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Theoretical studies on metal bis(trifluoromethylsulfonyl)imides, M(TE®Y) = Mg, Ca, Ba, Zn, and Cu)

are carried out using density functional theory (DFT) method and B3LYP/lanl2dz theory level for the first
time. Quadradentate structures involving four oxygen atoms of f&@,— groups are preferred. Based on
these conformations, binding energies and frontier molecular orbital (FMO) energies have been compared,
correlated with experimental results, to evaluate the Lewis acidity and catalytic activity of these metal
complexes. Wave function analyses have been performed by natural bond orbital (NBO) method to further
investigate the cationanion interactions. M(TFSJ)-acrolein complexes are also calculated at the same level

to obtain a better understanding of the interactions between Lewis acid and dienophile. Several important
trends are revealed and give an insight into the molecular structures and Lewis acidity of M(B5SVell

as the weakly coordinating property of TESnion. Explanations for the outstanding catalytic property of
Cu(TFSI} are put forward. Predictions upon a novel Lewis acid are also provided.

Introduction is unsuitable and impracticable for our molecule system because
(1) such metal complexes are relatively large in size and contain
heavy metal atoms and (2) electron correlations have consider-
able effects on binding energies but they are usually unaccounted
for a traditional Hatree-Fock calculation. So density functional
theory (DFT) B3LYP metho®2%in conjugation with standard
lanl2dz basis sét is chosen for our calculation. This method
has been very common because it accounts better for electron
correlation energies and greatly reduces the calculation expenses
with reliable description of both geometries and energ&tids
for systems containing heavy atoms.
In this paper, we report the computational study on M(TESI)

M = Mg, Ca, Ba, Zn, and Cu) complexes for the first time.

everal trends are revealed and reasonable predictions are then
made upon the novel Lewis acid synthesizing in our lab.

In recent years, “weakly coordinating” anidnghave caused
great interest among chemists. As an outstanding weakly
coordinating anion, the TFSI (N(SOFs),) imide aniort and
its metal complexes have been extensively investigated in the
development of highly effective Lewis acid catalystsand
novel electrolyted®12

Generally, the focus on development of the novel Lewis acid
catalyst has been on seeking a proper anion for coordination
with various kinds of metal cations to obtain desired species
with appropriate Lewis acidity, as well as catalytic property.
This usually is a time-consuming project and sometimes even
an aimless one. To save both time and resources and to mak
the exploration more definite, a theoretical approach is undoubt-
edly necessary and is attracting attentions of more and more
chemists.

To the best of our knowledge, theoretical research of metal o ) ) o
bis(trifluoromethylsulfonyl)imides through quantum chemical _Preoptimization was performed using semiempirical PM3-
calculations is very limited besides several reports about LiTFSI, (PM3/D) method® to locate the preferred positions for metal
TFSI anion, and HTSFI acitt-17 All of these works only ion coordination, as _WeII as to provide staring geometn_es for
focused on the conformation and electrochemistry of the species.Nigher level calculations. Ba(TFSIand the new synthesized
No computational study on the structure and catalytic property C0mpound were preoptimized by MMFF94 molecular mechanics
of M(TFSI), (M = Mg, Ca, Ba, Zn, and Cu) was seen. force field?® calculation be.cause pf th'e'lack of parameters for
Experimental data on the structures were also limité@which heavy atoms Ba and La in semiempirical method. The metal
makes us remain unclear about the microstructures of metal bis-10N’S Starting position was initially chosen to be adjacent to the
(trifluoromethylsulfonyl)imides. While, as we know, the anien ~ N€gative parts (nitrogen atoms and oxygen atoms ings@ups)
cation interaction within Lewis acid plays an important role to ©f the anion. _
its Lewis acidity, as well as catalytic property. So, a thorough _ Subsequently, all of the metal complexes were treated with
computational investigation on the electronic structures, ener- DF T method at B3LYP/lani2dz level for full geometry optimi-
gies, and orbitals of M(TFS#)would be quite necessary and zation. Nature popu]anon analysis (NPA) and natural bo.nd
helpful to better our understanding to a quantum level. orbital (NBO) analysis were performeq at the same Ieve_I using

