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The geometrical structures, atomic charges, and relative energies of tetracoordinated Pd complexes[PdClsZ (Z
=CI7, Br, OH™, H,0, NH3, PHg), PdCl,Z, (Z =Br7, OH", H,O, NH3, PHg), Pdz ,X (Z =CI7, OH™, H,0, NH3,
PH3; X = oxalate, O, CCOy"), and PdZ,Y (Z = Cl~, OH7, H20, NHs, PH3; Y = succinate, CO;" CHCHCO; )]
and the ligand exchange reactions of the Pd complexes were investigated using the ab initio second order
Moller-Plesset perturbation (MP2) and Density Functional Theory (DFT) methods. The geometrical
characteristics of the tetracoordinated Pd(I1) complexes with mono- and bidentate ligands, the effects of the
atomic chargesfor the charged and uncharged ligands, the (d,.-7) interactions between the d-orbital of Pd(I1)
and the 7-orbital of bidentates, and the relative stabilities between the isomers of PdCl»Z, and PdZ,Y were
investigated in detail. The potential energy surfacesfor the ligand exchange reactions used for the conversions
of { [PACI>(NHzg)2] + H20} to{ [PACI(NH3)2(H20)]* + Cl~} and{[PdCl»(PH3)2] + H-O} to {[PdCl(PH3)2(H:0)]*
+ CI7]} were investigated. The geometrical structure variations, molecular orbital variations (HOMO and
LUMO), and relative stabilities for the ligand exchange processes were also examined quantitatively.
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Density functional theory

Introduction

The properties and reactivities of palladium complexes
have been studied with various theoretical and experimental
techniques.¥™*® In particular, the reactivities have been
investigated by focusing on the geometrical structures (PdLa,
PdLs, PdLe) and the ligand exchange reactions in the
solvation system via a ligand-solvent interaction and/or
metal-solvent/ligand interaction (e.g., Pd-DNA bases inter-
actions).’® In the tetracoordinated Pd(I1) complexes, the
ground electronic configuration of the central Pd(11) metal is
4c® with a partially occupied d-shell as a °F state. Since the
unoccupied dye.y2 orbital of the Pd center interacts with the
lone pair orbitals of four surrounding ligands, the structural
characteristic of Pd(I1) complexes has the tendency to form
sguare planar geometry. The occupied de-orbital of Pd(l1)
interacts with the fifth or sixth ligands at the axial positions
of the square planar geometry.®*

The binding between the transition metal and macrocyclic
ligands containing electronegative atoms are formed with
the coordination of the N- and O-atoms (hard o-donor
properties) and the P- and S-atoms (soft o-donor and 7-
acceptor properties) on the ligand.** The geometrical struc-
tures of the macrocyclic Pd complexes are distorted from the
mr-acceptor property using empty d-orbitals on the P- and S-
atom. Generally, the Pd(I1) complexes have a square-planar
Pd(11) center bound to the electronegative atom on ligands.
With the presence of an axia (Pd---L) intramolecular

interaction, the geometrica structure of the macrocyclic Pd
complexes { Pd([9]aneS;0)Cl,} results in five coordinated
complexes. The Pd(I1) center is not co-planar with the four
donor set. Two of the donor atoms lie above the mean plane
and two atoms below.* The distances of the apical (Pd---L)
interaction are longer than the values of a Pd-S (Pd-N, Pd-O)
bond observed normally.>? That is, the distance (2.92 A) of
the axia (Pd---S) interaction is in excess of the normal
bonding range of Reas) = (2.30~2.50 A). Meanwhile, the
Pd-S distances of the two equatorial thia donors are shorter
than those of Pd(ll) complexes coordinated with four
equatorial thia donors.*? Regarding the decrease of the Pd-S
distances, it has been known that z-orbital back donation
occurs from the Pd(I1) ion to the S atom. The characteristics
of the microcyclic-meta complexes are electronicaly
controlled by the metal-donor atom interactions rather than
by any conformational and configurational constraints of the
macrocyclic ligands.

The ligand exchange reactions at the Pd(ll) center are
suggested to proceed via a five-coordinated metal-ligand
interaction.>* These ligand exchange processes are aso
characterized by electron density transfers from the entering
ligands with the lone pair electron to the leaving L groups
via the centra Pd(Il) metal. In the reaction mechanisms
associated with the ligand exchanges a the Pd(ll) com-
plexes, the exchange reaction proceeds via a verticaly five-
coordinated transition state ([PdLs]*) leading to Ca-sym-
metry.> The relative activation energies for the exchange
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reactions are about 3-49 kJmol. The geometrical structures
and potential energy surfaces for the ligand exchange reac-
tions of the platinum complexes were examined by Park et
al.®> The transition state for the exchange reactions has a
Ci-symmetrical structure with both hydrogen-bonded and
direct metal-solvent interactions. The hydrolysis processes
of cis-dichloro(ethylenediamine)platinum were investigated
by Santos group.® In the reactant and product, the entering
H-O and leaving Cl groups hydrogen-bond to the central Pt
cation. In the transition state, the oxygen atom of the
entering water axially bonds to the d.-orbital of Pt(l1) and
two H atoms of the water simultaneoudly orient towards the
two chloride. Experimentally,'? two vertical metal-oxygen
interactions at the apica positions of the sguare planar
PtCl,*~ complexes were observed by Caminiti et al.™ The
geometrical structure of [MCl4]?-(H.0)2 by the metal-
oxygen interaction is a distorted octahedral complex.

In this work, we studied the geometrical structures of the
tetracoordinated Pd(I1) complexes coordinated by the mono-
and bidentate ligands and the potential energy curves of the
ligand exchange reaction via a five-coordinated Pd-OH;
interaction. First, the geometrical structures of the Pd(I1)
complexes were optimized with the monodentates and
bidentates (neutral and anionic states). Second, the binding
intensity of the N-, O- (o-donor), and P-atom (o-donor and
mr-acceptor) on the ligand and the fifth axial (Pd--- zz-orbital)
interactions between Pd and the 7-orbital of bidentate were
examined. Finally, to elucidate the reactivities of the ligand
exchange process in the ligand-solvent interaction and the
interaction between Pd(l1) and the fifth ligand, the potential
energy surfaces of the conversion from the reactants (PdY 2L
+ L") to the product (PdY,LL' + L) were calculated.

