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Abstract: The first theoretical investigation on the mechanism for ligand substitution in five-coordinate square
pyramidal oxorhenium dithiolate complexes, CH3;ReO(SCH,CsH4S)—X, has been carried out with the
Perdew—Burke—Ernzerhof density functional and the Stuttgart relativistic effective-core-potential basis sets.
In the mechanism proposed in the experimental kinetic studies, the entering ligand Y attacks the vacant
lower axial coordinate site trans to O, and the resulting six-coordinate intermediate rearranges through a
turnstile twist (a trigonal prismatic intermediate or transition state) or pentagonal pyramid to allow the leaving
ligand X to exit from the same site. These workers proposed this rearrangement to avoid a violation of
microscopic reversibility. The computed energy barriers in this reaction pathway show that the turnstile or
pentagonal pyramidal transition states are too high in energy to make this pathway accessible. Although
the vacant lower axial site in the rhenium complex is the site most easily attacked by Y, transition states
for X leaving from the site cis to the attack have quite low energy barriers. Although this direct-exchange
mechanism was thought to lead to a violation of microscopic reversibility, we show that these direct-exchange
pathways provide low-energy routes for ligand exchange and clarify this apparent violation of microscopic
reversibility. Furthermore, computed results of different entering and leaving ligand pairs are analyzed for
their effect on the choice of reaction pathways. In the direct-exchange mechanism, the replacement of
4-Bu-pyridine by PPhMe; is monophasic without an intermediate, but the replacement of PPh; by PPhMe;
is biphasic (proceeds by a two-stage pathway) and generates the observed intermediate, an isomer of
product. These predictions are completely consistent with the observed experimental phenomena. The
accuracy of the particular functional/basis set used for the study is compared to 10 functionals in 19 basis
sets and to large basis set coupled cluster calculations on model systems.

Understanding of the mechanism for ligand substitution Scheme 1
reactions is fundamental to all of inorganic chemistry, and, in
these particular systems, it holds an important relationship to
the whole cycle of oxygen-atom-transfer (OAT) reactions
catalyzed by the transition metal complexes and metalloen-

zymes. These OAT reactions are important in a variety of S ” S vy S, ” S v X
enzymes such as sulfite oxidase and DMSO reductase, where / \ / \
Mo or W act at the catalytic centetdn addition to synthetic
Mo and W OAT system3,oxorhenium complexes have been x = Phosphine or Pyridine; Y = Phosphine
developed and studied extensively in recent dec&des.

Lahti and Espensdr{LE) measured the kinetics of the ligand ~ S¢€me 2

substitution reactions between five-coordinate oxorhenium dithi-
olates CHReO(SCHCsH4S)—X (MeReO(mtp), M-X in Scheme
1), for a variety of leaving ligands (X, mainly substituted

(1) (a) Hille, R.Chem. Re. 1996 96, 2757-2816. (b) Johnson, M. K. Rees, S, ” WS S’” ” WS S”' ” WS

D. C.; Adams, M. W. WChem. Re. 1996 96, 2817-2839. (c) Schindelin, / \ / \ / \
H.; Kisker, C.; Rajagopalan, K. \Adv. Protein Chem2001, 58, 47—94. CHg
(d) Brondino, C. D.; Romao, M. J.; Moura, |.; Moura, J. J.@urr. Opin. X v X

Chem. Biol.2006 10, 109-114.

% ES%“;%V'Q i EA' d(jf’g’r‘ge’g’ﬁ gﬁ”lé't.gchh%rsigge?', 4212,0142%%611%5)_ éggghson, pyridine or alkyl and aryl phosphines) and entering ligands (Y,
J.’H. Chem. Commun1999 479-488. (c) Espenson, J. Hdv. Inorg. mainly other phosphines). In many cases, they observed biphasic
Chem.2003 54, 157-202. ; ; ; ; ; ;

(4) Lahti, D. ve Espenson, J. H. Am. Chem. So@001, 123 6014-6024. reac_:t_lons with an apparent intermediate-Mr, in which the .

(5) Espenson, J. HCoord. Chem. Re 2005 249, 329-341. positions of CHand Y have been exchanged (Scheme 2). While
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Scheme 3 and biphasic kinetics, we chose two experimentally studied
systems, entering ligand ¥ PPhMe and leaving ligands X=
4-BuPy or PPR Other experimentally studied pairs are close
enough to these two examples that our results should be

? o o} representative of the whole class of reactants. The accuracy of
s”"'Re-““‘s S”"'FLé-\“‘s S”"'Ré-““s the methodology, density functional, and basis set was examined

R &\Cm <\x< | N @ N with simplified model systems.