Ab initio quantum chemistry method up to 6-8G* level is NBO program 3.%7 to obtain quantitative analysis of catien

often employed in the theoretical study on LITFSI. This method anion interactions between NBOs of Lewis acids. Quantitative
study of interactions between Lewis acids and dienophile were

*To whom correspondence should be addressed. E-mail: niejin@ @ISO obtained through NBO analysis and frontier molecular
mail.hust.edu.cn. orbital (FMO) energetic calculations.
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TABLE 1: Main Geometry Parameters of M(TFSI)x and TFSI Anion

Cu(TFSIy Zn(TFSI Mg(TFSI), ca(TFSl) Ba(TFSIy LITFSI TFSI
M—N1 3.834 3.904 3.816 4.181 4525 3.640
M—N2 3.834 3.904 3.816 4.181 4525
M-01 1.960 1.996 1.967 2.559 2.907 1.832
M—02 1.955 1.996 1.972 2.350 2.665 1.832
M—03 1.960 1.996 1.972 2.556 2.907
M—04 1.955 1.996 1.967 2.355 2.663
M—05 2.616 2.935
M-07 2.609 2.935
N1-S1 1.808 1.818 1.810 1.792 1.794 1.810 1.808
N1-S2 1.822 1.818 1.830 1.846 1.835 1.810 1.808
N2-S3 1.822 1.818 1.830 1.791 1.794
N2—S4 1.808 1.818 1.810 1.847 1.835
S1-01 1.685 1.672 1.660 1.656 1.649 1.650 1.628
S2-02 1.685 1.672 1.663 1.645 1.645 1.650 1.628
S3-03 1.685 1.672 1.663 1.656 1.6649
S4-04 1.685 1.672 1.660 1.645 1.645
S1-05(3) 1.607 1.608 1.607 1.654 1.648 1.610 1.628
S2-06(4) 1.610 1.608 1.611 1.606 1.608 1.610 1.628
S3-07 1.610 1.608 1.611 1.655 1.648
S4-08 1.607 1.608 1.607 1.606 1.608
S1-N1-S2 110.9 113.6 113.4 107.7 109.1 115.3 117.6
S3-N2-S4 110.9 113.6 113.4 107.5 109.1

Single-point energy calculations at higher level basis set 02—04—03 dihedral angle is 2.2% while other divalent
(B3LYP/6-31G*//B3LYP/lanl2dz) were also performed to obtain metal complexes have a tetrahedron one. Furthermore, we find
more accurate binding energies, which were defineBl,ag = that with the increase of cation raditfsin the order Cé™ <
Emetalcomplex_ (Ecation—free+ Eanion—free)- M92+ < Zm?t < Ca&t < B&*, the main M-O bond Iength

Lewis acidity and catalytic ability of these metal complexes also increases from 1.955 A (E®) to 2.665 A (Ba-0). As a
were quantitatively evaluated according to FMO energies, result, the M-O bond length gradually becomes larger than the
effective ionic charges, and NBO interaction energies correlated sum of ionic radii of the cations and O atom. This clearly
with experimental resultsTheoretical comparisons between Zn- suggests the decreasing interactions between cations and O
(TFSI), Zn(Tf),, and ZnC} were also made. atoms.

