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The lowest lying electronic states of oxoX(salen)£XMn, Mn-, Fe and Cr) complexes have been studied
using complete active space self-consistent field (CASSCF) calculations. These wave functions have been
analyzed, via the use of localized and natural orbitals, to identify the electronic structure contributions to the
chemistry of these systems. It is found that the electronic structures of all complexes can be rationalized
through the use of a common orbital energy diagram. Single point multireference MBlessset (MRMP2)
perturbation theory calculations have been performed for the oxoMn(salen) system and these results verify
that the CASSCF method gives accurate energy separations for the electronic states. We find that the CASSCF
method predicts bound species for all compounds except for the triplet and quintet states of the oxoMn-
(salen) complex, which spontaneously dissociate in the gas phase. Calculations on the separate8fspecies |
Mn(salen)+ 3P Q] indicate that the bound singlet species lies some 30 kcal/mol above the dissociated products
at the CASSCF level. Attempts to obtain MRMP2 energies for the supersystem of the separated species
failed; hence a more accurate value of the dissociation energy could not be determined. We also find, from
CASSCEF calculations, that the oxoMn(salen) complex is predicted to be a very potent electrophile.

1. Introduction / \

Over the past decade, several techniques that control the N\\ ﬁ“ ,«N
product specificity during asymmetric epoxidation of unfunc- \ M /
tionalized olefins have been developeaid have become very o+ -

important in organic synthesis strategies. Of these, the Jacob-
sen-Katsuki epoxidation is one of the most important because

high enantiomeric excesses and yields can be achieaed, /—\

the Mn(salen) catalyst used in these reactions has become one ——N 0. N—

of the most important in this field. This remarkable selectivity < H“/ 7

has led to many experimental studies aimed at understanding , \ _/Mnl\ /

the mechanistic steps in the reaction and the properties that J—> o7 | o

modulate the specificity. Individual results, however, have lent ¥ Q1

support for one of three different reaction mechanisms: con- gigyre 1. Illustrations of the cationic and neutral models of the (salen)-
certed® stepwise radicél,and metallooxetane mediatedhe Mn catalysts used in the theoretical studies.

dilemma of how best to interpret these observations becomes
further complicated by more recent experimental data ,which s finally followed. The singlet pathway was predicted to be
suggest that the electronic properties of the ligand substituentsenergetically uncompetitive because formation of the products
of the Mn(salen) catalyst directly influence the ratio of isomers was found to be endothermic. Jacobsen et al. also used the DFT
in the produce In addition to their synthetic applications, Mn-  method but with a different functional (CGA-BP86) to study
(salen) compounds have also been designed as therapeutic ageniie reaction of the chlorine containing neutral médeistrated
to mimic the activity of superoxide dismutase and catalase for j, rigure 1. They also predicted that a triplet surface is initially
the destruction of radical oxygen specie$o address these followed but saw no evidence of a jump to a quintet surface;
questions, several theoretical studies were performed on oxoMn-i_e_, it was concluded that the triplet spin of the system is
(salgn) models. . . . conserved during the reaction. A more recent DFT study
Linde et al. used hybn_d density f_unct_u_)nal th_eor_y (DFT/ employing the BP86 functional, also using the neutral model
B?’LYP) to study_ the_reacu_on of the §|mpllf|ed cationic model system, found that the singlet state of the Mn(salen)oxo system
without the chlorine ligandillustrated in Figure 1. The singlet, was the most stable followed by the triplet and quintet states at
giplet, and qumft stlmest\SNEre l/studlied and found"tohbe nearlye 7 and 17.6 kcal/mol, respectively. This study also performed
egenerate, with only 2.6 kcal/mol separating all three spin - : L7 v .
states. They predicted that the reaction initially proceeds upon gﬁﬁ;(-lr—()agjléu'?&ns ;grnglcl)jgggntic;rt] ?;g fs?#nlgtquiﬁzxgel?/s
a triplet surface and then spin flips such that a quintet surface competitive wiih theytriplet and suggest, on thge baF;is of gFT
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pictures of the oxoMn(salen) complex and subsequent reactionsof these complexes contain no symmetry elements, and therefore
with olefins. all calculations were performed @ symmetry. For the oxoMn-
The previous DFT calculations used different functionals (salen) and oxoCr(salenfomplexes, singlet, triplet, and quintet
(BP86 vs B3LYP) and have come to qualitatively different states were studied. For the oxoMn(safeahd oxoFe(salen)
conclusions concerning these systems, primarily due to the species, doublet and quartet states were studied. Generation and
electronic description of the excited states and their multicon- description of the CASSCF active spaces for the oxoMn(salen)
figurational nature. None of the previous calculations have complex is given in the next section. These active orbitals remain
presented a detailed picture of the electronic configurations qualitatively equivalent for all species with geometries contain-
leading to the singlet, triplet, and quintet spin states that are ing close metal O,y distances, only the occupation numbers
central to understanding the reaction and lie at the heart of theare seen to change. For the oxoMn(salen) complex, dissociated
discrepancies. To address these issues, we present here groducts Mn(salen} O were also studied for reasons described
complete active space self-consistent field (CASSCF) study of below.
this neutral system, illustrated in Figuré4All three spin states A. oxoMn(salen).l. Singlet. SCF Orbitals. Geometry opti-
are studied and the nature of their electronic structures aremization was performed at the RHF/6-31G* level. There is a
obtained through generation of localized orbitals and natural ota) of 69 doubly occupied orbitals. The resulting structure
orbitals(NOs). Single point multireference MoliePlesset  tqgether with the two highest occupied canonical molecular
(MRMP2) peturbation theory calculations have been performed opitals (HOMOS) and two lowest unoccupied canonical mo-
to get better estimates of the relative energies. We have alsojgcyjar orbitals (LUMOS) are given in Figure 2. We see that
performed CASSCF calculations on related species in which the RHF/6-31G* optimized geometry has a pseudooctahdral
the central Mn metal is replaced by MnFe, and Cr so that  g;cture with the Mn atom residing slightly above the basal
their electronic structures and orderings of spin states may beligand plane. The two HOMOs are very similar and consist of
better upderstood in re]ationship to the role of the metal in .on+ibutions from a number of areas, the largest being the
r_nodulatmg the elect(onlc structure. The results o_f our calcula- 5ikener orbitals on each ring and Cl orbitals. The LUMOs
tions present a consistent picture of the electronic structure Ofclearly represent MRO,y antibondingz” orbitals. The occupied
these systems and, through investigation of natural orbitals o= "o ipitals were localized to ascertain the “chemistry”
(NOs), clea_lrly show the multiconfigurational behavior of the occurring in the system. We find the expectebonds occurring
wave functions. in the salen ligand and also four Cl sp hybridized valence
2. Methodology orbitals, indicating that the Cl atom is essentially a @hion.
We also find threer-type orbitals on each ring, indicating that

