2(C2Hs), Pt(PH),-
used for H, C, P, and Cl. For Pd and Pt, the core electrons { C;Hx(CH=CH,),}, and Pt(PH){ Co(CH=CH,).} , respectively.
were replaced with StuttgardDresden-Bonn ECPs, and their It is noted that the DFT-calculated binding energy decreases in
valence electrons were represented by the (311111/22111/4114ll the functionals used here. For convenience, we defi&i#-

11) basis setl32We did not add the g polarization function (B3LYP) and ABE(B3PW91) as the difference between the
here, because the MP4(SDQ)-calculated binding energy of Pt-MP4(SDQ)- and DFT(B3LYP)-calculated binding energies (eq
(PHs)2(C2H4) changes little by addition of the g functialn 1) and that between the MP4(SDQ)- and DFT(B3PW91)-
BS3, the core electrons of Pt were replaced with the ECPs of calculated binding energies (eq 2),

Hay and Wadtg and the (33111/31111/1111/111/11) basis set

was used for its valence electrofs=or the C, P, and H atoms, ABE(B3LYP)= MP4(SDQ) binding energy-

the (63111/3111/11/1), (6311111/421111/111/11), and (3111/ B3LYP binding energy (1)
11) basis sets were employ&drespectively. These basis sets . -

were used in the G3MP2 calculation previou¥ly. ABE(B3PW91)y= MP4(SDQ) binding energy

The Gaussian 03 program package was used for all calcula- B3PW91 binding energy (2)
tion_s?ﬁ Populati70n al_walys_is was carried out wit_h the method of respectively. TheABE(B3LYP) and ABE(B3PW91) values
Weinhold et af” Orbital pictures were drawn with the MOLE- increase as the size of theconjugate system increases; for
KEL program packagé instance, thé\BE(B3LYP) andABE(B3PW91) values become
. . very large in Pt(Ph){ Co(CH=CH,).}, that is, 22.2 and
Results and Discussion 13.3 kcal/mol, respectively.

Binding Energies of Pt(PHs){ CoH4—n(CH=CHy),} (n = Itis noted that the binding energies calculated with the MP2-
0—4). Because the DFT method underestimated the binding optimized geometries are almost the same as those calculated
energies of the Pt(0) complexes of the largeonjugate systems  with the B3PW91-optimized geometry, suggesting that the MP4-
in our previous work? we evaluated the binding energy of (SDQ)//DFT(B3PW91) calculation presents a reliable binding
Pt(PH){ CoHs—n(CH=CHy,),} in which vinyl groups were energy; see the values in parentheses of Table 2 for the binding
introduced into the &C double bond one after another, as energy calculated with the MP2-optimized geometry.
shown in Figure 1. Our purpose here is to investigate whether We investigated Pd(Pb{ CoHs—n(CH=CHy,),} too. In these
the underestimation of the binding energy depends on the sizecomplexes, the MP4(SDQ)-calculated binding energy changes
of the m-conjugate system. Their geometries were optimized little as the size of ther-conjugate system increases, but the
with the DFT(B3PW91) method, because the DFT(B3PW91)- DFT-calculated binding energy considerably decreases, similar
optimized geometry of Pt(PHh(C,H4) agrees well with the to that of Pt(PH){ C;Hs—n(CH=CH,)n}; see Figures S1 and
experimental geometry of Pt(PREC.H4)3° and the MP2- S2 of the Supporting Information for the geometries and the
optimized geometry of Pt(PH(C:Hs), as compared in binding energies of the Pd(0) complexes, respectively.

Table 1; note that the DFT(B3LYP) method presents consider- Basis Set Superposition Error (BSSE) Correction It is
ably longer P+C and P+P bonds than their experimental necessary to examine how much BSSE influences the binding
values. Interestingly, the PC bond and the €C bond energy. Because Pt(BX C;Hs—n(CH=CH,),} (n=2—4) could