Computational Methods

The equilibrium geometrical structures of tetracoordinated
palladium [PdClsZ (Z = CI, Br, OH™, H,O, NHs;, PH3),
PdCl.Z» (Z = Br7, OH™, H20, NHs, PH3), Pdz,X (Z =ClI,
OH~, H20, NHj3, PH3; X = oxdate, O, CCO;), and PdZ,Y
(Z = CI7, OH7, H.O, NHs3, PHsz Y = succinate, CO;
CHCHCO7)] complexes were fully optimized with the ab
initio second-order Moller-Plesset perturbation (MP2), and
density functiona theory (DFT) levels using the Gaussian
03.*15 The hybrid DFT (B1LYP, B3LYP, B3P86) density
functional utilizes the exchange functional of Becke'* in
conjunction with Lee-Yang-Parr correlation function®® and
provides good structural and energy-related information,
even for relatively large chemical systems such as transition
metal complexes. To confirm the existence of stable struc-
tures, the harmonic vibrational frequencies of the species
were analyzed at the B3P86 level. In addition, the atomic
charges of the natural bond orbital (NBO) of the equilibrium
(PdY2L2) complexes were also analyzed to investigate the
charge transfer of the ligand exchanges. The standard 6-
311+G" basis sets are used for the (H, N, O, P, Cl, and Br)
atoms (3-21G™ for Pd). To obtain more reasonable results,
we used the lanl2dz basis functions for Pd.
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The potential energy surfaces of the ligand exchange reac-
tionsfrom (PdZZC|2 + H>0; Z = NHs, PH?,) to (PdZQ(:leO +
CI") are calculated for Rpg.ci and Reg.0 using the B3P86/(6-
311+G™ for H, N, O, P, Cl, Br; 3-21G"" for Pd) levels. The
potential energy curves from [Pd(NH3).Cl, + H,Q] to
[PA(NH3).CI(OH2) + CI7] are calculated using the tota
energies as afunction of the (Pd-O) distances in the range of
2.0to0 4.5 A and the (Pd-Cl) distances in the range of 2.3 to
4.85 A. The potentia curves from [Pd(PH3).Cl> + H;0] to
[Pd(PH3).CI(OH2) + ClI7] are cdculated using the total
energies as afunction of the (Pd-O) distances in the range of
2.02) 45 A and the (Pd-Cl) distances in the range of 2.3 to
45A.

Results and Discussion

Geometrical structures of Pd complexes. Geometrical
structures of tetracoordinated Pd complexes at the B3P86/6-
311+G™ (3-21G™ for Pd) level were optimized and the most
stable isomers are represented in Figure 1. The geometrica
strucrures used the lanl2dz basis functions for Pd are similar
to those used 3-21G™. In the PdClsZ and PdCl.Z, com-
plexes, Pd(l1) is located at the center of the square planar
structure surrounded by four neutral and anionic ligands.
The geometry of [PdCl4]? is a Da-structure. Changing from
one ligand to two, the geometrica structures of PdClsZ and
PdCl2Z; turn to Cy-symmetry. In the PdCl>Z, complexes, the
structures of the trans-types are more symmetric than those
of the cis-type. In [PdClsZ, PdCl»Z, (Z = OH™, NH3, H20)],
atype of 4-membered (Pd-Z-H---Cl) interaction (the weakly
long range interactions of Ry...o = 2.2~2.4 A) isformed and
the optimized structures are dightly distorted. In particular,
the structures of [PdCI3(OH)]?~ and [PdCI»(OH),]? with the
anionic (OH)" ligand are more distorted than the others.

To investigate the (d-7) intrasmolecular interaction, the
geometrical structures of [PdZx(oxalate)] and [PdZx(succi-
nate)] coordinated with the bidentate were optimized. The
oxaate (O, CCOy) is a bidentate ligand consisting of an
ethylene unit and four oxygen atoms. When a oxaate
coordinates to Pd(Il), the cis[PdZx(oxaate)] complexes
with a 5-membered ring are optimized to be stable. Due to
the short internuclear distance between the Pd atom and the
ethylene group and the narrow coordinated angle, the twist-
ed cis[PdZ,(oxalate)] complexes are not optimized except
for twisted cis[Pd(PHs)2(oxalate)], which exhibits the
tetrahedral geometry. The structure of cis-[PdZz(oxaate)] is
a completely planar geometry. In cis[PdZx(oxaate) (Z =
OH~, NHs, H20)], the H atom of Z directs to the lone pair
electron of the binding O atom in oxaate.

To reduce the repulsion owing to the short distance bet-
ween Pd(Il) and the ligand, the succinate is chosen as a
bidentate ligand. The succinate (CO,-CHCHCO;) ligand
consists of an ethylene unit and two carboxylate groups.
When a succinate coordinates to Pd(I1), a 7-membered ring
in the Pd complex is formed. The internuclear distance
between the Pd(11) center and the C=C group in [PdZx(succi-
nate)] is dightly longer than that of [PdZx(oxaate)]. As a
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Figure 1. Optimized geometrical structures of [PdClsZ], [PdCI2Z2], [PdZ2X], and [PdZ,Y] at the B3P86/6-311+G™ (3-21G ™ for Pd) levels.
The frontal view denoted as (a), the side view denoted as (b).
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results, the cis- and twisted cis-types of [PdZx(succinate)]
are optimized to be stable as distorted square planar array. In
cis[PdZy(succinate)], the ethylene group of succinate
localizes to the outer side on the square planar geometry.
Therefore, the (7-dz2) intramolecular interaction between
the z-orbital and the d.>-orbital does not occur. On the other
hand, in the twisted cis[PdZ;(succinate)], the ethylene
group is located at the axia plane in paralld with the
occupied dez-orbital of Pd. Due to the weakly (7-d;2) intra-
molecular repulsion, the structures of the twisted cis
[PdZx(succinate)] are not co-planar with the four donor
atoms.

The parameters of the optimized structures of Pd com-
plexes are listed in Table 1. Our optimized distances are
dightly longer than those of the previous theoretical>12162
and experimental™?>3 values. The obtained values used the
lanl2dz basis functions for Pd are similar to those used 3-
21G™. The internuclear (Pd-L) distances optimized at the
B3P86 levels are shortest. In the dianionic [PdClsZ]*
complexes coordinated with the anionic (Br~ and OH")
ligands, the (Pd-Br and Pd-OH) distances were relatively
decreased with the interaction between the cation of Pd and
the anion of the ligands. Therefore, the bond distances of
R'pe-cr of the trans-position are longer than Roq.ci of the cis-
position. Meanwhile, in PdClsZ with the neutral (NHs, H2O,
PH5) ligands, R'rsci Of the trans-position are shorter than
Rn.ci Of the cis-position. Meanwhile, in [PdCl.Z5]* (Z =
Br-, OH"), the Rpyq distances in cis-isomer are relatively
longer than those of trans-isomer. By the long range (Ru---c1)
interaction in [PdCI»(OH),]%", the optimized Rpu.ci distance
islonger than that of [PdCl4]%". In cis-PdCl,Z», the £ Cl-Pd-
Cl and £ Z-Pd-Z angles are wider than the angle of ¢ = 90
degrees.

In the dianionic cis-[PdZ,(oxalate)] complexes with (Z =
Cl~and OH"), the optimized Rpy-0 distances between Pd and
two binding O atoms of oxalate are longer than that of cis-
[PACI»(OH),]? with the monodentate. On the other hand, in
neutral cis-[PdZx(oxdate)] with (Z = OHz, NH3, PH3), Res.o
between Pd and the O atoms is shorter. The optimized Rpy-z
distances between Pd and (Z = Cl~, OH~, OH2, NH3, PH3) in
[PdZ,(oxaate)] are longer than those of cis[PdCl»Z;] with
the corresponding monodentates. In cis-[PdZ;(oxalate)], the
internuclear distance (Rpu--c) = 2.8 A) between the Pd atom
and the ethylene group is shorter than that (Rpa--)" = 3.134
A) of twisted cis[Pd(PHs).(oxalate)]. Due to the short
internuclear distance of (Rpa--q)"), the twisted cis[PdZx-
(oxalate)] complexes are not optimized except for twisted
cis[Pd(PHs)2(oxaate)] with the tetrahedral geometry. The
(£ O-Pd-O) angles formed by the oxalate are narrower than
@ = 90 degrees. The Rpe.o and Rpy.p, distances of cis
[Pd(PHs)-(oxadate)] are shorter and longer than those of
twisted cis-[Pd(PHs)(oxalate)], respectively.