Two basis sets were used in this study. The first of these is each side of the ligand has acquired an extra electron from the

the 6-31G** set. This set is more commonly labeled 6-31G(d) Mn center. Of these six salenorbitals, two represent-€N &

for elements up to Ar, and 6-31G* for elements-Kn. This S
) - - onds, two represent-€0 & bonds, and the remaining two
basis was used for all systems and in each case yielded a tota .
represent €C—C type r orbitals. These last two, labeled

of 273 Cartesian functions. The second basis set basis ConSiSt?]ereafter as Rl and Rr2, contribute significantly to the two

?r]: ;hSeBG}Z’;’éG\(/([jj)ZseEtcf:%r gggtzgse i);(;edpt% ea?:(lj g/lnr:j, E;Végléh canonical HOMOs and are illustrated in Figure 3. Additionally,
’ we find that each of the N and O atoms in the ligand have a

were augmented with single d and f polarization functions, - . . . : .
- R~ . lone pair involved in dative bonding vhita d orbital of the Mn
respectively. The exponents of these polarization functions are - o
b Y P P atom and these are also illustrated in Figure 3. Each salen O

og(Cl) = 0.75 andoy(Mn) = 0.8. This basis set, hereafter labeled h dditional | ir orbital not involved i bondi
ECP, also yielded a total of 273 Cartesian functions and was . as an additional fone-pair orbital not Involved in any bonding
interactions. Finally we obtained three M@,y bonds, an &

used for the Mn(salen) and Mn(salergystems. . ) .
All calculations were executed using the GAMESS pacKége. lone pair gnd a Mnd _Ione paur. The M'Oax bonding _and Mn
d lone-pair orbitals will be discussed in more detail below as

Geometry optimization at the SCF level was performed only . S
for the singlet and triplet states of the Mn(salen) complex to part of the CASSCF active space. It is important to note that

generate starting orbitals for CASSCF calculations. Geometry all five d orbitals in thg Mn system haye been accpunted for
optimizations at the CASSCF level of theory were performed and that one of these is doubly occupied for the singlet case.
for all complexes. Descriptions of the CASSCF active spaces CASSCF Wave Functions. We initially tried to perform a
and generation of initial guess orbitals are given below. CASSCF CASSCF/6-31G* calculation with an active space consisting
calculations were executed using a previously described deter-Of 12 electrons in 11 orbitals and 63 core orbitals. The active
minant FCI cod® coupled with two orbital optimization  Orbital set consisted of the six SCF occupied orbitald-¢f/?]-
methods. Calculations with the 6-31G* basis set used the (Mn), Rrl, Rr2, o(MnOy), 71(MnQOu), and 72(MnOs)
approximate second-order orbital optimization method of Cha- together with the correlating orbitals®®*, Rz2*, 0" (MnOxy),

ban, Schmidt, and Gorddfiwhen the ECP basis set was used, 71*(MNnOay), andz2*(MnOay). Here dk?—y?](Mn) refers to the

this method failed to converge in most cases and in thesedoubly occupied d lone pair,s;R and Rr2 refer to the G-C—C
instances the second-order orbital optimization program of types orbitals, ands(MnOgy), 71(MNOs), andz2(MnO,y) refer
Dupuig” and its parallel implementatidhwere used. For the  to theo and twozr Mn—0Oax bonding orbitals. The initial guess
oxoMn(salen) systems, single point MRMP2nergies were  correlating orbitals were obtained by generation of modified
obtained using the MCQDPT2 program of Naka&hbocaliza- virtual orbitals (MVOs)?® During the CASSCF optimization,
tions of orbitals (SCF and CASSCF) were executed using the however, the active df—y?](Mn) orbital switched with a ClI
Edmistor-Ruedenber® procedure and orbital illustrations were ~ valence orbital in the core space. This should not have been

prepared using the WinMolPIt program of Olson et4al. such a surprise as there was not a correlating orbital for the
d(Mn) lone pair present in the active space. Thigd}?](Mn)