Figure 1. B3PW91-optimized structure of Pt(R¥{C.Hs—n(CH=CH,),)
(bond lengths in angstroms).
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TABLE 2: Binding Energies (kcal/mol) of Pt(PH3),{ Co:H4—n(CH=CH)),} (n = 0—4)
(A) Binding Energies Evaluated by the Post-Hartr€®ck Method

n MP2 MP3 MP4(DQ) MP4(SDQ) MP4(SDTQ) CCSD CCSD(T)
0 33.7(32.19 16.7 (14.7) 22.3(22.0) 22.2(21.7) 28:60)( 19.1 () 22.2
1 34.0 15.8 22.3 225 29.7 19.6 22.6
2 34.0 13.9 21.5 22.1 30.1 18.5 21.9
3 35.2 125 21.6 22.6
4 34.1 9.0 19.7 211
(b) Binding Energies Evaluated by the DFT Method with Various Functionals
n B3LYP B3PW91 BLYP SVWN ABE(B3LYP) ABE(B3PW91)
0 14.4 (13.9) 21.5(21.2) 12.1 (11.2) 40.8 (41.0) 7.9 0.8
1 11.3 18.4 8.3 38.2 11.3 3.9
2 6.7 13.8 3.2 34.1 154 7.7
3 4.0 11.3 0.4 32.7 18.7 104
4 -1.1 6.5 -4.8 30.0 22.2 13.3
BH and

n BP86 HLYP MPW1PW91 PBE1PBE

0 21.8 14.5 23.5 25.3

2 13.4 7.6 16.2 18.2

4 6.3 -0.4 9.2 11.6

a|n parentheses are given the binding energies calculated with the MP2-optimized geometry.

TABLE 3. BSSE-Corrected and BSSE-Non-Corrected terpoise method and the binding energy calculated with the
I(3Indlr(1)g Erit)erglels (|I<ctalén;)ol)ﬂ?f G§Z@§85H4’J(LC)ET=(§;LZ\)(”F}>) MP4(SDQ)/BS2 and MP4(SDQ)/BS3 methods are reliable.
n=0or alculate y the an Foni . i

Methods with the BS2 and BS3 Basis Sets Similar results were reported recently; the BSSE evaluated with

the counterpoise method is too large and should be decreased

MP4(SDQ) B3LYP to 50%1° Because much better basis sets were used here than
BSSE-non- BSSE- BSSE-non- BSSE- in the previous work? the BSSE is much smaller here than in
corrected  corrected  corrected  corrected the previous work. From these results, it is likely that the BSSE
Pt(PH)2(CoHa) is not significantly large.
BS2 22.2 11.3 14.4 12.5 . ;i -,
BS3 224 17.3 11.4 11.1 Binding Energies of ¢ and d® Transition-Metal Com-
Pt(PH,)2(CaHs) plexes We investigated here®dmetal complexes, [Pt&l
BS2 225 10.3 11.3 9.2 {CoH4—n(CH=CH,)n}]~ (n = 0—4). Because of the presence
BS3 223 16.3 8.3 7.4 of one unoccupied d orbital, both thedonation and the-back-

donation interactions participate in the coordinate bond of these
complexes, as will be discussed below. Thus, their coordinate
'Yonds are different from those of thé®dmetal complexes
Pt(PH)2{ CoHa—n(CH=CH,),} in which the z-back-donation
largely participates in the coordinate bond. From this investiga-
tion, we clarify whether the DFT method presents a reliable