The PM3 and MMFF94 calculation were performed using  One may note that for Ca(TFSland Ba(TFSH, there are
PC Spartan Pro prograffi.All of the DFT calculations were  two more oxygen atoms (O5 and O7) contacting the cation

performed using the Gaussian 98 program package. center at relatively shorter distance. This is perhaps due to the
large size of the cationsdz+ = 1.05 A, rg2- = 1.38 A), which
Results and Discussion permits them to contact more O atoms. Influence of the extra
Geometries.As mentioned in the Introduction, the LiTFSI Lv{\;cr))er?etai—oxygen interactions will be discussed later in this

ion pair has been widely studied by R. Arnaud et“alsing ab . ]
initio Hartree-Fock method up to 6-3¢G* level. Their work Compared with free TFSI anion, structural changes of the
shows that the bidentate structures are the most stable. And the/ FSI” moiety in the divalent salts are as follows: (1) As
linkage in which Li- was bounded with an oxygen atom of each €xPected, the cation-unbounded S distances are generally
SO, group in LITFSI leads to the largest binding energy, as Shortened by ca. 0.02 A, whereas the cation-bounde® S
well as the most stable conformation, while no significant distances are lengthened by the different extent. The biggest
interaction between cation and the nitrogen atom of the imide increase in the SO distance was found for Cu(TFghy 0.057
anion was observed. Our calculations agree well with these A. This is comparable with the ab initio calculation of Arnaud
results; the quadradentate structures in which the metal cationsgt &l on LITFSE? in which the Li-unbounded SO bonds
coordinate with four oxygen atoms of the four S@oups hold ~ contract by 0.03 A with the lengthening of Li-bounded-G
the lowest total energies. This type of coordination is generally bonds by 0.018 A. (2) For each 8group in copper and alkaline
1523 kcal/mol more stabilizing than the coordination involving  €arth metal complexes, one of the twel$ bonds is lengthened
two N atoms. So, only the optimized geometrical parameters bY 0.014-0.039 A, while all of the SN bond lengths increase
of the quadradentate salts are given in Table 1. For comparisonDY about 0.01 A in Z#" complexes. The result of Amaud et
geometrical parameters of the equilibrium structures of free TFS| - also indicated the increase of-8 bonds by 0.02 A. (3)
anion are also included. The obtained energy-minimum struc- Finally, the S-N—S angles decrease by-40” indicating that
tures are depicted in Figure 1. a dlstortpn occurs when _TFSI anion coordinates with these
As depicted in Figure 1, the metal cations prefer to bind with Metal cations. A more obvious distortion up td"Tér S—N—S
the oxygen atoms in SQgroups, while they are far from the ~ @ngle can be observed in the study by Armaud et al.
nitrogen atoms that are negative centers of the imide anions. All of the structural changes mentioned above agree well with
The M—N distances (ranging from 3.448 to 4.525 A) are all the results of Arnaud et af.for lithium triflate and LITFSI, as
much longer than the sum of ionic or covalent rétiif the well as with the experimental data about Mg(TRSH,0.18
cations and N atom, which indicates no interactions between This demonstrates the reliability of B3LYP/lanl2dz method on
them. This is in good agreement with the weakly coordinating geometry characterization.
property of the TFSI anion and further proves that this anion ~ One point must be mentioned that, in an early experimental
behaves just like an oxyacid anion in this resgécthe Cu- study on M(TFSBHPEQ, (M = Mg, Ca, Sr, and Ba), Bakker et
(TFSI) clearly has a planar square coordinating structure{O1 al3! suggested a possible cation coordination for Ca(TFsijl
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LiTFSI Zn(Tf),

Figure 1. Atomic numbering and equilibrium geometries of M(TRESDnlabled atoms are F atoms).

Ba(TFSI} in which the cation coordinates with the nitrogen Charges. Mulliken atomic charges and natural charge
atom and an O atom of each anion. This is also depicted in population (NPA) of M(TFShand the free TFSI anion are listed
Figure 1 as Ca(TFSHconformer2. But that was obtained in Table 2 to analyze the redistribution of electronic charge in
according to the behavior at solid state, while our calculation the anion perturbed by the metal cations.