3. Results orbital was subsequently constrained to be doubly occupied in

The four systems, oxoMn(salen), oxoMn(satenpxoFe- all configurations, i.e., moved into the core space, and the

(salen), and oxoCr(salen)were studied in the order given. Al  CASSCF optimization for the 10 electron, 10 orbital active space
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h = = r(MnCl)=2.644 A

HOMO, Fock Energy =-0.32

LUMO, Fock Energy = 0.01 SLUMO, Fock Energy = 0.03

Figure 2. oxoMn(salen) RHF/6-31G* optimized geometry together with illustrations of the two highest occupied canonical molecular orbitals and
the two lowest unoccupied canonical molecular orbitals. Fock energies, in hartrees, are given below each orbital.

converged with little trouble. For this active space there was a together with the localized gf—y?](Mn) lone pair. Absolute
total of 64 504 determinants witkls = O in the configuration energies are given in Table 1.

space. The singlet geometry was optimized at this level of || Triplet. SCF Orbitals. Starting from an open shell triplet
theory, NOs were generated and the core orbitals localized. ThescF orpital optimization using the closed shell orbitals as initial
CASSC.F {ibsolute energy is given in Table 1. Flgure.4 shovys guess results in a;R— 7*(MnO4y) excitation as the initial
the optimized geometry, the ten NOs together with their jegcrintion of the triplet state. This suggests that an electron
occupation, and the #{-y?|(Mn) localized orbital. One im- ¢ from a ringr orbital and into a MA-Ogy antibonding
mediately notices that the MrDx distance has mcreqsed from orbital. This is essentially an electron transfer where an electron
the RHF value of 1.453 to 1.540 A and the M@l distance has migrated from the ligand to the center of the molecule.
has decreased from 2.664 10 2.468 A. The structure has becom(?)ptimization of this triplet state leads to a structure that has

more octahedral in going from RHF to the CASSCF level of the axial oxygen atom shifted sideways toward one of the rings
theory with the Mn atom now residing within the basal ligand L . L '
We were puzzled by this single determinant description of the

plane. The NOs clearly resemble the intended active space ) - . .
described above in that the antibonding correlating orbitals have next highest triplet state was so CASSCF calculations, described

been determined properly. It is also clear that there are threeMMediately below, were performed.

Mn—Oa.y bonding orbitals and that excitations into their anti- ~ CASSCF Wave Functions. After validating that we had a
bonding counterparts are not insignificant. We also note the correct CASSCF electronic description of the singlet, we
presence of the #f—y?](Mn) lone pair, which will prove vital proceeded to a study of the triplet state. The active space
for the description of the higher spin states. Figure 5 illustrates described above for the singlet was used as a starting point for
the electronic structure of the singlet. the triplet CASSCF/6-31G* study, except for one difference,

A CASSCF study with the ECP basis set yielded essentially the dk’—y’J(Mn) lone pair was also included in the active space.
equivalent results to that described above for the 6-31G* basis. The initial FCI for these orbitals, constituting 152 460 deter-
The optimized geometry has an M@, bond length of 1.541 minants withMs = 1, clearly showed that the two lowest triplet
A, 0.001 longer than that obtained with the 6-31G* basis. The States were the result of a single electron excitation from the
absolute energy for the optimized singlet species is given in dX*—y?](Mn) lone pair orbital into ther1*(MnOay) andz2*-
Table 1. NOs obtained when the two basis sets are used ardMnOa,) orbitals. These two triplet states are very close in
qualitatively equivalent and localized core orbitals for the ECP energy but not degenerate due to @esymmetry of the system.
basis set confirm the existence of afy?(Mn) lone pair. This multiconfigurational result is in stark disagreement with

MRMP2 Energies. MRMP2 energies at the CASSCF opti- the SCF description. CASSCF optimization of the lowest triplet
mized geometries for both basis sets were obtained for an orbitalstate at the singlet geometry yielded NOs almost indistinguish-
space containing 27 frozen core orbitals, 36 valence doubly able from those obtained for the singlet, with the only difference
occupied orbitals and a 12 electron, 11 orbital FCI space. All being that ther1(MnQay), 72(MNnQyy), 71*(MNnOyy), andz2*-
virtual orbitals were allowed to be occupied. All orbitals were (MnOay) orbitals have been rotated clockwise about the-Mn
taken from the CASSCF wave functions described above. The O.x axis by approximately 20when one looks down from £
FCI active space consisted of the 10 active CASSCF orbitalsto Mn. NO occupations for the &, Rrl*, Rn2, Rr2*,
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Figure 3. lllustrations of the six localized RHF/6-31G* orbitals for the oxoMn(salen) complex. Shown are the-t@e-C ring & orbitals and
the four N, O lone pairs interacting with the central Mn atom.