not be calculated with the CCSD(T)/BS3 and MP4(SDQ)/BS3
methods, due to the large size, we made a comparison betwee
the MP4(SDQ)- and B3LYP-calculated binding energies of
Pt(PH){ CoHs—n(CH=CH,)} (n = 0 or 1), as shown in
Table 3, where the counterpoise method was employed to
vl BSSE e NPASDQIBS2 clelatn, 10 A0 g anrgy when ot te doaton and ek
the k?inding energies without BSSE c%rrection)./ In the DET- donati.on. interactions participate in the coordinate bond. .
(B3LYP)/BS2 calculations, on the other hand, the binding _ OPtimized structures of these complexes are shown in
energies with BSSE correction are little different from those Figure 2. The P£C bond distance becomes longer as the size
without BSSE correction. As a result, the BSSE-corret8¢t of the z-conjugate system increases. This bond lengthening is
value becomes very small; for instance, the BSSE-corrected 9réater than in Pt(PHi{ CoHa—n(CH=CH)n} . Also, it is noted
ABE value is—1.2 kcal/mol for Pt(PH)»(CzHa). Seemingly, _that the G=C double bond is shortgr in these_ comple_xes than
these results mean that the large binding energy by the MP4-in Pt(PH)2{ CoHa—n(CH=CHy)q}. This is consistent with the
(SDQ) method arises from the large BSSE and that the DFT _fact that ther-back-donation is weaker_ in the;e complexes than
method presents a reliable binding energy due to the smallin PUPH)A{ CoHan(CH=CHy)a}, as will be discussed below
BSSE. However, we must remember that the counterpoisein detail. The MP4(SDQ)-ca!cuIated binding energy decreases
method overestimates the BSSE correction. as the number of vinyl group increases by more than 2, as shown
It is expected that if the BSSE is large, the binding energy in Figure 3. On the other hand, thg DFT-caIcuIated binding
without BSSE correction should decrease and the binding energyenergy decreases much more. Thus, itis concluded that the DFT
with BSSE correction should increase as the basis sets usednethod underestimates the binding energies of théseetal
become better. However, the MP4(SDQ)-calculated binding complexes when the-conjugate system is large; for instance,
energy without BSSE correction changes little when BS3 is used the ABE(B3LYP) value is 25.2 kcal/mol for [PtglC(CH=
instead of BS2, while the binding energy with BSSE correction CH2)a}]™, which is almost the same as that for PtgF¥iC,-
considerably increases, as shown in Table 3; for instance, it (CH=CHz)4}. Similar results are observed in the Pd analogues
increases to 17.3 from 11.3 kcal/mol in Pt@#C,H4) and to [PACl{ Co(CH=CHy)4}]; see Supporting Information Figures
16.3 from 10.3 kcal/mol in Pt(PHi{ C;H3(CH=CH,)}. These S3 and S4 for their optimized geometries and binding energies,
results are against the above-mentioned expectation. Thisfespectively.
discrepancy between the expectation and the computational In [PtCls{ C;Hs—n(CH=CH,),}]~ (n = 0—4), the Pt center
results suggests that the BSSE is overcorrected by the countakes thet-4 oxidation state with the®klectron configuration.
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Figure 2. B3PW91-optimized structure of [P#CHs—n(CH=CHy)n}]~
(bond lengths in angstroms).
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Figure 3. Binding energies of [PtGQ{ CoHs—n(CH=CH_)n}]".
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Figure 4. B3PW91-optimized structure of [P#CHs4—n(CH=CHy)n}]~
(bond lengths in angstroms).

This suggests that the-donation interaction becomes more
important in these complexes than in the Pt(Il) complexes, as
will be discussed below. The PC bond distance is consider-
ably longer in these complexes than in PtgRHC,H4—n(CH=
CHy)n} and [PtCY CoHs—n(CH=CH,)n}]~; for instance, it is
2.829 A in [PtCH Cx(CH=CH,)4}]~, as shown in Figure 4,
indicating that the coordinate bond is weak. These results would
arise from the weakr-back-donation and the large steric
repulsion between the four CI ligands and theconjugate
system, as will be discussed below. In [R{@,H;—(CH=
CHo)n}]~, both the DFT- and MP4(SDQ)-calculated binding
energies decrease as the size of teonjugate system
increases. However, it is noted that the DFT-calculated binding
energy decreases more than the MP4(SDQ)-calculated value
actually, the ABE(B3LYP) and ABE(B3PW91) values of
[PtCIs{ Co(CH=CH,)4}]~ are very large, 26.6 and 23.6 kcal/
mol, respectively, as shown in Figure 5. Thus, it is concluded
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Figure 5. Binding energies of [PtG{ C;Hs—n(CH=CH,)n}]".

that the DFTmethod underestimates the binding energies of these
d® metal complexes, too, when theconjugate system is large.

Coordinate Bonding Nature and Electron Distribution.
Table 4 shows the natural atomic orbital (NAO) charge
evaluated by the MP4(SDQ) and DFT(B3LYP) methods. The
m-conjugate system is negatively charged, and its negative
charge increases as the size of#heonjugate system increases.
These results clearly show that theback-donation interaction
plays a more important role in Pt(R}X CoHs—n(CH=CHy)n}
than theo-donation interaction and becomes stronger with an
increase of the size of the-conjugate system. The DFT-
calculated negative charge is slightly larger than the MP4(SDQ)-
calculated value, indicating that the DFT method evaluates
slightly strongerz-back-donation than the MP4(SDQ) method.

It is noted that the difference in negative charge between the
DFT and MP4(SDQ) calculations increases with an increase of
the size of ther-conjugate system.