Y

v Results and Discussion
other cases showed monophasic kinetics and no detectable apalysis of the Turnstile and Pyramidal Mechanisms The
intermediates, LE suggested that the intermediates were NOteaction pathway and predicted relative enthalpies of the
absent but disguised by a high reaction rate in one of the two intermediates/H°) and transition states\(H?) for the turnstile
stages. , , mechanism are shown in Scheme 4 and Figure 1 for the case X
In developing the mechanism for these systems, LE proposed_ 4°BuPy and Y= PPhMe. All relative enthalpies were

that ;n |tr_1com_|tng Ilgatnhd, Y, couldhonly enltgrbattthe vaczcajntd calculated in the gas phase at 298.15 K with complex>\
coordination site as other approaches wou'd be 100 crowded. ;g separated Y ligand set to 0.0 kcal/mol unless otherwise
Microscopic reversibility then requires that the leaving ligand, noted

X, also leave from this site. Thus, the direct-exchange of ligands . ) .

as shown in Scheme 3 was eliminated from further consideration  Y/hile the proposed intermediates are stable enough and the

as it would appear to violate microscopic reversibility. barriers for I!gand attack andlloss are reasonablg, the calcullated
To avoid violating microscopic reversibility, LE proposed a €Nergy barrier for the turnstile rearrangement is far too high

mechanism that involves a rearrangement of the six-coordinate(TSt1 = 43.3 andTSr, = 49.6 kcal/mol) to account for the

intermediate through a turnstile twist (a trigonal prismatic ©observed reaction. The optimized geometries of the stable

intermediate or transition state) or a pentagonal pyramidal Structure of six-coordinate intermedid&XY ; and the transition

structure (Scheme 4). The proposed intermediateY¥] an stateTSr; are displayed in Figures 2 and 3, respectively. From

isomer of final product M-Y, was observed for some but not MXY 1 to TSry, the strong bonds ReO, Re-C, Re-N, and

all ligand pairs. This mechanism is often cited as an example Re—S2 become longer, while the R&1 and Re-P bonds

of the application of the principle of microscopic reversibifiy. ~ become shorter. Specifically, the largest changes are in th®Re
Here, we study the mechanisms of ligand substitution and Re-C bond length. The former bond (R®), which is very

reactions of these oxorhenium complexes through density weak in the intermediate because it is trans to the strongest

functional theory (DFT) calculations on the relative energies “trans-influence” ligand (O), becomes strongefTi8r;. How-

in the turnstile, pyramidal, and direct-exchange mechanisms. ever, the strong ReC bond weakens considerably TiSr; as

To have representative ligand pairs that show both monophasicit is now competing with the O for the same Re d orbital.

Scheme 4. Reaction Pathway and Computed Relative Enthalpies (kcal/mol) of the Intermediates (AH°) and Transition States (AH) for the
Turnstile and Pyramidal Mechanisms Proposed by Lahti and Espenson® @
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aX = 41BuPy and Y= PPhMe. The initial attack of Y at the vacant coordination site (or the loss of X ligand from this site) has such a low barrier on
the electronic energy surfacEd that the usual thermal corrections based on harmonic vibrational frequency produce a transition state enthalpy below that
of six-coordinate intermediate.
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Figure 1. Computed relative enthalpies (kcal/mol) of the intermediatgd°] and transition states\(H*) for the turnstile mechanisms. % 4-BuPy and

Y = PPhMe.

Figure 2. The stable structure of six-coordinate intermedhdY ; when
entering ligand Y= PPhMe attacks the vacant lower axial coordinate site
trans to O. Leaving ligand X 4-'BuPy. The dihedral of ERe-S2-S1

is 151.5. Unit for bond length is angstrom. First vibrational frequency is
17.14 cmrt.

Figure 3. The structure of the transition stafESr; in the turnstile
mechanism. X= 4-BuPy and Y= PPhMe. The dihedral of G-Re-S1—
S2is 175.7. Unit for bond length is angstrom. R® bond length is 1.723
A. Re—C bond length is 2.274 A. Imaginary frequency-§9.13 cntl.