TABLE 1: Absolute Energies (hartrees) of the Systems Studied in This Work

system CASSCF/6-31G* CASSCF/ECP MRMP2/6-31G* MRMP2/ECP
A oxoMn(salen) —2251.42550 —760.09743 —2253.60245 —762.29597
3A oxoMn(salen} —2251.43011 —760.10182 —2253.60615 —762.29779
5A oxoMn(saleny —2251.36220 —760.03446 —2253.53069 —762.22169
5A Mn(salen) —2176.69981 —685.37211
PO —74.77897 —74.77897
2A oxoMn(saleny —2251.52938 —760.19825
4A oxoMn(salen) —2251.54425 —760.21357
2A oxoFe(salen) —2363.98483
“A oxoFe(salen) —2363.98002
1A oxoCr(saleny —2145.19106
3A oxoCr(salen) —2145.18945
5A oxoCr(salen) —2145.14274

aReported energies are for the oxoMn(salen) CASSCF optimized geometries because the triplet and quintet optimizations resulted in spontaneous
dissociation of the axial oxygen atom.

0(MnOgy), ando*(MnOgy) orbitals are similar to their singlet is predicted to lie 2.9 kcal/mol lower than the singlet for this
counterparts at 1.97, 0.03, 1.96, 0.05, 1.88, and 0.12, respecievel of theory. Even though thexdf-y?(Mn) lone pair orbital
tively. Occupations for the remainingl(MnO,y), 71*(MNO4y), is not included in the singlet active space, we feel that the two
m2(MnQOyy), 72*(MNn0Ogyy), and dk2—y?(Mn) orbitals are 1.68, energies are comparable as the?dfy?](Mn) orbital did not
0.33, 1.95, 1.05, and 1.00, respectively. These are, as expectedhave a correlating orbital in either case and preferred to be
different from the singlet species and indicate that the lowest doubly occupied in all configurations for the singlet wave
triplet state has the dominantst! configuration. Figure 5 function. Geometry optimization of the triplet at this CASSCF/
illustrates the excitation from the singlet configuration which 6-31G* level of theory spontaneously dissociated the O atom.
gives rise to the triplet. The absolute CASSCF energy is given Starting the geometry optimization with a longer M@ax

in Table 1 and the relative energy with respect to the singlet is distance of 1.72 A and the same active space led to the same
given in Table 2. One sees that the triplet at the singlet geometryresult.
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r(MnO)=1.540 A

n,(MnO, ) (1.85)

7,"(MnO,) (0.15)

d[Mn] (2.00)

Figure 4. oxoMn(salen) CASSCF/6-31G* optimized geometry together with plots of the 10 natural orbitals ane?thg’JdMn) localized core
orbital. Occupations are given below each illustrations.

TABLE 2: Relative Energies (kcal/mol) of the Systems Studied in This Work

system CASSCF/6-31G* CASSCF/ECP MRMP2/6-32G* MRMP2/ECP
A oxoMn(salen) 0 0 0 0
3A oxoMn(salen) —-2.9 —-2.8 -2.3 -1.1
5A oxoMn(salen) 39.7 39.5 45.0 46.6
5A Mn(salen)+ 3P & —33.4 —33.7
2A oxoMn(saleny 0 0
4A oxoMn(saleny —9.3 —9.6
2A oxoFe(salen) 0
4A oxoFe(salen) 3.0
1A oxoCr(salen) 0
3A oxoCr(salen) 1.0
5A oxoCr(salen) 30.3

2 Energies are relative to the lowest spin state of the comparable speCiglsulations performed & oxoMn(salen) CASSCF optimized
geometries® Energy is calculated relative &\ oxoMn(salen) species.

This unexpected dissociation led us to perform a CASSCF MRMP2 Energies. MRMP2 triplet energies at the CASSCF
study using the ECP basis set. As for the singlet case, optimizedoptimized singlet geometries for the two basis sets were
CASSCF NOs were qualitatively equivalent for the 6-31G* and determined using exactly the same orbital space dimensions as
ECP basis sets. The absolute CASSCF/ECP energy at the singledescribed for the singlet, the only difference being that triplet
optimized geometry is given in Table 1 and the relative energy CASSCF optimized orbitals were used. Absolute energies are
with respect to the singlet is given in Table 2. We find that the given in Table 1, and energies relative to the singlet MRMP2
triplet is predicted to lie lower than the singlet by 2.8 kcal/mol, energies are given in Table 2. We find that at this level of theory
almost exactly the same as that found using the 6-31G* basis.the triplet is predicted to lie lower than the singlet by 2.3 and
Again, full geometry optimization led to spontaneous dissocia- 1.1 kcal/mol for the 6-31G* and ECP basis sets, respectively.
tion of the O atom. These numbers are in good agreement with relative energies
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Figure 5. lllustrations of electronic structures of low spin oxo
transition-metal(salen) complexes and the electron excitations respon
sible for the higher spin states. Below these are configurations
containing the important orbitals and their occupations which qualita-
tively describe the states. The 72, Rrl, and Rr2 orbitals are
essentially doubly occupied in all cases.