In the & metal complex [PtG{ C,Hs—n(CH=CH,).}]1", the
m-conjugate systems are almost neutral, indicating that both the
m-back-donation and the-donation interactions comparably
participate in the coordinate bond of these complexes. In&he d
metal complex [PtG{ CoHa—n(CH=CH,)}]~, thesx-conjugate
system is positively charged, indicating that thedonation
participates more in the coordinate bond than thback-
donation, as expected. In thé and ¢ metal complexes, the
DFT method tends to present a slightly less negative or a slightly
more positive NAO charge of the-conjugate system, respec-
tively. This suggests that the-donation is calculated to be
slightly stronger by the DFT method than by the MP4(SDQ)
method.

To present more detailed information about the coordin-
ate bonding nature, the molecular orbitals (MOs) of PHjPH
{ CoHyg—n(CH=CHg)n}, [PtC{ CoHs—n(CH=CHyp)n}]~, and [PtC}-
{CoHs—n(CH=CH,)}]~ are represented by linear combination
of the MOs of the fragments, as follow3:

Yi(A—B) = Zci,k¢k(A) + zdi,j¢j(B) (3)
]

wheregy(A) is the kth MO of such a metal fragment A as Pt-
(PHa)2, [PtCl]~, and [PtC4]~, ¢;(B) is thejth MO of such a
m-conjugate system B as;B4-n(CH=CHy),, andcix andd

are their expansion coefficients, respectively. The Mulliken-
like population of each fragment MO is represented by eqs 4
and 5.

occ

A = Y e’ + 3 cydiSil 4)
[ ]

occ

pi(B) = Z[di,jz + Zci,kdi,jsx,j] )
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TABLE 4: NAO Charges of CaHs n(CH=CH,), in Pt(PH3)z{ CoHs n(CH=CHy)s}, [PtCls{ CoHs n(CH=CH2)n}]-, and
[PtCls{ CoHan(CH=CHj)n}]~

Pt(P"b)z{ C2H4fn(CH=CH2)n} [PtC|3{ C2H47n(CH=CH2)n}]7 [PtCI5{ C2H47n(CH=CH2)n}]7
n MP4(SDQ) B3LYP MP4(SDQ) B3LYP MP4(SDQ) B3LYP
1 —0.356 —0.359 0.003 —0.002 0.184 0.209
2 —0.384 —0.393 —0.025 —0.013
3 —0.419 —0.424 —0.041 —0.034 0.180 0.226
4 —0.436 —0.456 —0.065 —0.056
5 —0.459 —0.470 —0.090 —0.074 0.171 0.199

TABLE 5: Mulliken-like Populations of Fragment MOs in Pt(PH 3)2(C2H,), [PtCl3(C2Hy4)]~, and [PtCls(CoH4)]~

Pt(PH;)2(C2Ha) [PtCl5(CoHa)]~ [PtCls(CoHa)]~
Pt Moiety
d--type orbitaf 1.962 1.938
d.-type orbita? 1.461 1.675 1.977
o-type unoccupied orbital 0.310 0.474 0.560
C,H4 Moiety
o orbital 1.652 1.558 1.510
a* orbital 0.556 0.390 0.174

aThis molecular orbital mainly consists of a drbital which does not interact with the* orbital of the z-conjugate systen®. This molecular
orbital mainly consists of a,dorbital which interacts with ther* orbital of the 7z-conjugate systent.This molecular orbital mainly consists of a
Pt 6s-like orbital in Pt(Pk)2(C-H4) and a d orbital in [PtCk(C;H4)]~ and [PtC¥(CzH4)] ~, where both interact with the-orbital of thez-conjugate
system.

participates in the coordinate bond of tHendetal complex. Of
course, we must consider the possibility that these population
changes arise from polarization interaction. In these systems,
however, the population changes in theodcupied and-type
unoccupied MOs are similar to the population changes in the
¢ ¢ ” o a* and r MOs of thesr-conjugate system, respectively. These
4 &5 " results indicate that the population changes are induced by the
‘Ké’ * CT interactions such as tlwedonation and the-back-donation.
x 3 % From these results, it is concluded that the coordinate bonding
nature is much different among thes®,d®, and ¢ metal
complexes and that the DFT method underestimates the binding

: 8 energies independently of the bonding nature whemntticen-
vv., t ")6 ® jugate system is large.
s

— Why Does the DFT Method Underestimate Binding
Energies When the #-Conjugate System Is Large?lt is
(a) Pt(PH3), (b) [PH(Cl3)]" () [P(Cl3)]” important to clarify the reason why the DFT method underes-
Figure 6. d,- and d-type orbitals of (a) PP, (b) [PtCH-, and timates the binding energy when theconjugate system is large.