is based on gas phase. Moreover, energetic result shows that The most striking feature observed is that oxygen atoms
the total energy of Ca(TFSHconformerl ¢2138.016 79 au, directly bounded with metal cations have greater negative charge
B3LYP/lanl2dz) is fairly lower (22 kcal/mol) than that of Ca- than that in the free anion (increase by 0.224248 e for NPA),
(TFSI)-conformer2 2137.981 95 au B3LYP/lanl2dz), indicat-  while the metal-unbounded O atoms show less charge compared
ing that the former should be the most stable one. Thus, all of with the free anion (decrease by 0.68D063 electron for NPA).

the discussions related to Ca(TFSihd Ba(TFSH are based An interesting trend can be easily disclosed for these metal
on the four oxygen atoms coordination conformations. complexes. There are increasing positive charges on cations from
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TABLE 2: Mulliken and NPA (in Parentheses) Atomic Charges of M(TFSI), and TFSI

Cu(TFSIY Zn(TFSI) Mg(TFSI) Ca(TFSI) Ba(TFSI) LiTFSI TFSI-
M 0.908 1.293 1.438 1.625 1.792 0.743
(1.406) (1.757) (1.816) (1.893) (1.949) (0.949)
N1 —0.499 —0.504 —0.505 —0.509 —0.522 —0.520 —0.604
(—0.902) 0.913) (0.905) ¢0.901) 0.926) (0.928) ¢1.007)
N2 —0.499 —0.504 —0.505 —0.509 —0.522
(—0.900) 0.913) (-0.899) (-0.896) (-0.888)
o1 —0.612 —0.695 —0.745 —0.614 —0.626 —0.683 —0.557
(—0.951) ¢1.028) ¢1.058) ¢0.910) ¢0.905) ¢1.001) ¢0.810)
02 —0.585 —0.695 —-0.719 —0.747 —0.753 —0.681 —0.557
(—0.925) ¢1.028) ¢1.035) ¢1.019) ¢1.013) ¢1.002) ¢0.810)
o3 —0.585 —0.695 —-0.719 —0.614 —0.626 —0.477 —0.557
(—0.926) 1.028) (1.034) ¢0.910) (0.905) (0.749) (0.810)
04 —0.612 —0.695 —0.745 —0.747 —0.753 —0.477 —0.557
(—0.947) 1.0281) ¢1.051) ¢1.017) (1.003) ¢0.752) (-0.810)
05 —0.454 —0.4544 —0.461 —0.5972 —0.6173
(—0.721) (0.728) (0.724) (-0.894) (0.908)
06 —0.454 —0.454 —0.464 —0.463 —0.474
(—0.728) (0.728) ¢0.729) ¢0.727) 0.747)
o7 —0.454 —0.454 —0.464 —0.598 —0.617
(—0.729) (0.728) (0.734) (-0.896) (0.888)
08 —0.454 —0.454 —0.461 —0.463 —0.474
(—0.722) (0.728) 0.723) 0.729) 0.732)
ZIr 1.262 1.558 1.917 1.547 1.299 1.061
(1.953) (2.117) (2.421) (1.803) (1.412) (1.356)
TABLE 3: Binding Energies of Various Metal Complexes at B3LYP/lanl2dz and B3LYP/6-31G*//B3LYP/lanl2dz (Bold) Level3
Cu(TFSI) Zn(TFSI) Mg(TFSI) Ca(TFSI) Ba(TFSly ¢ LiTFSI Zn(Tf), ZnCl,
Ebina ® 578.6 536.8 509.3 417.9 359.9 48.4 536.8 604.1
503.7 489.7 446.5 351.4 109.7 530.5 624.9

aTotal energies of anions and metal cations are calculated, respectively, at the twolaveisits of kcal/mol.© The basis set for Ba is out of
range of 6-31G*, so the calculation at B3LYP/6-31G* level cannot be performed for BagrFSl)

Cu atom to Ba atom. This possibly indicates the degreasing the reliability and accuracy of our calculation method on energy
electron transfer from TFSI anion to metal cations. According characterization.