With the relatively long Rpd--c) distance, the cis- and
twisted cis-types of [PdZz(succinate)] with the 7-membered
ring are optimized to be stable. The Reeo and Rpg--q)
distances of cis-[PdZy(succinate)] are longer those of the
corresponding cis-[PdZ(oxaate)] complexes, respectively.
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In [PdZx(succinate)] (Z = Cl-, OH"), the Rpy.o distance in
cisisomer are relatively longer than those of twisted cis-
isomer. On the other hand, in [PdZx(succinate)] (Z = NHs,
H20, PH3), the Rpy.o distance in cissisomer are relatively
shorter than those of twisted cis-isomer. In particular, in
twisted cis-[PdZ(succinate)], the (Rpd--c’ =2.75 A) di-
stances between Pd(I1) and the ethylene group are shorter
than those (Repu--c = 2.8 A) of cis[Pd(Z).(oxalate)]. The
distance between two orbitals is shorter than the sum of the
van der Waals radii of the atoms concerned. That is, weak
repulsion exists between two orbitals. As aresult, the Pd(I1)
atom lies above the plane at a perpendicular distance of 1.0
and the four ligands are largely located out of the square
planar array. The angles of (£ O-Pd-O) and (£ Z-Pd-Z) in
twisted cis[PdZ,(succinate)] are narrower than ¢ = 150
degrees. If the (7-d2) intraamolecular interaction between
the z-orbital and the d.-orbital occur, the angles of (£ O-
Pd-O) in twisted cis[PdZx(succinate)] may be ¢=150
degrees.

In previously reported theoretical results,>'262* the shor-
test and longest (Pd-Cl) distances of [PdCl4]%~ were 2.07 and
2.43 A, respectively. Results from the Burda group®® suggest
that the Reec distance varies from 2.2 A in the neutral
[PdCI,Z;] complex to 2.4 A in the anionic [PdCI2(OH);]*
complex. According to the study of Pavankumar et al ® the
metal-ligand distances (Ru-ci, Ru-z) are sensitive to the level
of electron correlation and the size of the basis sets. In the
previous experimental results,™?>! the shortest and longest
(Pd-Cl) distances of [PdCls? were 2.292 and 2.318 A,
respectively. In the study of Caminiti et al.,"* the Rpgc di-
stance in the first coordination shell (square-planar [PdCl;]*
units) was 2.02 A, while the Pd-O distance of the Pd-OH,
interactions bonded to the apical position was 2.315 A.

The average atomic charges of the natural bond orbital
analysis in Pd complexes are listed in Table 2. Our calcu-
lated charges are similar to the previously reported theore-
tical results’® The absolute values of the atomic charges
caculated at the B3P86/lanl2dz levels are smaller than the
corresponding values at any other level. In the Pd com-
plexes, the charge values of the Pd(ll) and P atoms are
positive, whereas those of the other atoms are negative.
Depending on the Z ligand, the atomic charges of Pd(Il) are
different from each other. That is, the atomic charges of
Pd(I1) coordinated with OH™ and PH3 are the largest and
smallest, respectively. The atomic charges of Pd(l1) combin-
ed with the bidentate are more positive than those of Pd(11)
with the monodentate. The atomic charge of Pd(I) in the
trans- (twisted cis-) typeis more positive than that in the cis-
type. Meanwhile, in the Pd complexes combined with the P
atom (o-donor and z-acceptor) of PHs, the redistribution of
the atomic charge from Pd(Il) to P-atom occurs via the 7z-
acceptor of the empty d-orbital in the P atom. Therefore, the
value of the atomic chargefor Pisrelatively small.

In [PdCI3Z]? with the anionic ligand, the atomic charges
of trans-Cl are more negative, while, in [PdClsZ]~ with the
neutral ligand, the atomic charges of cis-Cl are more negative.
Because the atomic charges of the negatively charged OH™
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Table 1. Optimized bond distances (A) and angles (degree) of the equilibrium geometrical structures of [PdClsZ], [PdCl,Z2], [PdZ2X], and
[PdZ,Y] at the some methods/6-311+G™(3-21G"™ for Pd) basis sets. R®: atom of cis-position, R': atom of trans-position. The angle between
two atomsin [PdCl4]%", [PdClsBr]%, cis-[PdCI,Br,]%, and [PdCl,Z;] is 90 degrees

compound parameter MP2 BiLYP B3LYP B3P86 B3P86" DFT Exptl

[PdCI,)* Rraci 2411 2448 2.446 2410 2411 20707, 2.30°¢, 2.326%, 2307, 2.318™
2.39(243)°,2.31(2.34)°,  2.292", 2.309°
2154(2.192)', 2.34(2.36)%,  2.315P, 2.30°
2.360", 2.329(2.307)', 2.313, 2.302°
2.350(2.402)', 2.351(2.366)*

[PdCI3Br]% ReuBr 2545 2575 2571 2530 2536
Re.ci 2407 2445 2443 2407 2.410
Rlpeci 2411 2453 2451 2415 @ 2414
[PdCI3(OH)]* Rera.oH 2015 2027 2030 2013 2.001 1.959°
Re.ci 2459 2495 2491 @ 2449 2.455 2.38¢¢
Rlpeci 2487 2506 2502 @ 2462 2.466 2.366, 2.332¢
ZCl-Pd-Cl 935 92.9 92.9 92.8 93.2
ZCl-Pd-O 87.0 87.1 87.1 87.2 86.9
[PdCI3(H20)] Rera-oH2 2218 2199 2216 2187 2111 2.121¢
Re.ci 2380 2408 2409 2377 2.381 2.297¢
Rlpeci 2297 2330 2329 2301 2.314 2.235¢
ZCl-Pd-Cl 945 95.9 95.2 95.5 96.7
ZCl-Pd-O 85.5 84.1 84.8 83.7 83.3
[PACI3(NH3)] Red-NH3 2.126 2.128 2.124 2.095 2.078
Re.ci 2385 2421 2419 2386 2.406
Rlpuci 2328 2360 2359 2332 2.350
ZCl-Pd-Cl 95.0 95.4 95.4 95.3 95.9
[PACI3(PH3)] Reg-pra 2298 2317 2306 2268 2.306
Re.ci 2380 2415 2414 @ 2382 2.399
Rlpuci 2363 2389 2389 2363 2.366
ZCl-Pd-Cl 94.2 94.1 94.0 94.2 93.9
cis[PdCl,Brs])* Resci 2408 2442 2442 2407 2413
Rea-Br 2539 2575 2569 2528 2527
trans[PdCI-Brj]*>  Reda 2403 2.440 2.440 2.405 2.405
Rea-Br 2546 2583 2578 2536 2542
cis[PdCl2(OH)2]>  Reuc 2536 2568 2564 2514 2514 2.407°
Rrdo 2046 2055 2057 2043 2.020 1.973¢
ZCl-Pd-Cl 97.8 97.7 97.8 97.6 99.2
Z0-Pd-O 88.2 89.5 89.6 89.9 90.5
trans-[PdCl2(OH)2]% Rev.ci 2496 2547 2541 2491 2.499 2.360¢
Rrdo 2058 2063 2066 2048 2.034 2.001¢
cis[PdCl2(H20)2]  Reua 2.281 2311 2311 2.287 2311 2.223¢
Rrdo 2217 2207 2205 2174 2120 2.115
ZCl-Pd-Cl 935 95.6 95.7 95.8 97.7
Z0-Pd-O 96.8 97.4 97.8 98.9 97.9
trans-[PdCl2(H20)2] Reuci 2326 2353 2352 2326 2.329 2.267°
Rrdo 2118 2121 2120 2094 2018 2.032¢
Gis[PdCI2(NH3)2]  Reuc 2310 2343 2343 2318 2.320 2.254¢
Rran 2167 2169 2165 2134 2101 2.07¢¢
ZCl-Pd-Cl 94.1 95.2 95.2 95.2 96.1
ZN-Pd-N 97.2 97.4 97.6 97.7 98,5
trans-[PdCI2(NH3)2] Revc 2343 2374 2372 2344 2358 2.276°
Rran 208 2099 209 2071 2.049 2.025¢
cis[PdClx(PH3)2]  Reda 2358 2385 238 @ 2362 2371
Reap 2311 2340 2332 2294 2303
ZCl-Pd-Cl 96.6 96.4 96.4 97.3 95.1
ZP-Pd-P 102.9 103.1 103.1 104.0 102.5
trans-[PdCI(PH3)2] Revci 2344 2374 2374 2346 2.358