All of these changes make the transition stat®r; high
energy. All attempts to find a stationary point (intermediate,
transition state, or higher-order saddle point) required for any

alternative rearrangement failed. The proposed pentagonal-

1562 J. AM. CHEM. SOC. = VOL. 129, NO. 6, 2007

Figure 4. The structure of transition stafES; 24 in the direct-exchange
mechanism. %= 4-BuPy and Y= PPhMe. The dihedral of GRe-S2—

S1 is 146.8. Unit for bond length is angstrom. Imaginary frequency is
—34.86 cnl.

pyramidal structures were higher in energy tha8m and
unstable (not stationary points) and collapsed to the turnstile
transition state during further optimizations.

Direct-Exchange MechanismFollowing our initial surprise
that the turnstile and pentagonal-pyramidal mechanisms were
too high in energy to explain the observed reaction and our
failure to find any other rearrangement, we began an examina-
tion of the direct-exchange pathway (Scheme 3) and found low-
energy pathways by this route. On the basis of further
exploration of related pathways, we determined the complete
mechanism as shown in Scheme 5 for=X4-BuPy and Y=
PPhMe, and selected values for the ligand pairXPPh and
Y = PPhMe are shown in square brackets.

Scheme 5 shows three reaction pathwayts, andc leading
to the final product M-Y, 3a, in this direct-exchange mecha-
nism. In the first pathwaya, the entering ligand Y attacks the
five-coordinate oxorhenium compoundX, 1, from the vacant
lower axial position through a very low-energy barrie$; 2,

(5.8 kcal/mol, Figure 4) to form the six-coordinate intermediate
2a. Next, the ligand X leaves the rhenium atom directly, and Y

(6) (a) McPherson, L. D.; Drees, M.; Khan, S. I.; Strassner, T.; Abu-Omar,
M. M. Inorg. Chem2004 43, 4036-4050. (b) Shan, X.; Espenson, J. H.
Dalton Trans.2003 3612-3616.

(a) Hohenberg, P.; Kohn, ViPhys. Re. 1964 136, B864—871. (b) Kohn,

W.; Sham, L. JPhys. Re. 1965 140, A1133-1138.
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Scheme 5. Reaction Pathway and Calculated Relative Enthalpies (kcal/mol) of the Intermediates (AH°) and Transition States (AH*) for the
Direct-Exchange Mechanisms for X = 4-BuPy and Y = PPhMe; and for Selected Values of X = PPh; and Y = PPhMe; in Square

Brackets?
AH° =58
[4H° = -4.6]
£76\, 1
SI/u,Re.\\\
7 YCH:
Y 3a
AH* =133 |[Tg
ai=val s,
Y
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\ q \S { R S (0} S
S, N TS1,20 S ) Sl o
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aThe initial attack of Y at the vacant coordination site (or the loss of X ligand from this site) has such a low barrier on the electronic energ#gurface (
that the usual thermal corrections based on harmonic vibrational frequency produce a transition state enthalpy below that of six-coordeditgéenterm

Figure 5. The structure of the transition staf&,, 3ain the direct-exchange
mechanism. X= 4-BuPy and Y= PPhMe. The dihedral of G-Re—S2—
S1is 142.7. The dihedral of N-Re—S1-S2 is 169.0. Unit for bond length
is angstrom. Imaginary frequency 4$62.27 cnr™.

moves up from the lower axial position to replace X in the basal

Figure 6. The structure of the transition staf&; 2, in the direct-exchange
mechanism. X= 4-BuPy and Y= PPhMe. The dihedral of GRe—-S2—

S1 is 147.1. Unit for bond length is angstrom. Imaginary frequency is
—62.92 cnrl.

site through a single, somewhat higher energy transition statethey made the apparently quite reasonable assumption that

TS2a,3a(17.7 kcal/mol, Figure 5).

The second reaction pathway,is the reverse of pathway
and the difference in energies on the two pathways arises
because X= Y. In pathwayb, Y attacks from above X, and X
moves down to the lower axial position to form the six-
coordinate intermediat@b via TS; 2, (11.8 kcal/mol, Figure
6). Next, X leaves the Re atom directly from the lower axial
position through the transition stat&,y, 34 (7.4 kcal/mol), and
Y remains at the basal site formerly occupied by X.