to the study of Reed et &,a change in population of 0.001 e To describe the anioncation interactions in more detail,
corresponds to the change of 0.001 hartree or 0.627 kcal/molnatural bond orbital (NBO) analysis at B3LYP/lanl2dz level is
in energy stabilization. Then the largest electron transfer carried out to further our understanding of orbital interactions
occurring in Cu(TFSH by 0.594 e (NPA charge) corresponds and charge delocalizations. Of particular interests are the

to the largest charge-transfer interactidt) of 372.4 kcal/ interactions between O (bounded with metal cation) lone pairs
mol. This kind of charge-transfer interactioBq«f) would be and antibonding orbitals of metal cation lone pairs. The
useful to study anioncation binding interactions. magnitudes of the interactions are shown in Table 4. Because

Energetics. The metal catior TFSI~ binding energies are  of the reason discussed in the previous section, lone pairs of
summarized in Table 3. To evaluate the influence of different two more O atoms (O5 and O7) in Ca(TFS&nd Ba(TFSh
anions on binding interactions, energetic results of zinc triflate are also involved in these interactions.
and zinc dichloride are also listed in the table. Several important ~ An interesting trend is found. The calculated order of main

trends concerning binding energies would be pointed out. orbital interaction energiegfy) parallels that oEping, although
First, the calculated order of binding energies from B3LYP/ Ej; only accounts for part of thEping. In fact, theEi; could be
lanl2dz calculation is as follows: Zngbk Cu(TFSI) > Zn- roughly attributed to the covalency contributions to binding.

(TFSI)y, > Zn(Tf), > Mg(TFSI), > Ca(TFSI} > Ba(TFSI) > Thus, the covalency fraction of aniewation interactions can
LITFSI. This is in good agreement with general chemistry be estimated as following order: LiTFSI (35%) Cu(TFSI)
knowledge. But one may note that there is a deviation; the TFSI (26%), Zn(TFSI) (27%), Mg(TFSI) (28%) > Ca(TFSI} (10%)
anion is widely known to be a weaker coordinating anion than > Ba(TFSI) (5%). The main trend of this order is due to
the Tf~ anion. Therefore, the order of their zinc salts should be changes in the hard/soft mismatch between the cation and the
reversed. A larger 6-31G* basis set is employed to obtain a anion. As the hardest and smallest one among alkaline earth
more accurate description of energies. The calculated series themetal cations, M§" would approach and interact with oxygen
becomes ZnGl> Zn(Tf), > Cu(TFSI} > Zn(TFSI), > Mg- atoms (hard base) at most ease leading to the largest covalency
(TESI), > Ca(TFSI) > Ba(TFSI} > LITFSI. This clearly gives contribution in divalent metatoxygen bond. The same trend
better agreement and demonstrates the weak coordinatingvas also obtained by Magnuss&iThe lithium—oxygen bond
property of TFSI anion. In a very recent DFT study by Rek still holds bigger covalency fraction than all of the divalent
et al. on the complexation energies of transition metal cations metal-oxygen bonds. As to copper and zinc ion complexes,
with amino acid®® and protein% at higher level (B3LYP/6- small ionic radiust(c 2+ = 0.72 A rze+ =0.83 A) allows them

31 ++G(2df,2pd)), Cé&" complexes always render larger to interact with O atoms easily, so both have considerable
binding energies than 2h complexes. As to group 1 and group  covalency fraction.

2 metal complexes, the same trend of binding energies was also From the charge delocalizing point of view, we could
reported in Magnusson’s previous theoretical research on metalconclude that largg;j,; means strong charge delocalization from
cation—water adduct8® Both of their results strongly proved O atoms to cations, as well as less positive charges on cations.
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TABLE 4: NBO Energetic Analysis for Various Metal —TFSI~ lon Pairs (Energies in kcal/mol)