obtained from CASSCF calculations. Consistent results are

obtained for both basis sets and levels of theory.
I1l. Quintet. CASSCF Wave Functions. The active spaces

described above for the triplet were used as a starting point for

CASSCEF studies of the quintet. The intial FCI, constituting
54 450 determinants witis = 2, for both basis sets predicted

that the two lowest quintet states were a result of single electron

excitation from therl(MnQsy) or 72(MnOyy) orbitals into the
71*(MnOgy) orbital. These two quintets are very close in energy
but not degenerate due to tli& symmetry of the system.
CASSCF optimization of the lowest quintet state gave NOs
almost identical to those obtained for the triplet with the
difference that therl(MnOay), 72(MNn0O,y), 71*(MnO4y), and
72*(MnOgy) orbitals have been rotated counterclockwise about
the Mn—0Oy axis by approximately 45when one looks down
from Oux to Mn. For the 6-31G* basis set, NO occupations for
the Rrl, Rrl*, Rn2, Rt2*, 6(MnOa,y), ando*(MnOyy) orbitals

are similar to their singlet and triplet counterparts at 1.96, 0.04,

1.96, 0.04, 1.90, and 0.10, respectively. Occupations for the

remainingzl(MnOyy), 71*(MnOgy), 12(MNOyy), 12*(MNOa4y),

and dk2—y?](Mn) orbitals are 1.00, 1.00, 1.97, 1.03, and 1.00,
respectively. This indicates that the lowest quintet has the
dominant dz171*172*! configuration. Figure 5 illustrates the
excitation from the triplet configuration which gives rise to the

quintet. NOs and their occupations were qualitatively the same
for both 6-31G* and ECP basis sets. Absolute energies are given
in Table 1 and relative energies with respect to the singlet are
given in Table 2. We see that the quintet species is predicted to
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and quintet states, at the CASSCF level of theory, led us to
investigate the stability of the oxoMn(salen) species relative to
its dissociated products. We are reasonably sure, from prelimi-
nary calculationg? that the quintet is the lowest electronic state
of the Mn(salen) species and this is in line with previous
theoretical studie® The active spaces described above for the
triplet and quintet states are such that they can correctly describe
the separated product8A Mn(salen)+ 3P O. This being the
case, we performed separate CASSCF calculations on the quintet
Mn(salen) and triplet O systems knowing that we can directly
compare their combined energies with that of the oxoMn(salen)
species.

CASSCF Wave Functions. It is well-known that the ground
state for O is théP state. Its absolute CASSCF/6-31G(d) energy,
which had all three p orbitals active, is given in Table 1. We
note that both of the 6-31G* and ECP basis sets described above
contain the 6-31G(d) set on,Q For the quintet Mn(salen)
complex, an ROHF calculation adequately determined the four
d[Mn] orbitals required for the CASSCF active space. Initial
guess R1* and Rr2* orbitals were not obtained using the
MVO method as the presence of four singly occupied d[Mn]
orbitals in the ROHF determinant introduced difficulties. These
were instead determined by performing a CISD calculation in
which only the Rrl and Re2 orbitals were allowed to be excited
out of and into the lowest ninety canonical virtual orbitals. NOs
for this wave function provided good initial guesses for thel R
and Rr2* orbitals. An active space constituting theR Rz2,
Rz1*, Rz2*, and four d[Mn] orbitals was used for the quintet
calculations. CASSCF wave functions for this 8 orbital, 8
electron space, containing 784 determinants with = 2,
converged without difficulty for both basis sets and geometries
were subsequently optimized at this level of theory. Table 1
gives absolute energies for the quintet Mn(salen) system. Figure
6 illustrates the CASSCF/6-31G* optimized geometry together
with the NOs and their occupation numbers. We see that the
Mn atom has moved slightly below the basal ligand plane to
produce a structure that is more square pyramidal than the
oxoMn(salen) geometry. The environment around the Mn atom
is very similar to that observed for the experimental structure
of the related ggHs,N,O,CIMn specie$? The Rrl, Rt2, Rr1*,
and Rr2* orbitals and their occupations are essentially equiva-
lent to their counterparts in the oxoMn(salen) species. We also
observe the classical picture of four d(Mn) singly occupied
orbitals. Geometries and NOs obtained using the ECP basis set
are qualitatively equivalent to those obtained using the 6-31G*
basis.

be higher in energy than both singlet and triplet species, at the V. Stability of oxoMn(salen) Speciekotal energies for the
singlet optimized geometries, with predicted singlet-quintet gaps dissociated species were obtained by simply adding together

of 40 kcal/mol. As with the triplet case, geometry optimization
led to spontaneous dissociation of thg @&om when both basis
sets were used.

MRMP2 Energies. MRMP2 quintet energies at the singlet

the energies obtained for the quintet Mn(salen) species to the
energy obtained for the triplet O atom. The energies of the
separated system relative to that of the singlet oxoMn(salen)
species is given in Table 2. We find that the dissociated system

geometries were obtained using the same orbital space dimenis predicted to lie lower than the singlet oxoMn(salen) species
sions as described for the triplet except that quintet CASSCF by 33 and 34 kcal/mol at the CASSCF/6-31G* and CASSCF/

optimized orbitals were used. Absolute energies are given in

ECP levels of theory, respectively. Thus the triplet species, at

Table 1, and energies relative to the singlet MRMP2 energies the singlet optimized geometry, lies some 30 kcal/mol above

are given in Table 2. We find that at this level of theory the
quintet is predicted to be higher than the singlet by 45 and 47

kcal/mol when the 6-31G* and ECP basis sets are used,

respectively. We again find that relative energies predicted by
both CASSCF and MRMP2 levels of theory are in reasonable
agreement when the 6-31G* and ECP basis sets are used.
IV. Dissociated Products:>A Mn(salen) + 3P O. The
predicted spontaneous dissociation of thgdPom for the triplet

the separated products and the quintet species, at the singlet
geometry, lies a further 40 kcal/mol higher. These large
dissociation energies are consistent with there being no observa-
tion of any barriers for the dissociations of the triplet and quintet
species in our calculations. However, the singlet species is
observed to have a bound minimum, despite its large apparent
instability. It can be shown using simple spin arguments that
the singlet species cannot dissociate into the quintet Mn(salen)
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d,[Mn] (1.00) d,[Mn] (1.00)