It was expectations about this latter pathwiythat led LE

to propose a mechanism that avoided the direct-exchange.

Because Y would have to attack from the more crowded side
(as opposed to pathwaywhere Y attacks at the vacant site),

pathwayb would be much too high in energy to be part of the
reaction mechanism. Although the barrier for attack at the more
crowded positionTS; 25, 11.8 kcal/mol, Figure 6) is higher than
the barrier for attack at the vacant sifESq 5 5.8 kcal/mol,
Figure 4), the former is still a relatively low-energy process,
and its existence explains how direct-exchange maintains
microscopic reversibility. Interestingly, for the pair of ligands
X = 4'BuPy and Y= PPhMe, pathwayb actually provides a
lower overall barrier than pathway as ligand loss from the
six-coordinate intermediat2a and subsequent rearrangement
on pathwaya throughTS;4 32 (17.7 kcal/mol, Figure 5) is even
more “crowded”. The energy 0OF Sy, 342 is higher than that of
TSs 2 simply because the BuPy ligand has stronger interaction
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) i, . . Figure 9. The structure of the transition stal&sp 4in the direct-exchange
Figure 7. The structure of the transition stal&; »cin the direct-exchange mechanism. ¥= 4-BuPy and Y= PPhMe. The dihedral of P-Re-S2—

mechanism. X= 4-BuPy and Y= PPhMe. The dihedral of P-Re-S2- S1is 159.3. The dihedral of P-Re~S1-S2 is 169.6. Unit for bond length
S1is 178.8. The dihedral of N-Re—S1—-S2 is 161.9. Unit for bond length is angstrom. ReO bond length is 1.723 A. Imaginary frequency-i§6.27
is angstrom. Imaginary frequency is61.13 cnl. cmL

Figure 8. The structure of the transition sta&,c spin the direct-exchange Figure 10. The structure of the transition stat&, zain the direct-exchange

mechanism. X= 4-BuPy and Y= PPhMe. The dihedral of PRe-S2— mechanism. X= 4-BuPy and Y= PPhMe. The dihedral of P-Re-S2-
S1is 159.8. The dihedral of N-Re—S1-S2 is 171.8. Unit for bond length S1is 176.9. The dihedral of P-Re-S1-S2 is 162.8. Unit for bond length
is angstrom. Imaginary frequency is46.12 cnr. is angstrom. Imaginary frequency i$58.41 cnil.

with the Re atom than the PPhikgand. The Re-P bond is intermediate4 through the transition stat€Sz, 4 (17.1 kcal/
about 0.6 A shorter, but the R&l bond length is about 0.8 A mol, Figure 9). Next, in the final step, the Y ligand on the right
larger in TSpa 32 than those inTS; 2 (compare Figure 5 and  leaves the Re atom directly, while @hhoves up simultaneously
Figure 6). Other Re bonds have only very few changes. To this to its original position through the transition stat8, 3, (13.3
point, our proposed reaction mechanism from reacfamnd kcal/mol, Figure 10) to form the final product MY (3a in
observed produ@adoes not produce the apparent intermediate Scheme 5). Because all reactions in the direct-exchange mech-
that was observed by LE. So, how does this observed speciesanism are completely reversible,-Ny* can be generated not
a less stable isomer of the product in which £4hd Y have only from the reactant MX through TS; 2c and TSpc 3p, but
exchanged places (MY* and 3b in Scheme 5), actually form,  also from the product MY through TS, 3, and TSap 4.
and what is its relationship to our newly proposed mechanism? Ligand Effects (Monophasic versus Biphasic Kinetics)For
The route throug!8b is shown as the third reaction pathway, the ligand pair X= 4-BuPy and Y= PPhMe, the AH* of
¢, in Scheme 5. TS12p is about 3 and 5 kcal/mol lower than those ;¢ 3p

In pathwayc, the ligand Y attacks the reactantiX, 1, from andTSsp 4, respectively. Thus, the generation of product¥
the right, above, and near the gpbsition, while the Chimoves through pathwayo would be much faster than the generation
down to the lower axial position to form the six-coordinate of the isomer M-Y* through pathwayc from either reactant
intermediate2c via TSy o¢ (7.3 kcal/mol, Figure 7). In the second  or product. In this case, only small amounts of-M* will be
step, X leaves the Re atom directly and £Hoves up to the produced, and the reaction will appear monophasic. In agreement
original basal position of X through the transition sta® s with our prediction, LE did not observe an intermediate for this
(14.9 kcal/mol, Figure 8) to generate the isomer ¥t (3bin particular ligand pair. However, if we change the leaving ligand
Scheme 5). In the third step, another Y ligand attacksY¥ X to a triphenyl phosphine (PBhand keep the entering ligand
from left, above, and near GHto form a six-coordinate Y as PPhMg the two high-energy barriers on pathwayl Syc 3p