Reap 2.352 2.368 2.362 2.330 2.343
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Table 1. Continued
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compound parameter MP2 BILYP B3LYP B3P86 B3P86" DFT Exptl
cis[Pd(Cl)2X]* Rera-c 2411 2433 2432 2400 2405
Reeo 2063 2081 2082 2062 2052
Reg...ct 2850 2878 2879 2.853  2.866
ZCl-Pd-Cl 93.3 929 9238 924 924
Z0-Pd-O 81.3 79.7 79.8 80.3 80.9
cis[Pd(OH)2X]>  Rpdon 2054 2067 2069 2049 2016
Rrdo 2111 2.118 2117 2094 2081
Repg...ct 2889 2907 2906 2877 2883
ZHO-Pd-OH 915 25 925 925 N5
Z0-Pd-O 80.2 791 79.2 79.8 80.7
cis[Pd(H20)2X] Red-oH2 2221 2218 2219 2190 2177
Rrdo 1.972 1.991 1.995 1.978 1.964
Repg...ct 2772 2790 2792 2.768  2.793
Z/H;O-Pd-OH;  103.6 1036 1036 104.3 1035
Z0-Pd-O 85.9 84.6 845 85.1 85.8
cis[Pd(NHz)2X] RrdnH3 2171 2177 2176 2145 2130
Rrdo 1987 2008 2.011 1.995 1.984
Reg...ct 2777 2801 2803 2779 2805
ZN-Pd-N 104.3 104.7 104.8 105.0 105.9
Z0-Pd-O 85.8 84.2 84.2 847 85.4
cis[Pd(PHz)2X] Rera-pHz 2350 2382 2374 2334 2361
Rewo 2013 2035 2040 2025 2.011
Reg...ct 2794 2825 2829 2805  2.829
/P-Pd-P 104.8 104.3 104.2 104.1 103.4
Z0-Pd-O 85.3 832 83.1 836 84.1
twisted cis- Rerd-pH3 2287 2306 2301 2267  2.289
[Pd(PH3)2X] Rrdo 2.311 2.378 2.366 2.328 2317
Rerg--c' 3104 3191 3179 3134 3134
ZP-Pd-P 103.2 112.0 110.6 108.7 1034
Z0-Pd-0 72.4 70.1 70.6 715 727
cis[Pd(CI).Y]* Rera.ci 2374 2419 2419 2386 2392
Rrao 2089 2097 2098 2078 2074
Reg--cY 3018 3176 3168 3106 3218
ZCl-Pd-Cl 93.0 91.9 91.8 91.7 91.7
Z0-Pd-0 86.5 87.0 87.0 87.0 87.7
twisted cis- Rerd.c 2390 2434 2435 2400 2409
[Pd(Cl)2Y]* Rrdo 2.071 2.099 2.101 2.071 2.065
Reg--cY 2770 2854 2856 2785 2827
ZCl-Pd-Cl 173.3 1670 1674 170.0 1714
Z0-Pd-0 148.2 142.7 142.6 146.3 146.9
Gis[Pd(OH)2Y]>  Rpdon 2039 2052 2054 203 2025
Rrao 2140 2140 2128 2116 2.090
Reg--cY 3206 3340 3334 3275 3308
ZOH-Pd-OH 91.0 91.9 91.9 92.2 924
Z0-Pd-O 90.7 91.7 91.9 92.2 94.7
twisted cis- Red-oH 2048 2057 2056 203 2038
[Pd(OH),Y]* Rrdo 2.106 2113 2111 2.087 2132
Reg--cY 2801 2834 2832 2797  3.069
ZOH-Pd-OH 176.9 178.8 1785 1775 173.6
Z0-Pd-0 146.3 144.2 145.9 146.1 133.0
cis[Pd(H20)2Y] Red-oH2 2200 2201 2202 2173 2161
Rrao 1.980 1.991 1.994 1.978 1.955
Reg--cY 313 3377 3378 3323 34719
ZH,0-Pd-H,0  102.9 1035 103.7 1044 1045
Z0-Pd-0 955 99.8 99.9 99.8 106.1
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compound parameter MP2  BILYP B3LYP B3P86 B3P86 DFT Exptl
twisted cis- Red-oH2 2133 2172 2168 2135 2081
[Pd(H20)2Y] Rrso 2.025 2.034 2.038 2.022 2.015
Reg-c" 2710 2721 2709 2701 2844
/H,0-Pd-H,0 1788 1777 1776 1792 1781
Z0-Pd-O 1520 1511 1483 1513 1490
cis-[Pd(NH3)2Y] Rean 2152 2163 2162 2132 2106
Ree-o 2003 2016 2018 2003  1.980
Reg-c" 3123 3348 3346 3276 332
ZN-Pd-N 1019 1019 1021 1024 1018
Z0-Pd-O 945 97.4 97.3 97.0 103.7
twisted cis- Rean 2003 2144 2141 2090 = 2057
[PA(NH3)2Y] Ree-o 2108 2159 2156 2104 2034
Reg-c" 2709 2720 2719 2707 2785
ZN-Pd-N 1759 1767 1761 1764 1795
Z0-Pd-O 1490 1474 1477 1484 1463
cis[Pd(PH3)2Y] Reap 2316 2364 2357 2316 2337
Ree-o 2045 2048 2052 2040 2031
Reg-c" 2962 3229 3221 3124  3.189
/P-Pd-P 1088 1071 1070 1078 1046
Z0-Pd-O 93.3 94.6 94.2 94.2 9.5
twisted cis- Reop 2354 2395 2389 2353 2378
[Pd(PH3)2Y] Ree-o 2059 2069 2074 2057 2066
Reg-c" 2781 2816 2817 2782 2838
/P-Pd-P 177.7 1751 1749 1787 1745
Z0-Pd-O 149.2 1463 1457 1465 1498

3Ref. 16. "Ref. 17. °Ref. 18. “Ref. 19. °Ref. 5. Ref. 20. 9Ref. 21. "Ref. 22. 'Ref. 12.IRef. 23. “Ref. 24. 'Ref. 25. "Ref. 26. "Ref. 27. °Ref. 28. PRef. 11. °Ref.
29. 'Ref. 30. *Ref. 31. 'Bond length between the carbon atom of the ethylene group in oxalate and the Pd atom. “Bond length between the carbon atom
of the ethylene group in succinate and the Pd atom. ¥Values were obtained at the B3P86/6-311+G** (lanl2dz for Pd) level.