Figure 6. Mn(salen) CASSCF/6-31G* optimized geometry together with plots of the eight natural orbitals. Occupations are given below each
illustration.

and triplet O products without the occurrence of spin flipping. oxoMn(salen) species. The only difference being the inclusion
Writing S[Mn(salen)]= 2 and S[O]= 1, we find that the of an extra active electron. This 10 orbital, 11 electron active
possible spin states allowed for a combined species are S[oxo-space gave rise to 52 920 determinants with = %,. The
(Mn(salen)]= 1, 2, 3. Hence the triplet and quintet oxoMn- optimized CASSCF/6-31G* geometry is shown in Figure 7, and
(salen) species are permitted to dissociate to the high spinabsolute energies for both 6-31G* and ECP basis sets are given
products, but the singlet species can dissociate only via spinin Table 1. We see that the structure is relatively unchanged
flipping. No other theoretical work has discussed this point, from the neutral singlet species except that the-\g, and
which is salient to the chemistry of these catalytic compounds. Mn—Cl distances have increased to 1.608 and 2.809 A,
It is very likely that the recovery of dynamic correlation, i.e., respectively. The much larger MrCl distance is most likely
MRMP2 type calculations, will stabilize the bound species due to the presence of an extra electron in the vicinity of the
relative to the dissociated products. However, the MRMP2 Mn atom. The CASSCF/ECP optimized geometry is virtually
method is not size consistent and therefore calculations on theindistinguishable from that obtained with the 6-31G* basis set.
supersystem are required to obtain a comparable energy for thePredicted Mr-Oa.x and Mn—Cl distances are slightly different
separated products. We have had problems converging CASSCRt 1.613 and 2.762 A, respectively. NOs obtained with both
wave functions for this supersystem as changes in orbital basis sets very closely resembled those obtained for the singlet
orderings are observed. More specifically, an O[2p] orbital oxoMn(salen) species. CASSCF/6-31G* occupations of the
becomes slowly doubly occupied as thg @tom is moved away  Rxl, Rrl*, Rn2, R12*, 06(MnO,y), ando*(MnOyy) orbitals are
from the Mn center, and therefore switches out of the active similar to all the systems described previously at 1.97, 0.03,
space and into the core orbital space. We are currently working 1.97, 0.03, 1.91, 0.09, respectively. Occupations for the remain-
to solve this problem to obtain energies for both the bound and ing 71(MnQ,y), 71*(MNO4y), 72(MN0yy), and mz2*(MNOa,y)
dissociated systems which include a consistent recovery of theorbitals are, as expected, different from previous systems at 1.81,
dynamic correlation3! At this stage we are unsure whether such 0.20, 1.95, and 1.04. These occupations indicate that the lowest
energies will also predict spontaneous dissociation but we noteenergy doublet has its unpaired electron in tte* orbital.
that the oxo(salen)Mn species has not yet been conclusivelyOccupations of NOs obtained with the ECP basis set are
isolated experimentally, and 30 kcal/mol is a sizable barrier to virtually identical to those obtained with the 6-31G* basis set.
overcome for this system, even including higher levels of Localizations of the core orbitals confirmed the existence of
correlation. the dk2—y?[Mn] lone pair seen in the neutral singlet. The
B. oxoMn(salen) . The effect of adding an electron to the electronic structure of the doublet oxoMn(salerspecies is
neutral oxoMn(salen) system was studied. Noting that CASSCEF illustrated in Figure 5.
and MRMP2 predictions of energy splittings were in good  |I. Quartet. The active orbitals described above together with
agreement, only the CASSCEF level of theory was used to study the localized df2—y?|[Mn] orbital was used as a starting guess
the oxoMn(salen) anion. for calculations on the quartet oxoMn(salen) species. This 11
I. Doublet. Geometry optimizations were started with initial ~ orbital, 13 electron active space contained 76 230 determinants
active spaces and geometries corresponding to the singletwith Ms = 3/,. The optimized CASSCF/6-31G* geometry is
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(MnO)=1.608 A

(MnO)=1.691 A

r(MnCl)=2.809 A r(MnCl)=2.961 A ®

2A oxoMn(salen)~ 1A oxoMn(salen)~

 1(Fe0)=1.679 A r(Fe0)=1.730 A

r(FeCl)=2.413A 1(FeCl)=2.450 A

2A oxoFe(salen) 4A oxoFe(salen)

r(CrO)=1.542 A ~ 1(Cr0)=1.627 A

3A oxoCr(salen)”

A oxoCr(salen)™

1(CrO)=1.894 A

5A oxoCr(salen)”
Figure 7. lllustration of optimized geometries of different electronic states of the oxoMn(salerpFe(salen), and oxoCr(salergpecies.

shown in Figure 7. We first observe that the quartet oxoMn- above. Absolute energies are given in Table 1 and energies
(salen) species has a minimum and that M@,x and Mn—ClI relative to the doublet species are given in Table 2. We find
distances, at 1.691 and 2.961 A, respectively, are longer thanthat both 6-31G* and ECP basis sets predict the quartet to lie
those in the doublet. The CASSCF/ECP geometry is essentiallylower in energy than the doublet by 9 and 10 kcal/mol,
equivalent to that obtained using the 6-31G* basis. Predicted respectively.