() [PtCK]". We must remember that the DFT method tends to overestimate

whereS,; is the overlap integral between tkiét MO of fragment _the chargequlocallzatlon and cannot calculate well the d|§per5|on
; interaction™* Here, we examine whether these tendencies lead

A and thejth MO of fragment B. It is noted that the sum of t0 th q imati f the bindi
these populations of the fragment is the same as the sum of the© (N€ underestima 'O_n O_ € binding energy.
Mulliken — atomic  populations of fragment A. (1) Charge DelocalizationAs well-known, the DFT method

Table 5 summarizes the DFT(B3LYP)-evaluated Mulliken-like Overestimates electron delocalization. If the DFT method
populations of the goccupied and-type unoccupied MOs of ~ overestimated the CT interaction between the metal center and

Pt(PH),, [PtCk]~, and [PtC4]~ and those of ther andsz* MOs thes-conjugate system, it overestimated the binding energy and

of CoHa in Pt(PH)2(CoHa), [PtCh(CoHa)]~, and [PtCYCoH4)] vice versa. In the Pt(0) complexes, the population analysis shows
see Figure 6 for these MOs. In th®dhetal complex Pt(Ph);- that the DFT method presents slightly strongeack-donation
(CoH4), the population (1.461e) of the, dMO is significantly from the Pt center to the-conjugate system than the MPA4-
small, while it is 1.675e in thefnetal complex [PtG(CzH4)]~ (SDQ) method, though the difference is not large. In the Pt(ll)

and 2.00e in thef%imetal complex [PtG(C,H4)] . These results ~ @nd Pt(IV) complexes, the DFT method moderately overesti-
clearly show that the-back-donation interaction is considerably ~Mates thes-donation from ther-conjugate system to the Pt
strong in the & metal complex but becomes weaker in tife d ~ center, compared to the MP4(SDQ) method. These results
metal complex than in the'@imetal complex and is not formed ~ suggest that the DFT method tends to overestimate the CT
at all in the & metal complex. On the other hand, the population interaction in these complexes, as expected. This tendency would
of the o-type unoccupied MO increases in the ord¥rd d® < lead to the overestimation of the binding energy by the DFT
dé. This result indicates that thedonation interaction becomes method, which is not consistent with the underestimation of the
stronger in the order'l < d® < df. Consistent with these results, ~binding energy by the DFT method.

the populations of ther andr* MOs decrease in the ordetd Thus, we must consider another factor responsible for the
> d® > db. All these results indicate that theback-donation underestimation of the binding energy. If the DFT method
is stronger than the-donation in the ¥ metal complex, both overestimated the delocalization of negative charge on the
are comparable in the® dhetal complex, and only the-donation m-conjugate system which was induced by #hback-donation,
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SCHEME 1. Delocalization Effect 9 9 9 9 3 )
o . : . |
Pt 9. @o 29 a3 9 @
CT 2119/ 2.119 2.131/ 1 2.131 2.142/ \2.142
» & J_“ § )4" -‘}“i)
H,C=HC CH=—CH, 1.431 1.435% 14529
8,- \ 8- 9 5 7 }
cl=c'
/ ™~ Figure 7. B3PW91l-optimized structure of Pt(R}X CoHa—n(CHs)n}

H,C=HC 8- §- ~CH=CH,

N

delocalization

(bond lengths in angstroms).

30.0

The delocalization decreases d;- and increases d,-.

|

Electrostatic interaction between Pt and C! decreases.

20.0

TABLE 6: Interaction Energies (kcal/mol) between the

Binding energy (kcal/mol)

Radical Anion [¢C;H4-n(CH=CH5),]~ and a Positive Charge 10.0 —=—MP4(SDQ)
——B3LYP
n=0 n=2 n=4 e --&- A BE(B3LYP)
MP4(SDQ) 196.4 168.6 157.3 —e—B3PWOI
B3LYP 195.9 166.6 155.4 00 & -©- A BE(B3PWII
B3PW91 197.3 168.3 157.5 0 1 5 3 4
the DFT method underestimated the electrostatic interaction n

between the positive charge on Pt and the negative charge orfigure 8. Binding energies of Pt(Pfb{ CoHa-n(CHa)n} -

the w-conjugate system, as shown in Scheme 1. Certainly, the SCHEME 2: System Which Consists of Pt(PH), and
coordinating C atoms are calculated to be more negatively Two Methane Molecules

charged and the C atoms of the vinyl groups are calculated to

be less negatively charged by the MP4(SDQ) method than by J 1)
the DFT method, though the differences are small; see Sup- |

porting Information Figure S5. Using these negative charges, j‘J JJ
we approximately evaluated the Coulomb interaction between

the z-conjugate system and the positively charged Pt atom.