vicinal interaction3 Cu(TFSl) Zn(TFSl) Mg(TFSl) Ca(TFSI) Ba(TFSI) LITFSI
nlor — N*m 7.03 12.61 19.87 4.57 2.25 7.97
N%o1— N*u 0.12 0.09 14.89 1.77 0.53
o1 — N*m 27.21 23.42 0.20 0.90 0.31 0.55
Nloz — N*y 7.57 12.61 18.95 7.42 3.67 8.02
%02 — N*m 0.37 0.09 0.59 0.33 0.08
%02 — N*m 32.63 23.42 16.48 0.16 0.57
Nloz— N*y 7.58 12.61 18.98 4,51 2.22
%03 — N*m 32.86 0.09 0.50 1.75 0.52
o3 — N*m 0.39 23.42 16.24 0.93 0.27
Nlos— N*y 7.27 12.61 19.99 7.41 3.65
204 — N*u 0.14 0.09 14.56 0.31 0.07
%04 — N*m 28.61 23.42 0.24 0.17
nlo5_’ n*m 4.18 2.16
n2054’ N*y 1.68 0.52
n305_’ n*m 0.88 0.31
Nlo7 — N*y 4.22 2.16
l'lz()7—> n*m 1.69 0.51
n307‘* n*M 0.88 0.26
Eorbital 151.78 144.44 141.49 43.83 19.52 17.11

anlo, Mo, and ro refer to the p lone pairs of the oxygen atomsjrefers to the antibonding orbital of lone pairs of the metal cations.

TABLE 5: Comparison of Catalytic Ability of Metal Complexes Lewis Acids in Diels—Alder Reaction?

Cu(TFSI) Zn(TFSl) Mg(TFSI) Ca(TFSI} Ba(TFSIy® LITFSI Zn(Tf), ZnCl,

Eiuvo (eV) —4.681 —4.747 —4.659 —4.596 —4.315 —4.068 —4.341 —3.060

—3332 —3392 —3.276 —3.199 —2.737 —3.128 —2.596
Eromo (V) —5.566 —9.054 —9.162 —8.928 —8.769 —8.482 —9.684 —9.119

—4.517 —8.226 8.365 —8.047 —7.722 —8.885 —6.736
AE (eV)° 2.560 2.494 2.591 2.645 2.926 3.173 2.900 4.181

3.666 3.392 3.722 3.799 4.260 3.870 4.402
Z/rd 1.262 1.558 1.917 1.547 1.299 1.061 1.392 0.853
Zre 1.953 2.117 2.421 1.803 1412 1.356 2.035 1.581
Ebind 578.6 536.8 509.3 417.9 359.9 48.4 536.8 604.1

503.7 489.7 446.5 351.4 109.7 530.5 624.9
Kobs ' 1370 125 18 5 1 1 23

aThe bold value is obtained at B3LYP/6-31G* leveIThe basis set for

Ba is out of range of 6-31G*, so the calculation at B3LYP/6-31G* level

cannot be performed for Ba(TF&I¥ Enomo of acrolein is—7.241 eV (B3LYP/lanl2dz) or-6.998 eV (B3LYP/6-31G*//B3LYP/lanl2dz) The
Mulliken effective cation charge. The NPA effective cation chargéReference 6.

The Mulliken charges and NPA charges presented in Table 2
prove our conclusion. Furthermore, if we calculate the charge-
transfer interactiorect by NPA population decrease of metal
cations, the same trends Bg.q andEjn: could also be obtained.

Catalysis. The motive driving us to initiate this investigation
is to explore quantitatively the excellent Lewis acidity and
catalytic ability of M(TFSI» and to make some reasonable
predictions according to the rules obtained through calculations.
So in this section, we will discuss the theoretical results
correlated with experimental dataabout the catalysis of
M(TFSI), in Diels—Alder reaction of cyclopentadiene and
methyl acrolein.