1564 J. AM. CHEM. SOC. = VOL. 129, NO. 6, 2007
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Table 1. Calculated Dissociation Energies for the Re—P Bond between MeReO(mtp) and PMes with the B3LYP Functional and Various

Basis Sets
Re ECP for Re D.
no. outermost 15 electrons inner 60 electrons other atoms (kcal/mol)

BSO01 LANL2DZ LANL2DZ ECP LANL2DZ 33.39
BS02 LANL2DZ & Couty-Hall 6p LANL2DZ ECP LANL2DZ & dp 33.52
BS03 LANL2DZ & Couty-Hall 6p & f LANL2DZ ECP LANL2DZ 33.72
BS04 LANL2DZ & Couty-Hall 6p & f LANL2DZ ECP LANL2DZ & dp 33.42
BS05 LANL2DZ & Couty-Hall 6p & f LANL2DZ ECP cc-pvTZ 32.85
BS06 QzVPP LANL2DZ ECP 6-3H+G(3df,3pd) 33.77
BS07 QzZVPP LANL2DZ ECP 6-311G 32.93
BS08 QzVPP LANL2DZ ECP LANL2DZ & dp 32.27
BS09 TZVPP LANL2DZ ECP LANL2DZ & dp 31.94
BS10 QzVPP Stuttgart RSC 1997 ECP 6-311G 32.77
BS11 QzVPP Stuttgart RSC 1997 ECP LANL2DZ & dp 31.58
BS12 TZVPP Stuttgart RSC 1997 ECP 6-311G 32.67
BS13 TZVPP Stuttgart RSC 1997 ECP LANL2DZ & dp 31.17
BS14 Stuttgart RSC 1997 Stuttgart RSC 1997 ECP LANL2DZ & dp 31.91
BS15 Stuttgart RSC 1997 & f Stuttgart RSC 1997 ECP LANL2DZ & dp 31.79
BS16 Stuttgart RSC 1997 & f Stuttgart RSC 1997 ECP Stuttgart RLC ECP 33.52
BS17 Stuttgart RSC 1997 & 2flg Stuttgart RSC 1997 ECP Stuttgart RLC ECP 32.34
BS18 ZORA TZ2P all-electron ZORA TZ2P all-electron ZORA TZ2P all-electron 31.34
BS19 ZORA QZA4P all-electron ZORA QZA4P all-electron ZORA QZA4P all-electron 30.52

(9.9 kcal/mol) andTSap4 (6.7 kcal/mol), have decreased in Scheme 6

energy enough to be below those on pathwandb, TS; 2

(17.4 kcal/mol) and' Sy, 34(12.6 kcal/mol), respectively. Now,

pathwayc has the lowest energy barrier, and isomet ¥

will be generated first as an intermediate throd@@sc s, then, o

the final product M-Y will be produced from M-Y* through Sull w8 T S/,,,lﬁm\\s + PMes

TSsp4 These theoretical results are also consistent with the /Re\ Re\
' ; . . Me;P CH,4 CH,

observed phenomena for this other ligand set. Incidentally, Y

M-X M X

attacking3b or 3a produces no new species, but would provide

routes to exchange free and bound Y. Table 2. Calculated Dissociation Energies between MeReO(mtp)

and PMe3 with BS17 and Various Density Functionals

Concluding Remarks

functional D, (kcal/mol)

Different combinations of basis sets and density functionals PWOL 36.39
were tested for the dissociation energy between oxorhenium PBE 35.67
compounds and phosphine ligands, and, on the basis of these PBE1PBE 40.89
results, the doublé-quality Stuttgart basis sets and PBE density SEEE 223{3:23

functional were selected for the investigation on mechanisms BLYP 26.26

for ligand substitution in five-coordinate oxorhenium dithiolate, B3LYP 32.34

CH3ReO(SCHCH4S)—X, complexes. The calculations dem- Sﬁwﬁvp g?%
. - an .