When a+1 positive charge is placed on the Pt atom, the

Coulomb interaction is—89.9 kcal/mol for the MP4(SDQ)-

calculated electron distribution an€90.3 kcal/mol for the R
DFT(B3LYP)-calculated electron distribution. The difference

is much smaller than that between the MP4(SDQ)- and DFT-

(B3LYP)-calculated binding energies. Iy o
We also evaluated the interaction energy between a radical '?
anion, pCoHs—n(CH=CHpy),]~ (n = 0, 2, or 4), and a positive 4 J

charge using the DFT and MP4(SDQ) methods, where the
geometry of GH4—,(CH=CH,), was taken to be the same as estimated the binding energy. Here, we investigate whether the
that in Pt(PH){ C;Hs—(CH=CH,),} and a positive charge was dispersion interaction contributes to the binding energy. How-
placed at the position of the Pt center. If the DFT method ever, we cannot estimate the energy stabilization by the
overestimated the delocalization of negative charge, the negativedispersion interaction between Pt(fHand the vinyl group,
charge on the C1 atom decreased, where the C1 atom coordibecause the vinyl group contributes not only to the dispersion
nates with the Pt center (Scheme 1), which led to underestima-interaction but also to the CT interaction with the Pt center.
tion of the electrostatic interaction by the DFT method. As We investigated here Pt(B}X C,Hs—n(CHs)n} in which methyl
shown in Table 6, the energy difference between the DFT- groups are introduced to the<C double bond, because the
(B3LYP) and MP4(SDQ) methods is less than 2 kcal/mol and methyl group forms a dispersion interaction but not a CT
that between the DFT(B3PW91) and MP4(SDQ) methods is interaction with the Pt moiety. The optimized geometries and
less than 1 kcal/mol. These differences are much smaller thanbinding energies of these complexes are shown in Figures 7
the difference between the DFT- and MP4(SDQ)-calculated and 8, respectively. In these complexes, thA8E value
binding energies; remember that tABE(B3LYP) value is increases, in other words, the DFT-calculated binding energy
22.2 kcal/mol and thABE(B3PW91) value is 13.3 kcal/mol  decreases, as the number of methyl groups increases, whereas
for C(CH=CHy,)4. Moreover, the difference between the DFT- the MP4(SDQ)-calculated value decreases little. This behavior
and MP4(SDQ)-calculated electrostatic interaction energies is similar to that of Pt(Pg)2{ CoHs—n(CH=CH>)}.
changes little as the size of theconjugate system increases If this underestimation arises from the poor description of
From these results, it is concluded that the delocalization of the dispersion interaction, a similar underestimation should occur
the negative charge in theconjugate system is not responsible in the interaction between Pt(Rdand the methyl substituents.
for the underestimation of the binding energy by the DFT We evaluated the interaction energy between Pi[P&hd two
method. methane molecules, as shown in Scheme 2, where we employed
(2) Dispersion Interaction If the dispersion interaction = methane instead of the methyl substituent because the methyl
contributed to the binding enerdy® the DFT method under-  radical would form a covalent interaction with Pt(Bi The
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6.0 TABLE 8: Binding Energies (kcal/mol) of
l Pt(PH3)o{ CoHs—n(CH=CHy),} (n = 0—4) Calculated with the
il Hartree —Fock Method
= B
‘E 2.0 ;i’ - n=0 n=1 n=2 n=3 n=4
E oo L ey BE 3.2 04 25 55  -108
E 2.0 { |——BaLYP ligands and substituents is notinvolved i§®@iH,—n(CH=CH,)},
£ &0 - - B3PW9I these results suggest that not only the dispersion interaction but
' —&—MP4(SDQ) also another factor is responsible for the underestimation.
6.0 ' ' bo 2881007 We also evaluated the binding energy of PRHCH4—(CH=
2.00 4.00 6.00 8.00 CHy)n} at the Hartree'Fock level. Interestingly, the binding

energy decreases as the size ofitheonjugate system increases,

R (A . ) S
&) as shown in Table 8. This behavior is the same as that of the
Figure 9. Potential energy curves in Pt(Bk{CH,).. R represents the DET method.