As generally recognized, the normal electron demand Biels
Alder reaction is a LUM@enophis—HOMOgienscontrolled reac-
tion. The basic concept of activation in this reaction is to utilize
the lone pair of the carbonyl group in the dienophile for
coordination to the Lewis acid catalyst. It can also be described
as the LUMO orbital of Lewis acid attacks the HOMO orbital
of dienophile leading to a decrease in both HOMO and LUMO
energy levels of the dienophile. So lower LUMO energy level

Generally, the orbital energies obtained at B3LYP/lanl2dz
level give reasonable results with one deviation for Cu(T£SI)
An obvious rule can be found that lower LUMO energy levels
of M(TFSI)x produce smalleAE’'s and larger rate constants.
This is in very much accordance with the discussion above.
Though relevant experimental data for the catalysis of Za(Tf)
in this Diels—Alder reaction is not available at hand, reasonable
predictions could also be made. Comparison among Zn(%FSl)
Zn(Tf),, and ZnC} indicates that metal complex containing
weaker coordinating anions usually holds larger effective cation
charge and lower LUMO energy level, which results in a faster
reaction.

The deviation of Cu(TFS$)in the LUMO energy trend does
not mean lower catalytic activity than Zn(TFghecause Cu-
(TFSI) has a unique featurdgts HOMO orbital only has a
single electron. NBO analysis of Cu(TFghevealed that the
single-electron HOMO orbital is a 3gdvalence orbital, which
has a low occupancy of 1.350. So it is quite possible for this
orbital to accept extra electrons and take part in the coordination
with the carbonyl group in the dienophile. Further, the calculated

of Lewis acid produces an easier and stronger attack on theHOMO energy of Cu(TFS})(—5.362 eV) is still higher than

HOMO orbital of dienophile, and thus greater decrease of FMO
energies of dienophile, which leads to a better activation, as
well as a lower energy barrier.

Calculated LUMO energy levels are listed in Table 5, together
with AE (energy difference between LUM@Visacia and HO-
MOuienophiig and effective cation charges. The observed rate
constants are included for comparison.

that of acrolein ¢7.241 eV). So from the energy approximation
point of view, this HOMO orbital should be able to interact
with the HOMO orbital of acrolein. As to other M(TFSI)
species, their HOMO energies are much lower than that of
acrolein suggesting no interactions between them. The extra
HOMO—-HOMO interaction between aceolein and Cu(TEKSI)
might account for the outstanding catalytic activity of this copper
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Figure 2. Optimized geometry of acroleirCu(TFSI} complex. 1.0 roor—ap—-—-vp—r—p—r—q
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salt. In addition, the planar square coordinating structure &éf Cu L
in Cu(TFSI) also facilitates the attack of acrolein from both Figure 3. Relations betweekoss and AEs. Evowo of cyclopentadiene
sides of the O+ 02—04—03 plane. is —5.947 eV (B3LYP/lanl2dz).

For group 1 and group 2 metal bis(trimethylsulfonyl)imides,
the increase in effective cation charge parallels the increase in  As Table 6 reveals, upon complexation with Lewis acids,
rate constant. This is consistent with our previous repas, the HOMO and LUMO energies of acrolein significantly
well as the research of Casaschi et al. on catalysis of perchlorateslecrease. The biggest LUMO decrease occurs for Cu(ZFSlI)
in similar Diels-Alder reaction$® When one takes into account  acrolein complex up to 2.350 eV (B3LYP/lanl2dz level). The
the transition metal complexes, the effective cation charge fails activation barrieAE,, which is roughly defined as the difference
to interpret the experimental results indicating its limitation in  between LUMQienophile @and HOMQjiene could be estimated.
comparing transition metal complexes with main group metal Figure 3 describes the relations betwe®E, and kops NBO
complexes. analysis shows that the lone pairs of O atorfp(@and fo) in

Ening is also listed in Table 5, because we note thatBhe acrolein interact most with the antibonding orbital (n*(6)M for
increases in parallel with the increase of rate constant. This copper and zinc complexes or n*(1)M for group 1 and group 2
suggests there might be some kind of relation between the complexes) of cations, which means strong charge delocalization
binding energy and catalytic activity of these metal complexes. from O to ME™. Interestingly, the magnitude of the delocalization
But a definite conclusion cannot be drawn until a thorough interaction energies reproduces the same trend as the LUMO
theoretical and experimental investigation on the catalysis of energies.
other metal complex series is carried out. Related research However, discrepancy does exist between calculation results
on metal triflates and metal chlorides has been carried out in and experimental data for Mg(TFgIwhich shows largeEge|