Mn—0Qg.x and Mn—Cl distances are slightly different at 1.700 lll. Electron Affinity of the oxoMn(salen) Speciésom the

and 2.908 A, respectively. NOs obtained with both basis sets absolute energies given in Table 1, we find that the CASSCF/
are virtually identical to those seen in the triplet and quintet 6-31G* and CASSCF/ECP levels of theory predict electron
oxoMn(salen) systems. CASSCF/6-31G* occupations of the affinities (EAs) of the singlet oxoMn(salen) complex to-b&4
Rrl, Rrl*, Rz2, and Re2* orbitals are virtually unchanged and—73 kcal/mol, respectively. The observation of a favorable
from previous systems at 1.97, 0.03, 1.96, and 0.04. The EA for the oxoMn(salen) complex was not totally unexpected,
populations of thes(MnOay), ando*(MnO4y) orbitals, at 1.78 but we did not expect such a large value. Calculations of EAs
and 0.22, indicate that correlation of thébonding electrons is  using basis sets without diffuse functions are likely to be
more important than in the other systems, a consequence of thaunderestimated or even the wrong sign if the electron attachment

larger Mn—0O,y bond length. Occupations of the remaininy reaction is known to be favorable. We feel, therefore, that the
(MNO4y), 71*(MNO4y), 72(MNOyy), 72*(MNO4y), and dk?—y?- oxoMn(salen) species is a very strong electrophile, and if
(Mn) orbitals are 1.94, 1.06, 1.94, 1.06, and 1.00, respectively, anything, our prediction of the EA is underestimated. This
and these indicate that the quartet has the dominarit‘dz2** finding is consistent with the reaction of this catalyst with the

configuration. Figure 5 illustrates the excitation from the doublet electron-rich double bond of olefins.
configuration, which gives rise to the quartet. CASSCF/ECP  C. oxoFe(salen)For all previous systems, results using the
NO populations are identical to those given for the 6-31G* 6-31G* and ECP basis sets at the CASSCF level of theory have
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been in very good agreement. For this reason the oxoFe(salenjncrease with spin. NOs share the same features as their oxoMn-
species was studied using only the 6-31G* basis set with (salen) counterparts and occupations are reasonably similar.
identical active spaces to those described above for theRelative energies of the singlet, triplet and quintet states are
oxoMn(salen) species. Bound species were located for both given in Table 2. We find, as for the oxoMn(salen) system,
doublet and quartet states. Their optimized geometries arethat the singlet and triplet states have very similar energies and
illustrated in Figure 7. We find that the predicted+@,x bond the quintet state lies approximately 30 kcal/mol higher. An in
lengths are longer than their oxoMn(salerjounterparts at  depth discussion of the bonding in the oxoCr(safespecies
1.679 and 1.730 A for the doublet and quartet states, respec-as well as its thermodynamic stability will be given elsewttére.
tively. Interatomic Fe-Cl distances for the doublet and quartet

have decreased substantially to 2.413 and 2.450 A, respectively4. Conclusions

resembling t_hose observed in th_e neutra! oxoMn(salen) and M_n- Our CASSCF and MRMP2 calculations, using the 6-31G*
(salen) species. Absolute energies are given Table 1 and relative

energies with respect to the doublet are given in Table 2. We and ECP basis sets, predict the singlet and triplet states to be
find for the first time that the lower spin state is predicted to be very close in energy and the quintet to lie some 40 kcal/mol

. . higher, at the singlet optimized geometries. These energy
slightly favored over the higher one, by a _value of 3 keal/mal. orderings are qualitatively consistent with the previous CCSD-
Such a small estimation of the energy difference means that

. . . (T) calculations. However, geometry optimization of the triplet
we caqnot say for sure which statg IS the Iowgst, however, we and quintet spin states at the CASSCF level of theory spontane-
are quite certain that both are minima Species. _NOS for the ously dissociated the £ atom, in sharp contrast to the
doublet and quartet states were virtually indistinguishable frqm oxoCr(salen) system and previous DFT calculations but
tho;e seen n .the respect|ye rela'ted oxoMn(salen) SPECIES o psistent with the highly reactive nature of the oxoMn(salen)
Orbital occupations were slightly different from the oxoMn-

. . " species observed in experiment. On the basis of CASSCF
(salen). Populations of the R1, Rrl*, Rw2, Rr2, o(FeQu), calculations, we find that the lowest singlet electronic state of