distance between Pt and the centers of the two C atoms. From all these results, it should be concluded that if the

electron correlation effects are not sufficiently taken into
Ronsideration in the calculation, the binding energy decreases
as the size of tha-conjugate system increases. It is likely that
the use of a single-determinant wave function is one of the
reasons that the DFT method underestimates the binding energy
of the transition-metal complexes withzaconjugate system
when the size of ther-conjugate system is lardgé.

of the methyl groups in Pt(Pb(transMeHC=CHMe). The
MP4(SDQ) and CCSD(T) methods present a considerably large
energy stabilization aroun = 2.8 A, as shown in Figure 9.
However, the B3LYP and B3PW91 methods present an energy
destabilization around there. The difference between the DFT-
and MP4(SDQ)-calculated binding energies of P{p{ttans
MeHC=CHMe) is about 12.5 kcal/mol, but we must remember
that the binding energy of Pt(R}(C.H4) is different by

7.8 kcal/mol between these two methods. Thus, two methyl In this study, we systematically evaluated the binding energies
groups induce an energy difference of 4.7 kcal/mol, which is of d® d® and & transition-metal complexes of-conjugate
similar to the difference (5.8 kcal/mol) in the interaction energy systems using the MP2 to MP4, CCSD(T), and DFT methods
of Pt(PH)2(CHg)2 between the DFT and MP4(SDQ) calcula-  with triple-Z-quality basis sets. The binding energy of Pt§RH
tions, where the distance between Pt and the centers of the two{ C;Ha—n-(CH=CH,),} considerably fluctuates around the MP2
C atoms was taken to be the same as that of R)gkans and MP3 levels but much less upon going to MP4(SDQ) from
MeHC=CHMe). Because the stabilization energy between Pt- MP3. The binding energy moderately increases upon going from
(PHs)2 and CH is considered to arise from the dispersion MP4(SDQ) to MP4(SDTQ) and from CCSD to CCSD(T). The
interaction, these results lead to the conclusion that the insuf-MP4(SDTQ) method tends to present a moderately larger
ficient description of the dispersion interaction by the DFT binding energy than the CCSD(T) method. Thus, the MP4(SDQ)
method is one of the reasons for the underestimation of the method presents a binding energy similar to that of the CCSD-

Conclusions

binding energy? (T) method, which indicates that the MP4(SDQ) method
(c) Other Factors The B3PW91 functional presents energy provides a reliable binding energy from a practical point of view.
stabilization of the metharemethane interaction like the It should be noted that the MP4(SDQ)- and CCSD(T)-

CCSD(T) method. Because metharemethane interaction  calculated binding energies of Pt(Rb C;Ha—n(CH=CH,).}

mainly arises from the dispersion interaction, the B3PW91 change little as the size of theconjugate system increases,

functional is not very bad at evaluating the dispersion interaction. while the DFT-calculated binding energy considerably decreases.

Nevertheless, the DFT(B3PW91)-calculated binding energy The difference between the DFT- and MP4(SDQ)-calculated

decreases as the size of tieonjugate system increases, unlike binding energies reaches about 25 kcal/mohfer 4. The DFT-

the MP4(SDQ)-calculated value. calculated binding energies of suchahd ¢ metal complexes
We investigated here the complexes of a bare Pt(0) atom with as [PtCk{ CoHa—n(CH=CH,)n}] ", its Pd analogue, and [Pl

the m-conjugate systems, {&H;—n(CH=CH,),}. In these {CoHs—n(CH=CH,)n}]~ decrease similarly.

complexes, the DFT-calculated binding energy considerably Population analysis based on the fragment MOs and usual

decreases to an extent similar to that of P#RHC,Hs—n(CH= natural atomic population leads to the conclusion that the

CH,)n} as the size of ther-conjugate system increases (see bonding nature is quite different in these complexes;tck-

Table 7), while the MP4(SDQ)-calculated binding energy donation mainly participates in the coordinate bond of the Pt-

decreases little. Because the dispersion interaction between th€0) complex, thes-donation andz-back-donation comparably

TABLE 7: Binding Energies (kcal/mol) of Pt{ CoHs—n(CH=CHy).}
(A) Binding Energies Evaluated by the Post-Hartr€®ck Method

n MP2 MP3 MP4(DQ) MP4(SDQ) CCSD CCSD(T)
0 86.6 61.0 67.3 70.7 67.5 72.4
2 85.8 56.6 64.8 69.0
4 88.5 54.8 66.0 71.1
(B) Binding Energies Evaluated by the DFT Method with Various Functionals
n B3LYP B3PW91 ABE(B3LYP) ABE(B3PW91)
0 62.8 69.6 8.0 1.2
2 55.9 63.2 131 5.9
4 52.1 60.0 19.0 111
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participate in the coordinate bond of the Pt(ll) complex, and
the o-donation largely participates but the-back-donation
participates little in the coordinate bond of the Pt(IV) complex.
Thus, it is concluded that the DFT method underestimates the
binding energy independently of the coordinate bonding nature
when thes-conjugate system is large.