ligand move to the trans-Cl~ group via the central Pd atom,
the atomic charges of transCl are more negative. In
[PdCI,Z2]? with the anionic ligand, the atomic charges of Cl
in cistype are a'so more negative than those of Cl in trans-
type. Therefore, in [PdClsZ]> and [PdCl.Z5]% with the
anionic ligand, these variations of the atomic charges are in
good agreement with the variation of the bond distances. In
cis[PdZ;(oxdate)], the atomic charges of the Pd(I1) atom
and the carbon atom of ethylene group are largely positive.
In particular, due to the four negative oxygen atoms of
oxalate, the atomic charges of the C atom in the ethylene
group are largely positive (0.67 au). Therefore, due to the
positive electrostatic repulsions between Pd(I1) and the
ethylene group, the twisted cis-[PdZ,(oxalate)] complexesis
not optimized. Meanwhile, in [PdZx(succinate)], the atomic
charges of the Pd(I1) center and the C atom in ethylene group
of succinate have positive and small negative values, respec-
tively. The atomic charges of the Pd(I1) atom and the C atom
in the twisted cis-type are more positive and negative than
those of the cistype, respectively. If the (7-d2) intra
molecular interaction between the z-orbita and the de-
orbital occur, the atomic charges of the Pd(Il) atom and the
C atom in the twisted cis-type are less positive and negative
than those of the cis-type, respectively.

The relative energies between the cis- and trans- (twisted

cis) typesin Pd complexes { ([PdCl.Z;], (Z=Br-, OH~, H,0,
NH3, PH3) and [Pd22Y2], (Z = Cl_, Hzo, NH3, PHs; Y =
succinate)} are listed in Table 3. In [PdCl.Z;] with the
monodentate, the relative energies are small and the trans-
conformers are more stable than cis-conformers. While, in
[PdZ2Y;] with the bidentate, the relative energies are
relatively large and the twisted cis-types are much more
unstable than the cis-types. That is, by an axia (d2-7) intra-
molecular repulsion between Pd(l1) and the ethylene group,
the sructures of twisted cis-[PdZx(succinate)] are more
unstable than those of the cis-[PdZx(succinate)]. Therelative
energies determined at the B3P86/lanl2dz level are in the
rangeof 1.08 eV for [Pd(PH3).Y] to 1.54 eV for [Pd(NH3).Y].
The relative energies in ([PACl2Z;] and [PdZ,Y 2]) complexes
with Z = NH;3 are largest. Our energy difference between the
cis and twisted cis[PdZ,Y;] complexes caculated at the
B3P86/lanl2dz level is about 1.3 eV. The (dz-7) repulsion
between the two orbitals plays an important role in the
relative stability. The relative energiesin [PdZ,Y 2] complexes
with Z = PH3 are smallest. These small energy gaps could be
a consequence of enhanced 7z-back donation of the atomic
charges from the Pd(Il) center to the P atom. The charge
balance of the ligand coordinated to the central Pd(l1) atom
influences the geometrical configuration and the bond length
between Pd(I1) and the ligands. In particular, the electronic
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Table 2. Average atomic charges (au, NBO) of the equilibrium structures of [PdClsZ], [PdCl.Z5], [PdZ2X], and [PdZ,Y] at the various
methods/6-311+G™* (3-21G™" for Pd) basis set. Q° = charge of cis-position, Q' = charge of trans-position

compound charge MP2 BILYP B3LYP B3p86 B3ps6" MP2
[PACI4)* Qrd 1.146 0.846 0.823 0.791 0.560 0.537¢
Qo -0.787 -0.712 —-0.706 —-0.698 —-0.640 —-0.631°
[PACI3Br]* Qru 1.119 0.821 0.799 0.766 0.532
Q% -0.780 -0.708 -0.703 -0.694 -0.633
Qlu -0.783 -0.711 -0.706 —0.698 —-0.636
Qer -0.775 —-0.695 —-0.688 —-0.680 -0.631
[PACI30H]* Qru 1224 0.912 0.888 0.857 0.648 0.657¢
Q% -0.839 -0.771 -0.765 -0.755 -0.687 —0.665%
Qu -0.853 -0.790 -0.784 -0.774 -0.713 -0.7128
Qo -1.121 -1.004 —-0.999 -0.998 -0.997 -1.033°
[PdCl3(H20)] Qru 1.125 0.835 0.810 0.780 0.637 05719
Q% —-0.760 -0.682 -0.667 -0.657 -0.607 —-0.609°
Qu —0.655 —0.556 -0.547 -0.541 -0.515 —0.466°
Qo -0.947 -0.902 —-0.909 —-0.908 -0.951 —0.949°
[PACls(NH3)] Qru 1.109 0.818 0.795 0.767 0.593
Q% -0.772 —-0.690 -0.684 -0.675 -0.615
Qlu -0.707 -0.613 —-0.608 —-0.603 -0.564
(o) -1.018 —-0.988 —-0.986 -0.991 -1.073
[PdCIsPH3)~ Qrd 0.948 0.720 0.701 0.672 0.470
Q% -0.729 -0.643 -0.635 -0.625 -0.571
Qla -0.729 -0.628 -0.623 -0.623 -0.554
Qr 0.336 0.213 0.204 0.185 0.171
Cis-[PdCI2Bra]* Qru 1.090 0.795 0.773 0.739 0.502
Qo -0.777 —-0.705 -0.701 -0.693 -0.628
Qer —0.768 -0.692 —0.686 -0.677 -0.623
trans-[PdCl.Br;]% Qe 1.091 0.797 0.775 0.741 0.504
Qo -0.774 -0.704 —-0.699 -0.691 —-0.626
Qer -0.771 -0.694 —-0.688 —-0.680 —-0.626
cis[PdCly(OH);]* Qru 1.265 0.948 0.917 0.895 0.688 0.738¢
Qi -0.887 -0.835 -0.838 -0.817 -0.753 —0.736°
—-0.766
Qo -1.160 -1.068 -1.039 -1.061 -1.024 -1.129¢
—-1.056
trans-[PdCl(OH)z]% Qru 1.307 0.986 0.961 0.929 0.722 0.758¢
Qo -0.873 -0.822 -0.815 -0.803 -0.725 -0.720°
Qo -1.200 -1.090 -1.084 -1.081 -1.066 -1.119¢
Gis[PdCI(Hz0)7] Qrd 1.129 0.849 0.829 0.806 0.721 0.620°
Qi -0.624 —-0.510 -0.503 —-0.498 -0.472 —0.433¢
—-0.661
Qo —-0.956 -0.915 -0.912 —-0.908 —-0.959 —0.958¢
-1.091
trans-[PdCl2(H20)2] Qe 1.238 0.934 0.910 0.882 0.797 0.751¢
Qo -0.716 —0.604 -0.597 —-0.595 -0.563 —-0.565°
Qo -0.929 -0.877 -0.872 -0.867 -0.945 -0.913°
cis-[PdCIo(NHa)5] Qru 1.090 0.806 0.783 0.764 0.628 0.5379
Qo —0.669 —-0.565 —-0.558 -0.554 -0.516 —0.4849
Qn -1.051 -1.012 -1.010 -1.018 -1.087 —1.0949
trans-[PdCl>(NHz)2] Qru 1.104 0.819 0.798 0.770 0.633 0.569°
Qi -0.736 —-0.642 —-0.636 —-0.630 -0.578 -0.5749
On -1.002 —-0.959 —-0.958 -0.961 -1.051 -1.0429
cis[PACly(PH3)2] Qru 0.769 0.604 0.591 0.559 0.374
Qi —-0.658 -0.554 -0.547 -0.543 -0.482
Qr 0.297 0.183 0.173 0.157 0.136
trans-[PAdCla(PH3)2] Qru 0.797 0.608 0.592 0.561 0.377
Qo —-0.681 —0.588 -0.581 -0.573 -0.513