0*(FeOyy, 71(FeQy, 71*(FeOu), 72(FeQy), andz2*(FeQu) the oxo(salen)Mn species contains a triple -MDy, bond and

orbitals in the doublet were 1.97,.0.03, 1.96, 004, 1.82, 0.18, a doubly occupied dF—yz](Mn) orbital. We also observe that
1.58, 0.42, 1.92, and 1.08, respectively. These indicate that thereme lowest triplet electronic state arises from a2elfy2/(Mn)

are significant correlations into the(FeO.y and1*(FeOw) — 71*(MnOyy) transition and that the lowest quintet state is a
orbitgls. As WiFh the low spin oxoMn(s_aIen) and oxoMn(safen)  regultofa furtherr1(MnOsy) — 724(MnO,y) electron excitation.
species, localization of the core orbitals producedé-cf’]- We also find that an open shell SCF calculation for the triplet,
(Fe) lone pair. Occupations of the quartetR Rrl*, Rz, starting from singlet optimized orbitals, gives a chemical
and Re2* orbitals were within 0.01 of those in the quartet gescription very different from that obtained at the CASSCF
oxoMn(salen) species. Populations of the remaininFeQy), level of theory. This suggests that calculations based upon a

0*(FeOx), 71(FeQy), 71*(FeOu), 72(FeQy), 72*(FeOsy), and single reference may not properly describe the system. This
dx’—y’](Fe) orbitals were 1.80, 0.20, 1.87, 1.13, 1.85, 1.15, notion is supported by CASSCF calculations indicating, through
and 1.00, respectively. As for the doublet, there are nontrivial analysis of NOs, that the system has multi-configurational
excitations into the FeO,y antibonding orbitals. These NO  ¢haracter.
occupations indicate that the major configurations in the doublet  The separated produc# Mn(salen)+ 3P O, are predicted
and quartet species are equivalent to their respectively related jie some 30 kcal/mol lower than the bound singlet oxo(salen)-
oxoMn(salen) species. Mn species in the CASSCF calculations. This is the first
D. oxoCr(salen) . So far, at the CASSCF level of theory, calculation to determine this value and is important for
the oxoMn(salen) complex is the only system for which understanding the thermochemistry of this catalyst as well as
spontaneous dissociation of the O atom is predicted uponkinetic properties. Due to orbital reordering problems as the
electron excitation. Another system that demonstrates high O, atom is moved away from the Mn complex, MRMP2
enantioselectivities in epoxidations is the oxoCr(salen) com- energies for the dissociated super-system could not be obtained.
plex26 A CASSCEF study of this system is not straightforward A study of the negative anion, oxo(salen)VMnpredicted
due to the presence of empty d orbitals in excited states of thisbound doublet and quartet electronic states, with the doublet
species and ground states of its related Cr(salen) complex. Welying approximately 10 kcal/mol above the quartet ground state.

are using other Cl type methods to study these systém&e From absolute energies an electron enthalpy (EA) of ap-
can only say here that, similar to the oxoMn(salen) complex, proximately—70 kcal/mol was obtained for the neutral oxoMn-
higher spin states are the result of excitatidraal electron. (salen) species, consistent with experimental evidence that the

However, the oxoCr(salenpanion is isoelectronic to the oxoMn-  oxoMn(salen) species is a strong electrophile.

(salen) species and so studies on the nature of its electronic Investigation of the oxo(salen)Fe complex, isoelectronic with
states were performed at the CASSCF/6-31G* level of theory. oxo(salen)Mn, also predicted bound doublet and quartet states
Identical active spaces to those described for the oxoMn(salen)with the quartet lying higher than the doublet by approximately
species were used for the oxoCr(salesspecies. Optimized 3 kcal/mol. The oxo(salen)Crspecies, which is isoelectronic
geometries are illustrated in Figure 7 and absolute energies arewith the oxo(salen)Mn complex, is predicted to have bound
given in Table 1. In direct contrast with the oxoMn(salen) minima for the singlet, triplet, and quintet electronic states.
species, we found bound minima for all three singlet, triplet, These observations are in direct contrast to those seen for the
and quintet states. In all three structures, the Cl atom has movedxoMn(salen) sytem. The oxo(salen)Csinglet and triplet
away from the central metal and prefers to reside on the edgesspecies were predicted to be very close in energy and the quintet
of the ligand boundaries. Due to this Cl atom rearrangement, estimated to lie some 30 kcal/mol higher. These energy
the singlet geometry is more pyramidal than the oxoMn(salen) separations are similar to those observed for the oxoMn(salen)
structure and becomes gradually less so as the spin increasesystem.

Predicted CrOa bond lengths, at 1.542, 1.627, and 1.894 A The electronic structures for all species described above can
for the singlet, triplet and quintet electronic states respectively, be rationalized by the presence of a common set of orbitals.
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Differences between electronic states arise directly from dif-

fering electron occupations of these orbitals, and this concep

is illustrated in Figure 5.

This study presents results for the oxoX(salen)=XMn,
Mn—, Cr, Fe) systems that are consistent with the high
reactivity and electrophilic nature of oxoMn(salen) as well as

new insights into the possible reasons for the increased stability
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speculate that substitution of the metal can strongly affect the
therapeutic properties of M(salen) compounds, especially in
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their electronic structure starting from single determinantal
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with more correlation to definitively determine the ground spin
state of the oxoMn(salen) species.
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