onstrate that both the turnstile and the pentagonal-pyramidal MPWO9LPWOIL 38.42

rearrangement of the six-coordinate complexes are too high in
energy to be accessed. Furthermore, the calculations show that

these ligand substitution reactions proceed through a direct-appropriate for a given system. Thus, we need some experience in
exchange pathway that does not violate microscopic reversibility. related systems, or one needs to examine the system with a variety of
Although the vacant axial position is the most easily attacked basis sets and functionals. Because the essence of ligand substitution
site, the alternative site of attack, which is required by is breaking and forming chemical bonds between the metal and ligands,
microscopic reversibility, is still quite low in energy. In the We selected the dissociation enerd) between the Re atom and a

direct-exchange mechanism, different entering and leaving Phosphine ligand (MX =M + X) as the physical quantity to examine
ligand pairs will select different possible reaction pathways. in searching for a suitable theoretical model. In particular, we will study

Consistent with th . ¢ th displ h the reaction shown in Scheme 6.
onsistent wi € expenments, our pathway CiSplays monopna- - g«.. of Basis Set. Nineteen basis sets (BS6BS19) were

sic kinetics with no intermediate, while the other pathway oyamined with the popular B3LYP functiofiab determine the effect

displays biphasic kinetics and an intermediate. of basis sets on thBe = Eyx — Em — Ex. The geometric structures of

M, X, and M—X were optimized separately for each basis set to obtain

their total electronic energiels. The 19 results foD. are listed in
Because the actual molecular system contains large ligands and arable 1. Calculations were performed by using GaussidfddBS01—

third-transition-row metal, rhenium, DFT calculations with relativistic  BS17 and ADF 200% for BS18 and BS19.

effect-core-potential (ECP) basis sets are the only suitable theoretical Basis sets 417 were constructed using various combinations of

model that can balance the precision and computational cost. RecentGaussian-type basis sets for Re and other atoms. For the outermost 15

developments in both ab initio theory and DFT provide a wide variety electrons (semi-core, %y, and valence, 56<) of Re, basis sets of

of basis sets and density functionals. There is no a priori criterion for

judging which basis set and density functional combination is most (8) Becke, A. D.J. Chem. Phys1993 98, 5648-5652.

Computational Details
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Table 3. Calculated Dissociation Energies between HReO(SH), and PH3 with the PBE Functional and Various Basis Sets

Re ECP for Re D

no. outermost 15 electrons inner 60 electrons other atoms (kcal/mol)
BS04 LANL2DZ & Couty-Hall 6p & f LANL2DZ ECP LANL2DZ & dp 27.63
BS05 LANL2DZ & Couty-Hall 6p & f LANL2DZ ECP cc-pvVTZ 27.42
BS06 QZVPP LANL2DZ ECP 6-31t+G(3df,3pd) 27.77
BS17 Stuttgart RSC 1997 & 2flg Stuttgart RSC 1997 ECP Stuttgart RLC ECP 27.14
BS18 ZORA TZ2P all-electron ZORA TZ2P all-electron ZORA TZ2P all-electron 27.75
BS20 Stuttgart RSC 1997 & 2flg Stuttgart RSC 1997 ECP cc-pVTZ 27.65
BS21 Stuttgart RSC 1997 & 2flg Stuttgart RSC 1997 ECP aug-cc-pvTZ 27.50
BS22 Stuttgart RSC 1997 & 2flg Stuttgart RSC 1997 ECP cc-pvQz 27.87

various qualities were selected including Hay-Wadt LANL2BZ,
triple-¢ valence with two polarization functions (TZVPE)quadrupleg
valence with two polarization functions (QZVPP)and double level
Stuttgart relativistic small core (RSC) 19%24The notation & Couty-
Hall 6p indicates that a set of optimized 6p orbitélsere added, & f
indicates that one f-polarization functiénwas added, and & 2flg
indicates that two f and one g functidfsvere added. For the inner 60
electrons of Re, LANL2DZ ECP and Stuttgart RSC 1997 ECRvere
used. For the other atoms, two types of ECP basis sets, LANE2BZ
and Stuttgart relativistic large core (RL&)and three types of all-
electron basis sets, correlation consistent polarized valence gr{pte-
pVTZ),2° 6-311G? and 6-313%+G(3df,3pd)?122 were selected for