Qr 0.307 0.207 0.197 0.173 0.162




Geometrical Sructures and Potential Energy Surfaces Bull. Korean Chem. Soc. 2008, Vol. 29, No.3 635

Table 2. Continued

compound charge MP2 BILYP B3LYP B3p86 B3p86" MP2
cis[PdCIoX]? Qrd 1.260 0.925 0.899 0.873 0.738
Qa -0.794 -0.724 -0.718 -0.708 -0.644
Qo -0.889 -0.729 -0.716 -0.709 -0.729
Qe 0.837 0.683 0.671 0.664 0.693
cis-[Pd(OH)2X]% Qru 1.343 1.003 0.977 0.955 0.826
Qo -1.185 -1.083 -1.076 -1.072 -1.044
Qo -0.922 -0.787 -0.776 -0.769 -0.779
Qc® 0.841 0.685 0.673 0.666 0.695
cis-[Pd(H20)2X] Qry 1314 0.969 0.945 0.927 0.902
Qor® -0.960 -0.923 -0.921 -0.917 -0.969
QP -0.899 -0.711 ~0.699 —0.696 -0.733
Qc 0.827 0.689 0.678 0.671 0.703
cis-[Pd(NHz)2X] Qrd 1.249 0.913 0.889 0.870 0.801
n -1.055 -1.022 -1.022 -1.024 -1.092
Q° -0.914 -0.738 -0.726 -0.723 -0.760
Qe 0.830 0.690 0.679 0.672 0.705
cis[Pd(PH3)2X] Qru 0.963 0.731 0.713 0.688 0.580
Qr 0.250 0.139 0.128 0.111 0.125
Qo -0.909 -0.731 -0.719 -0.717 -0.739
Qc® 0.825 0.689 0.678 0.670 0.704
twisted cis-[Pd(PHz)2X] Oru 0.451 0.436 0.449 0.443 0.274
Qr 0.148 0.095 0.054 0.078 0.007
Qo -0.939 -0.842 -0.834 -0.828 -0.832
Qc* 0.840 0.677 0.665 0.660 0.690
cis[PdCl,Y 1% Qrd 1.255 0.934 0.909 0.883 0.754
Qc -0.776 -0.698 -0.692 -0.684 -0.632
Q° -0.863 -0.708 -0.696 -0.688 -0.716
Qd -0.265 -0.273 -0.274 -0.282 -0.301
twisted cis-[PdCl2Y]Z Qru 1.262 0.950 0.926 0.896 0.779
Qc -0.785 -0.705 -0.700 -0.695 -0.643
Qe -0.865 -0.712 -0.700 -0.688 -0.712
Q' -0.269 -0.278 -0.279 —0.286 -0.305
cis[Pd(OH).Y]* Ord 1.341 1.013 0.898 0.967 0.840
Qor 1172 -1.059 -1.052 -1.049 -1.030
Qc® -0.895 -0.767 -0.757 -0.750 —0.766
Qd -0.262 -0.273 —0.274 -0.282 -0.302
twisted cis- [Pd(OH)Y]>  Qmu 1.359 1.059 1.056 1.043 0.932
Qon? -1.196 -1.063 -1.057 -1.065 -1.064
Qo° -0.928 -0.780 -0.769 -0.764 -0.769
cis[Pd(H20)2Y] Qrd 1.345 1.015 0.989 0.970 0.950
Qon® -0.962 -0.918 -0.915 -0.911 -0.964
Q° -0.898 -0.736 -0.724 -0.720 -0.777
Qd -0.262 -0.256 -0.257 -0.265 -0.280
twisted cis-[Pd(H20)2Y] Qru 1.390 1.065 1.043 1.016 1.001
Qon® -0.979 -0.900 -0.891 -0.889 -0.949
Qct -0.866 -0.718 -0.710 -0.703 ~0.749
Q' -0.266 -0.302 -0.305 -0.310 -0.325
cis[Pd(NHz)2Y] o 1.270 0.949 0.924 0.906 0.842
On -1.051 -1.013 -1.012 -1.015 -1.078
Qc® —-0.904 -0.751 -0.738 -0.731 -0.799
Qd -0.266 -0.262 -0.263 -0.272 -0.282
twisted cis-[Pd(NH3)2Y] Qrd 1.370 1.016 1.008 0.992 0.949
n -1.036 -1.005 -1.002 -0.997 -1.056
Q° -0.913 -0.777 -0.730 -0.733 —-0.757
Qd -0.285 -0.303 -0.306 -0.312 -0.330
cis[Pd(PH3).Y] Qru 0.950 0.743 0.724 0.696 0.598
Qr 0.282 0.178 0.167 0.151 0.150
Qc® -0.892 —0.740 -0.726 -0.718 -0.757
Q' -0.274 -0.268 -0.269 -0.281 -0.290
twisted cis-[Pd(PHz)2Y] Qru 0.966 0.755 0.737 0.714 0.607
Qr 0.290 0.184 0.172 0.154 0.149
Qc® -0.876 -0.721 -0.709 —0.700 -0.720
Qd -0.311 -0.303 -0.304 -0.315 -0.327

3Atomic charges of O in OH. PAtomic charges of the binding O atom in oxalate. “Atomic charges of the carbon atom in the ethylene group of oxalate.
dAtomic charges of O in H,0. ®Atomic charges of the binding O atom in succinate. ‘Atomic charges of the carbon atom in the ethylene group of
succinate. IRef. 19. "Values are calculated at the B3P86/6-311+G™ (lanl2dz for Pd) level.
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Table 3. Relative energies (eV) between the cis- and trans (twisted
cis)-types of the equilibrium PdCl,Z, and PdZY (Y = CO,
CHCHCO;") complexes at the various methods/6-311+G**(3-
21G™ for Pd) basis set

compound type MP2 BILYP B3LYP B3p86 B3p86*
[PACI,Br;]* cis 0.00 0.00 0.00 0.00 0.00

trans -001 -001 -001 -000 -001

[PACI,(OH);]* cis 000 000 000 000 000
trans -003 -003 -002 -002 -002

[PACI(H0);] cis 000 000 000 000 000
trans -002 -002 -002 -002 -002

[PACIA(NHs);] cis 000 000 000 000 000
trans -054 -056 -055 -053 -054

[PACI(PHz);] cis 000 000 000 000 000
trans -030 -035 -034 -025 -031

[PACI,Y]? s 000 000 000 000 000
twisted 137 133 131 127 129
CIs

[Pd(OH),Y]* «cs 000 000 000 000 000
twisted 133 1.38 1.35 1.32 1.32

cis
[PdH,0).Y] cs 000 000 000 000 000
twisted 133 1.32 132 131 132

cis
[PA(NH3)2Y] cis 000 000 000 000 0.00
twisted 156 1.60 159 152 143

cis
[Pd(PH3)2Y] cis 000 000 000 000 0.00
twisted 114 116 115 1.08 1.08

cis
aValues were evaluated at the B3P86/6-311+G™ (lanl2dz for Pd) level.

neutralization between the positively charged Pd(I1) center
and the negatively charged ligands contributes to the binding
strengths and relative stabilities.