T r
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our group, and similar trends are also folidhese compari- while smallerkopsthan ZnCh. It's probably because as a harder
sons are better made between species with same the cations aacid than zinc salts (see effective cation charges in Table 5)
anions. Mg(TFSI), is more sensitive to the hard basgdHand liable to

To further study the interactions between Lewis acids and be deactivated by the trace moisture in solvents or substrates.
dienophile, we used acrolein as a dienophile model to complex Nie’s reporf has already proved that the reaction catalyzed by
with the Lewis acids. After geometry optimization, we found dehydrated Mg(TFS})proceeds three times faster than that by
that zinc and copper metal complexes still maintain quandraden-hydrated catalyst Mg(TFSH3H,0. As to the relatively softer
tate coordination with one metabxygen bond replaced by a  zinc salts, the hydrated Zn(TF%I3H,O demonstrated the same
metal-carbonyl bond while pentadentate structures are obtainedcatalytic activity as dehydrated Zn(TFgl)
for alkaline earth metal complexes. The optimized structure of ~ Another point should be addressed that significant empty d
acrolein-Cu(TFSI» complex was given in Figure 2. The orbital interaction is observed in acrolei€u(TFSI) through
distance between the 04 atom and Cu atom is 2.169 A, It's NBO analysis. We found that all of the n*(6)M or n*(1)M
longer than the sum of ionic radii of oxygen and copper atoms orbitals in acroleir-rmetat-TFSI complexes are predominantly
(2.07 A) suggesting no significant interaction between the two (>99%) s character, while in acroleh€Cu(TFSIy complex,
atoms. The O+02—-05—-03 dihedral angle is-4.75 showing another antibonding orbital assigned as n*(5)Cu has a hybrid
that the Cé&" still keeps a planar square coordinating structure. of p (0.04%) and d (99.96%) character. This cleaslg d orbital,
NBO calculation was performed because this deletion procedureand the interaction between it and acrolein accounts for 31%
permits us to study intramolecular delocalization interactions of the totalEge, While no similar interaction is observed in other
by coupling any two orbitals on separate fragments in the complexes. This d orbital involvement proves our explanation
complexes. So it can afford a more detailed quantitative in the previous section and may to some extent explain the
description on these interactions. outstanding catalytic activity of Cu(TFS$I)

TABLE 6: Energetics of Dienophile—Lewis Acid Complexes at B3LYP/lanl2dz Level
ZnCh—  Zn(Tfl,—  Zn(TFSlp—  Cu(TFSIy—  Mg(TFSI,—  Ca(TFSBh—  Ba(TFSIy—  LiTFSI—

acrolein  acrolein acrolein acrolein acrolein acrolein acrolein acrolein acrolein
ELumo —2.294 4.045 —4.203 —-4.502 —4.644 4.153 —4.135 —4.057 —3.853
Eromo —7.241 —7.571 —8.614 —8.427 —5.362 —8.524 —8.659 —8.535 —8.032

Eger keal 26.61 29.69 33.59 47.94 31.52 7.96 3.74 14.82
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From the discussion in this section, we can conclude that China (Grant No. 59873008) and Education Ministry of China
effective cation charge is useful to compare the Lewis acidity (Grant No. 2234) for their supports.
of main group metal complexes, while FMO energies are
effective to predict the Lewis acidity, as well as catalytic activity,
for both transition metal and main group metal complexes. (1) Bochmann, MAngew. Chem., Int. End. Engl992 31, 1181.
Binding energy might also be a good alternative to evaluate (&) Seppelt, MAngew. Chem., Int. End. Endl993 32, 1025.
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