Figure 11. The geometry structure of HReO(SH)PHs, optimized by

comparison. The notation & dp indicates that one polarization and one ysing PBE functional with BS20.

diffuse functiord® were added to the LANL2DZ basis sets. For the basis
sets using LANL2DZ or Stuttgart settings, the Dunning double-
(D95V)? basis set was used for all H atoms. BS18 and BS19 were
optimized all-electron Slater-type tripebasis sets with two polariza-
tion functions (TZ2Pp and quadruplé-basis sets with four polarization
functions (QZ4P¥ for use in the zeroth-order regular approximate
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B3PW9126 BHandHLYP?**°and MPW91PW9%53twere selected for
calculation with BS17. The calculatdal results obtained from these
different density functionals spread over a wider range (Table 2). The
maximumDe (40.89 kcal/mol, PBE1PBE) is 17.47 kcal/mol larger than
the minimumDe (23.42 kcal/mol, OLYP). Thus, it is very important
to determine which functional is most suitable for calculating the Re
bond strength for this oxorhenium molecular system.
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Table 4. Calculated Dissociation Energies between HReO(SH),
and PH3 with BS20 and Various Methods

method? D, (kcal/mol)
PW91 27.49
PBE 27.65
PBE1PBE 30.08
OPBE 23.37
OLYP 17.16
BLYP 18.47
B3LYP 21.17
B3PW91 27.33
BHandHLYP 20.66
MPW91PW91 26.14
CCSD(T)/PBE 28.27
CCSD(T)/B3LYP 28.31

aDFT calculations optimize structures separatel@CSD(T) single point
energy calculation with PBE optimized structure€CSD(T) single point
energy calculation with B3LYP optimized structures.

wavefunction method. Thus, we performed benchmark CCSB(T)
calculations with rather large basis sets (BS20) forDh®f a similar
but much simpler molecular system HReO($HPH; by using the
MOLPRO?® ab initio program package version 2002.6. At first, we
calculated thé®. between HReO(SHynd PH with various basis sets
and density functionals to see if the theoretical results on this molecular
system were similar to those of the large model. Next, using the
geometry structures optimized by PBE (see Figure 11) and B3LYP
with BS20, CCSD(T) single point energy calculations were performed
in the same basis sets. The results are displayed in Tables 3 and 4.
These results indicate that the calculated dissociation energies of
HReO(SH)—PH; also are not sensitive to basis sets but do depend on

(32) Schitz, M. J. Chem. Phys200Q 113 9986.

(33) Werner, H.-J.; et aMOLPRO, a package of ab initio programegrsion
2002.6 University College Cardiff Consultants, Cardiff, Wales, UK, 2003;
http://www.molpro.net/.

(34) JIMP2, version 0.091, a program for visualizing and manipulating
molecules: Manson, J.; Webster, C. E.; Hall, M. B. Texas A&M University,
College Station, TX, 2006; http://www.chem.tamu.edu/jimp2/index.html.

density functionals. In Table 4, the PBE and B3LYP results differ by
about 6 kcal/mol difference, but the difference between the CCSD(T)
single point calculations using PBE and B3LYP structures is less than
0.1 kcal/mol. This means PBE and B3LYP calculations obtain very
similar geometric structures. Among all of these density functionals,
the PBE, PW91, and B3PW91 have similar results and are close to the
high accuracy CCSD(T) results. On the basis of all of these compari-
sons, we finally chose BS17 basis set and the PBE pure density
functional for our further study of the ligand substitution reaction
mechanisms of the oxorhenium dithiolate complexes. This combination
of basis set and density functional can reduce the computational cost
dramatically without lose of precision. Calculating the harmonic
vibrational frequencies and noting the number of imaginary frequencies
confirmed the nature of all intermediates (no imaginary frequency) and
transition state structures (one imaginary frequency), which also were
confirmed to connect reactants and products by the intrinsic reaction
coordinate (IRC) calculations. All figures in this paper were drawn by
using the JIMP2 molecular visualizing and manipulating program.
The zero-point energy and entropic contribution have been estimated
within the harmonic potential approximation. The counterpoise method,
in which M, X, and Y were specified as three fragments, was use to
correct the BSSE in further calculations. As a final comment, when
done with careful characterizations of the computed transition states,
computational chemistry will only find microscopically reversible
pathways because the correct physics is built into the methodology.
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