Potential energy curves for ligand exchange reactions.
To invedtigate the direct interaction between the central
Pd(I1) cation and the fifth ligand, the potentia energy curves
of the ligand exchange reactions from (PdZ.Cl, + H;0; Z =
NHs, PH3) to (PdZ.CIH.O + CI") are calculated for Rpy.c
and Reg0. The potentia energy surface (a) and contour map
(b) for the ligand exchange processes of ({([PdZ:Cl;] ---
OHy), A} — {([PdZ.CI]"---[OHZ][CIT]), B} — {([PdZ.Cl-
(OH2)]"-+-Cl"), C}) are presented in Figures 2 and 4. To
compare the reactivitiesin the ligand exchange reactions, we
selected the NH3 (hard o~donor) and PH3 (o-donor and 7-
acceptor) ligands. In Figure 2, the internuclear distances
range from 2.0 to 4.5 A for (Pd-O) and from 2.3 to 4.25 A
for (Pd-Cl). A and C are stable states for both the reactant
and product, and B is atransition state. A and C are not the
positions of the asymptotes. At the A position, ([Pd(NHs)2-
Cly]---OHy), with two hydrogen bond interactions (Rci--H,0)
= 2229 A, Rpnm--omp) = 1.764 A) is optimized. That is,
([PA(NH3)2Cl7] ---OHy) with a 6-membered (Pd-OH ---Cl -+~
HN) interaction is optimized to the geometrical structure of a
second water salvation shell. The five-coordinated Pd(l1)
complexes cannot be optimized with a verticd (Pd---OHy)

Jin-seon Yoo €t al.

interaction. The geometrical structure at the trangition state
of B is a pentacoordinated Pd complex with a direct (Pd---
OH,) interaction. The geometry is not a regular square
pyramidal structure. The Pd(I1) metal combines with an
entering H>O and a leaving Cl, and the entering H>O
simultaneously forms two hydrogen-bond with aleaving CI~
and a hydrogen from NHs. The distances of R --n,0) and
R(HoNH--0Hy @ B are 2.165 and 2.193 A, respectively. At
point C, the stable structure with two hydrogen bond
(R(CI“'HZO) = 1.864 A, RCI-NHNHZ) = 2.082 A) between H,O
and Cl~ and between NH3 and Cl~ isoptimized. (b) in Figure
2 shows only the potential energy surfaces produced by the
projection for the 3-dimensional axis (X-R(pd.c|), y'R(Pd—O), Z-
energy axis) of (a). From the reactant ([Pd(NH3).Cl;] -+
OHy) to the product ([Pd(NH3),Cl(OH)] " -+-Cl7), the ligand
exchange reactions take place through the transition state
surface. The solid lines indicate the estimated potential
valey surfaces and these are drawn by hand. The ligand
exchange reactions are very dlightly endothermic.

To clarify the mechanisms for the exchange reactions, the
variations of the geometrical structures, relative potential
energies, and HOMO/LUMO from (Pd(NH3).Cl, + H,0) to
(Pd(NH32CIH.O + CI") were investigated in detail using
five sets of reaction. The results are presented in Figure 3.
The potential energy of the A complex is set to zero. The
HOMO and LUMO are represented as the top view. At
position A, the dy-orbital of the centra Pd atom is the
HOMO and the dy2.,> orbitd is the LUMO. At position D,
the water molecule is located on the upside of the
[Pd(NH3).Cl;] complex. The relative energy of D with
respect to A is 0.29 eV. At position B, Pd(ll) with the
pentacoordinated geometry simultaneoudly interacts with an
entering H.O and a leaving Cl. The water molecule is
located on the upside of the [Pd(NH3)2Cl;] complex. The
angles of / Pd-N-O, £ O-Pd-N, and £ O-Pd-Cl are 59.0,
74.6, and 68.8 degrees, respectively. The (Pd-H.O) inter-
action corresponds to neither £ O-Pd-Cl = 90.0 degrees nor
Ca-symmetry. The small de-orbital is the HOMO and the
Owey2-orbital is the LUMO. The relative energy of B with
respect to A is 0.66 eV. At the E position, the departing Cl
atom of the (Pd-Cl) bond is disconnecting from [Pd(NHz)2Cl2].
The chloride islocated on the downside of the [Pd(NH3).Cl-
(H20)] complex. The relative energy of C with respect to A
is 0.08 eV. The geometry of the product corresponds to a
square planar structure. The departing CI~ continuously
interacts with the two hydrogen atoms of H,O and NHs.

In Figure 4, the internuclear distances range from 2.0 to
4.5 A for (Pd-O) and from 2.2 to 4.25 A for (Pd-Cl). A and
C correspond to the equilibrium states of the reactant and
product, respectively, and B isthe point corresponding to the
trangition state. At position A, ([PdClz(PHs),] ---H20) with
two hydrogen bonds of (Pd-OH---Cl---HP) is optimized.
That is, the chloride and the hydrogen atom of PH3 in
[Pd(PH5)-Cl;] interact with the hydrogen and oxygen atoms
of HO, respectively. The ([(PH3)2Cl2Pd---OH3] complex
with the vertical (Pd---OHy,) interaction at the axia position
cannot be optimized. The potential curve of i (Rpe0 = 3.75
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Figure 2. Potential energy surface (a) and corresponding contour
map (b) for the ligand exchange processes involving the reactant
{([Pd(NH3)-Cl7] ---OHy), A}, the transition state { ([Pd(NH3).Cl]*
--[OH2][CI]), B}, and the product { ([Pd(NH3)2CI(OHJ)]*---ClI?),
C} a the B3P86/6-311+G™" (3-21G"™" for Pd) levels. All energies
are adiabatic values and are in units of eV.

A) has the lowest energy level around the A position. At the
trangition state of B, the geometrical structure for the ligand
exchange processesis a pentacoordinated Pd complex with a
sguare pyramidal geometry. The Pd(I1) metal apically com-
bines with an entering H,O and aleaving Cl islocated on the
outer side of the square [Pd(NH3)2Cl;] frame. The Pd-Cl
bond distance increases. At point C, the stable structure with
the hydrogen bond (Rl ,0) = 1.882 A, Raj...hpr,) = 2.057
A) between H,O and Cl~ is optimized to a square planar
geometry. Figure 4 (b) shows the projection of Figure 3 (a)
for the 3-dimensional axis (X-Repu-ci), Y-Redo), z-energy
axis). From ([Pd(PH3)2Cl2] ---OH,) to ([Pd(PH3).CI(OH)]*
---CI7), the direction of the reaction path is denoted by the
solid lines on the contour map and the lines are drawn by
hand.