The reason for the underestimation was investigated with
model systems Pt(PHi{ CoHs—n(CHs)} and Pt(PH), + 2CH,.
We found that the DFT method underestimated the interaction
between Pt(PkJ, and two methane molecules to an extent
similar to that of the binding energy of Pt(B{transMeCH=
CHMe). This result suggests that the dispersion interaction is

one of the reasons for the underestimation of the binding energy(L__

by the DFT method® However, it is noted that the DFT-

J. Phys. Chem. A, Vol. 111, No. 30, 2007131

(4) Tsuzuki, S.; Lthi, H. P.J. Chem. Phys2001, 114, 3949.
(5) Wu, Q.; Yang, W.J. Chem. Phys2002 116, 515.
(6) Meyer, E. A.; Castellano, R. K.; Diederich, Angew. Chem., Int.
2003 42, 1210.
(7) Sponer J.; Hobza, Zhem. Phys. Lettl997, 267, 263.
(8) Aravinda, S.; Shamala, N.; Das, C.; Sriranjini, A.; Karle, I. L.;
Balaram, PJ. Am. Chem. So003 125 5308.
(9) (a) Champagne, B.; Perpete, A.; van Gisbergen, S. J. A.; Baerends,

E. J.; Snijders, J. G.; Soubra-Ghaoui, C.; Robins, K. A.; Kirtman,) B.
Chem. Phys1998 109 10489. (b) Champagne, B.; Perpete, A.; Jacquemin,
D.; van Gisbergen, S. J. A,; Baerends, E. J.; Soubra-Ghaoui, C.; Robins,
K. A.; Kirtman, B. J. Phys. Chem. R200Q 104, 4755.

(10) Kameno, Y.; Ikeda, A.; Nakao, Y.; Sato, H.; Sakaki,JSPhys.
Chem. A2005 109, 8055.

(11) (a) Lee, K.; Song, H.; Park, J. Acc. Chem. Re003 36, 78.
b) Nakamura, E.; Isobe, HAcc. Chem. Re2003 36, 807. (c) Balch, A.
Olmstead, M. M.Chem. Re. 1998 98, 2123.
(12) Albright, T. A.; Hoffmann, R.; Thibeault, J. C.; Thorn, D. L.

Ed.

calculated binding energy between the bare Pt(0) atom and theAm. Chem. Sod 979 101, 3801.

m-conjugate system decreases with an increase of the size o
the m-conjugate system but the MP4(SDQ)-calculated value
changes little, indicating that not only the dispersion interaction

f (13) Sakaki, S.; leki, MInorg. Chem.1991 30, 4218.

14) Hay, P. JJ. Am. Chem. S0d.981 103 1390.
(15) (a) Becke, A. DJ. Chem. Phys1986 84, 4524. (b) Becke, A. D.
Phys. Re. A 1988 38, 3098. (c) Becke, A. DJ. Chem. Phys1993 98,

between the substituents and the metal moiety but also anotheb648.

factor is responsible for the underestimatférhe Hartree-
Fock-calculated binding energy of Pt(B C,Hs—(CH=CH,).}

also decreases as the size of fheonjugate system increases.
From these results, we present several conclusions, as follows

(1) The DFT method underestimates the binding energies of
these &, d®, and & metal complexes with a large-conjugate
system.

(2) The DFT method tends to moderately overestimate the
CT interaction, which is not responsible for the underestimation
of the binding energy.

(3) One of the reasons for the underestimation is the poor

description of the dispersion interaction between the substituents

of the G=C double bond and the metal moiéfy.
(4) The insufficient incorporation of the electron correlation

effects is one of the reasons that the DFT method underestimate%

the binding energy of these complexes when #heonjugate
system is largé?

The present examination was made for the late-transition-
metal complexes. It would be interesting to investigate the
binding energies of the middle- and early-transition-metal
complexes, because the electronic structure would be very
different among the early-, middle-, and late-transition-metal
complexes.
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