The variations in the geometrical structures, relative
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potential energies, and HOMO/LUMO from (Pd(PH3).Cl, +
H.0) to (Pd(PH3).CIH.O + CI") were investigated. The
results are presented in Figure 5. At position A, the geometry
of ([Pd(PH3):Cl;]--*H20) is not a planar structure. In
[Pd(PH3)Cl7] ---H20, a 6-membered (PdCl---HO---HP)
interaction is formed by means of two hydrogen bonds. The
size of the HOMO of the departing Cl atom is large. At
position D, the water molecule is axialy located on the
sguare planar [Pd(PH3).Cl,] complex. The relative energy of
D with respect to A is 0.12 eV. At position B, the geo-
metrical structure is one transition state corresponding to a
square pyramidal ([Pd(PHs).Cl][H20][CI7])* complex. The
(Pd-Cl) bond length increases and simultaneously the
distance between Pd(ll) and the oxygen atom in H,O
decreases. The fifth H,O molecule is verticdly located on
the square planar [Pd(PH3)2Cl;] complex. That is, by the
departure of Cl~ from [Pd(PH3).Cl;], the space of the up and
down sides of the Pd complexes is widened. And then the
fifth H,O ligand can axialy approach the d.-orbital of Pd
[d-orbital of Pd(ll) interacts with the lone pair orbital of H,O
at the axia direct, and the four ligands simultaneoudy
interact with a dy2.y2 orbital of Pd(11)]. Meanwhile, when the
lone pair eectron of the P atom (o-donor and s-acceptor,
Lewis base) in PH3 bonds to the central Pd(I1) (Lewis acid),
the electronic density transfer from the occupied dy-orbital
in Pd to the empty d-orbitals of the P atom occurs via 7z-
acceptor back donation. Therefore, with the departure of Cl~
and the s-orbita back donation, the apica (Pd---H>0)
interaction at the axial position of the square planar
[Pd(PH3)2Cl5] complexes occurs strongly. The angles of O-
Pd-Cl and O-Pd-P are 87.1 and 92.9 degrees, respectively.
The large dzz-orbital isthe HOMO and the dy.z orbita isthe
LUMO. The relative energy of B with respect to A is 0.40
eV. At position E, the departing Cl~ is located on the
downside of the square planar [Pd(NH3)2Cl(H20)] complex.
The (Pd-Cl) bond is disconnected and the structure of
([Pd(PH3)2Cl(H-0)]" is rearranged to have a distorted square
planar geometry. At position C, the departing CI~ group is
horizontally located in the middle of the H,O and PH3
molecules and connected with two hydrogen-bonds. The
relative energy of C with respect to A is 0.20 eV. The p-
orbital of the departing CI™ is the HOMO and the dy2y2
orbital isthe LUMO. The vertical (Pd---H20) interaction in
(Pd(PHs)2Cly) is stronger than that in (Pd(NHs)2Cl;). The
relative energies for the ligand exchange reactions from
(Pd(PHs)2Cl, + H20) to (Pd(PH3).CIH,0 + CI") are lower
than those from (Pd(NH3)20|2 + HzO) to (Pd(N H3)2C|H20 +
CI7). Our results for the ligand exchange reactions arein line
with the results of hydrolysis reactions for the Pt complexes
investigated by Santos group.®

Conclusions

We investigated the geometrical structures of Pd(l1) com-
plexes and potential energy surfaces for the ligand exchange
reactions of Pd(I1) complexes in relation to their ligand-
solvent interactions. In the optimized Pd complexes, Pd(l1)
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A) (D) (B) (E) ©
AE =0.00 AE =0.29 AE =0.66 AE =047 AE =0.08
R(Pd-O) =3.50 R(Pd-O) =275 R(Pd-O) =2.349 R(Pd-O) =2.20 R(Pd-O) =2.00
Repa.cyy = 2.40 R(Pd-Cl) =2.70 R(Pd-Cl) =2.776 Repa.cp = 3.25 Repa-cy = 3.90

Figure 3. Geometrical structures and relative potential energies for the ligand exchange of ([PdCIx(NHs3);] ---OHy) into ([PACI(NH3)2(OH2)]*
+ CI7) including HOMO and LUMO at the B3P86/6-311+G" (3-21G™ for Pd) levels. All energies are adiabatic values and are in units of eV.
Bond lengths are in angstroms.
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Figure 4. Potential energy surface (a) and corresponding contour map (b) for the ligand exchange processes covering the reactant
{([PdCl2(PHs)2] - OHy), A}, the transition state { ([PACI(PH3)] - [OHZ][CI]), B}, and the product { ([PdCI(PH3)2(OHz)]*+--ClI7), C} at the
B3P86/6-311+G " (3-21G™ for Pd) levels. All energies are adiabatic values and are in unit of eV.

is located at the center of the distorted square planar position are longer than R%q.q of the cis-position. In
structure surrounded by four neutral and anionic ligands. In PdCl»Z, the structures of the trans-type are more stable than
[PdCIsZ]? with the anionic ligand, R'pe.ci Of the trans- those of the cistype. In [PdZ;(oxalate)] with bidentate, the



Geometrical Sructures and Potential Energy Surfaces

2 cr

c g o=

Bull. Korean Chem. Soc. 2008, Vol. 29, No. 3 639

A) D) B) (E) ©
AE =0.00 AE=0.12 AE =0.40 AE =0.26 AE =0.20
R(pd_o) =3.75 R(Pd—O) =2.75 R(pd_o) =2.354 R(pd_o) =2.20 R(pd_o) =2.00
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Figure 5. Schematic diagram for the ligand exchange of ([PdCIz(PH3),] ---OHy) into ([PdCI(PH3)2(OH2)]*---Cl7) including HOMO and
LUMO at the B3P86/6-311+G™" (3-21G™ for Pd) levels. All energies are adiabatic values and are in units of eV. Bond lengths are in

angstroms.

cis-type with afive membered-ring is only optimized except
for twisted cis-[Pd(PH3)2(oxalate)]. The twisted cis-typesare
not optimized due to the (dz-7) intraemolecular repulsion. In
[PdZy(succinate)], the cis- and twisted cis-typeswith aseven
membered-ring are optimized to be stable. In twisted cis-
[PdZy(succinate)], the succinate ligand is located at the axial
plane in paralel with the de-orbital. Due to the weakly (7-
dz) intramolecular repulsion, the structures of twisted cis-
[PdZy(succinate)] are not co-planar with the four donor
atoms and the twisted cis-type are more unstable than the
cistype. As a result, the de-orbital of the centra Pd atom
plays an important role in the structure of these Pd com-
plexes.

The potentia energy surfaces for the ligand exchange
processes involving the reactant { (PdZClz:--H20; Z = NHs,
PHs), A}, the transition state {([PdZ.Cl]*---[H20][CIT])*,
B}, and the product {([PdZ.Cl(HxO)]*---Cl7), C} proceed
via both hydrogen-bonded and direct (Pd---H20) inter-
actions. Each reaction surface has one transition state
(PdZ,CI]* -+ [H20][CI])* complex with a 6-membered ring
such as (Pd-OH ---Cl ---HN) and (Pd-OH ---Cl ---HP). In the
trangition state, the centra Pd(ll) cation interacts with a
departing Cl~ and an entering H2O, and the entering H,O

simultaneousdly interacts with adeparting Cl~. The fifth H,O
ligand axially approaches the central Pd cation on the square
planar Pd complexes. The vertical interaction between the d-
orbital of Pd(l1) and the lone pair electron of the fifth H,O
ligand is strong due to the 7-back donation from the Pd(I1)
center to the P atom of PH3z and the departure of the
negatively charged Cl~ anion. As a result, the reaction
mechanisms for the ligand exchange reactions from
(Pd(PHs)-Cl, + H>0O) to (Pd(PH5).CIH,O + CI7) proceed
more apica direction and energeticaly lower than those
from (Pd(NHz3)2Cl> + H20) to (Pd(NH3)2CIH20 + CI).
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